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Abstract
To reveal the influence mechanism of linear heat input (LHI) on the mechanical properties and corrosion behaviors of SUS304 
weldments manufactured by local dry underwater pulsed metal inert-gas welding (LDU-PMIG), phase structure, grain struc-
ture, grain preferred orientation, and grain type of weld metal (WM) were investigated in this paper. With LHI increasing, 
ferrite phase morphology transformed from lath to skeleton, and grain size was enlarged. The content of equiaxed grains was 
increased, and that of columnar grains was reduced remarkably. The mechanical performance ascended first and then reduced 
with the increase of LHI. The increase of equiaxed grain content and the diversification of grain preferred orientation were 
beneficial to the improvement of mechanical performance, then, grain coarsening led to mechanical performance decreas-
ing. Besides, the corrosion potential, corrosion current and pitting potential of WM were detected through electrochemical 
corrosion tests. The results illustrated that the corrosion resistance of WM was lower than that of base metal (BM), and the 
corrosion rate was enlarged with LHI enhancing, which meant the corrosion resistance declining. The corrosion resistance 
was mainly determined by Cr precipitates, ferrite phase and grain size. The microhardness, tensile strength, and elongation 
reached their maxima in the LHI of 336.7 J/mm. The greatest corrosion resistance of WM was obtained in the LHI of 256.2 J/
mm and reached 69.9% of BM. This study is meaningful to promote the further development and application of LDU-PMIG 
in marine underwater welding field.
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1  Introduction

304 austenite stainless steel (SUS304) possesses high cor-
rosion resistance, remarkable mechanical properties and 
fine weldability [1, 2], extensively utilized in the field of 
marine service environment, oil and gas industries, chemi-
cal and process industries, dairy industries and nuclear sec-
tor [3, 4]. The installation and maintenance of underwater 
SUS304 facilities required underwater welding techniques, 
which were mainly divided into three types: wet underwater 
welding, dry underwater welding, and local dry underwater 

welding (LDUW). LDUW has developed rapidly in recent 
years under the urgent need of underwater installation and 
maintenance of marine facilities. Drainage devices were 
applied in LDUW to transport drainage gas to the local 
welding area, which drained the water in the welding area 
and formed a local dry environment filled with drainage gas. 
Therefore, better welding quality was achieved by LDUW 
compared with wet underwater welding, and LDUW exhib-
ited more convenience and flexibility than dry underwater 
welding. Pulsed metal inert-gas welding (PMIG) was applied 
in LDUW to obtain LDU-PMIG. High welding efficiency 
and satisfactory weld formation quality were achieved by 
LDU-PMIG [5, 6]. Based on these advantages, LDU-PMIG 
had broad application prospects in the field of marine under-
water welding.

Generally, high mechanical performance is required for 
underwater weldments under the influence of water pressure 
and water flow impact. Weldment corrosion may occur due 
to the existence of corrosive ions in water, furthermore, high 
corrosion rate may result in weld defects and performance 
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degradation. Therefore, to reduce the corrosion rate is also 
an urgent need for weldments during service. SUS304 
underwater weldments were obtained by LDU-PMIG, and it 
has been investigated how pulse current affected the droplet 
transfer behavior and weld formation in our previous work 
[6]. However, different pulse current changed LHI, which 
was a key factor determining the mechanical properties and 
corrosion behaviors of weldments.

LHI had a significant influence on the mechanical proper-
ties of weldments. Under the condition of constant welding 
speed, LHI changed the cooling time of molten pools, which 
led to changes of weldment microstructure. Consequently, 
mechanical properties of weldments were changed by dif-
ferent LHI. Some studies have been reported to reveal the 
relationship between LHI and mechanical properties of on-
landing welding technologies. Zhan et al. [7] reported that 
the tensile strength of 304 fiber-diode hybrid laser weld-
ments displayed a trend of first increasing and then decreas-
ing as LHI went up. Ceyhun [8] discovered that the tensile 
and yield strength, microhardness, and bending strength of 
laser weldments decreased with LHI increasing, nonetheless, 
the ductility and impact toughness were improved. Kumar 
et al. [4] proposed that gas tungsten arc welded 304 joints 
under higher LHI exhibited lower tensile strength and micro-
hardness owing to grain coarsening of WM and heat affected 
zone (HAZ). Kumar et al. [9] studied laser dissimilar grade 
nickel alloys weldments, whose tensile strength and micro-
hardness increased first and then decreased with LHI ris-
ing. Singh et al. [10] researched the impact of two different 
LHI on tensile behavior of martensitic stainless steel welded 
joints. Grain coarsening happened in higher LHI resulted 
in tensile strength decreasing dramatically. The impact of 
LHI on mechanical performance of underwater weldments 
has also been studied. Ma et al. [11] found that the micro-
hardness of duplex stainless steel weldments changed lit-
tle due to the mutual balance of grain coarsening and solid 
solution strengthening effect. Li et al. [12] revealed that the 
tensile strength, impact toughness and microhardness of 
E40 wet underwater weldments increased as LHI ascended 
because of the solid solution strengthening of alloying ele-
ments. Di et al. [13] uncovered that cooling rate of molten 
pools increased with LHI decreasing in simulated local dry 
underwater welding, and the weldments under lower LHI 
exhibited better strength and toughness due to more acicu-
lar ferrite content. Gao et al. [14] demonstrated that higher 
LHI promoted microstructure coarsening and increased the 
diffusive hydrogen content, which caused mechanical perfor-
mance deteriorated in the S355 underwater wet weldments.

LHI had a vital influence on the corrosion behaviors of 
weldments. Different LHI made weldments obtain different 
phase distribution and content, grain size and precipitates 
content, which altered the corrosion behaviors of weldments 
remarkably. Studies have been finished to find the impact of 

LHI on corrosion behaviors of on-landing weldments. Li 
et al. [15] found that the intergranular corrosion resistance 
decreased because of more Cr precipitates and lower Σ3 
boundaries with LHI rising. Han et al. [16] put forward that 
the pitting potential of duplex stainless steel tungsten inert-
gas (TIG) weldments changed little under different LHI, 
however, the corrosion rate of weldments increased owing 
to the less Σ3 coincident site lattice (CSL) content with LHI 
increasing. Singh et al. [10] revealed that the pitting corro-
sion resistance was improved under low LHI in martensitic 
stainless steel joints, which was mainly attributed to the 
less depletion of chromium. Zhang et al. [17] reported that 
the corrosion resistance of 304 HAZ improved with cool-
ing time increasing. A few studies have been reported to 
explore the effect of LHI on corrosion behaviors of underwa-
ter weldments. Ma et al. [11] suggested that all duplex stain-
less steel weldments, produced by wet underwater flux-cored 
arc welding (FCAW), had inferior corrosion resistance to 
that of BM, and the corrosion resistance increased with LHI 
rising because of solid solution of alloying elements and 
lower grain boundary area per unit volume. Sun et al. [18] 
found that S32101 dry underwater welded joints reflected 
higher susceptibility to localized corrosion in high LHI, 
which meant the corrosion resistance reduced as LHI rose.

Mechanical properties and corrosion behaviors of dif-
ferent materials and welding methods have been studied 
currently, but now the researches about LDU-PMIG are 
extremely limited and it is still unknown how LHI affects the 
mechanical performance and corrosion behaviors of SUS304 
local dry underwater weldments. This paper aims to explore 
the mechanical performance and corrosion behaviors of 
SUS304 LDU-PMIG weldments with LHI increasing. The 
phase structure, grain characteristics, fracture morphology 
and element distribution were investigated systematically. 
Microhardness test and tensile test were carried out to meas-
ure the mechanical performance of WM, and the corrosion 
behaviors and corrosion resistance were investigated through 
electrochemical corrosion tests. This investigate is expected 
to reveal the influence of LHI on the mechanical properties 
and corrosion behaviors of SUS304 local dry underwater 
weldments, which matters to the further development and 
application of LDU-PMIG in marine equipment field.

2 � Experimental procedure

2.1 � Materials and welding procedure

SUS304 plates with the dimension of 300 mm × 100 mm × 5 mm 
cut from rolled sheets were utilized as BM, and ER308LSi 
welding wire with the diameter of 1.2 mm was applied as the 
filler metal. Table 1 displays the chemical compositions of BM 
and filler metal.
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SUS304 local dry underwater weldments were fabricated 
under different LHI by the self-developed LDU-PMIG sys-
tem, as shown in Fig. 1. The system was composed of self-
developed underwater welding power source, drainage cover, 
gas supply device, water tank, welding robot, wire feeder, 
and electrical signals acquisition device, etc. The electrical 
signals acquisition device consisted of oscilloscope, current 
and voltage sensors. The real-time dynamic current and volt-
age values were monitored and recorded in the process of 
welding and the average current and voltage were obtained. 
The welding areas of BM were polished by abrasive paper 
and cleaned with ethanol to remove impurities such as oil 
and dust before welding. BM was placed and fixed in the 
water tank and the surface of BM was kept 200 mm under-
water. Argon gas (99.9%) was introduced into the drainage 
cover as shielding gas and drainage gas, and the gas pressure 
was controlled at about 0.2 MPa.

Five sets of welding electrical parameters were designed 
before the LDU-PMIG welding experiment to gain gradually 
increasing LHI. The electrical parameters were peak current 
260 A, 280 A, 300 A, 320 A and 340 A with the same base 
current 100 A, and the duty cycle of peak current was 32%. 
The moving speed of welding gun was defined as the weld-
ing speed, which was 14.5 mm/s.

The real average current (Iavg) and voltage (Uavg) were 
recorded after welding, as shown in Table 2. LHI (H) was 
calculated from Eq. (1), where P was the power of the weld-
ing process, v was the welding speed (14.5 mm/s), and η was 
the welding arc heat efficiency (0.85 for gas metal arc welding 
[13]). The power (P) was the average of the products of current 
and voltage [19], which was defined as Eq. (2), where Uj and 
Ij were the instantaneously measured voltage and current, and 
n was the number of voltage and current samples.

(1)H = �
P

v

(2)P =

1

n

∑j≤n

j=1
UjIj

Table 1   Chemical composition 
of BM and filler metal (wt.%)

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   Schematic diagram of LDU-PMIG welding system

Table 2   The electrical parameters and LHI of weldments

Weldment case 1 2 3 4 5

Iavg (A) 152.1 158.6 164.9 170.1 177.4
Uavg (V) 28.0 29.1 30.1 30.4 31.2
H (J/mm) 256.2 282.4 311.4 336.7 354.6
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2.2 � Microstructure characterization methods

Specimens for different tests were cut from the weldments 
by means of wire cutting. The three directions of weldments 
were defined as rolling direction (RD), transverse direction 
(TD) and normal direction (ND), as shown in Fig. 2(a). All 
test surfaces of specimens were ground and polished except 
for tensile test specimens.

The scanning electron microscopy (SEM) specimens are 
shown in Fig. 2(b), and the detection areas were located in 
the center of WM (green zone in Fig. 2(b)). The test surfaces 
were etched by the etching solution, a mixture of nitric and 
hydrochloric acid (1:3). The phase distribution and mor-
phology were surveyed by Zeiss (Merlin) scanning electron 
microscopy, and the energy dispersive spectrometer (EDS) 
was applied to measure the elements distribution of the 
detection zones. The grain structure, size, type and orienta-
tion were studied by the electron back scattering diffraction 
technology (EBSD), and the observation areas were situated 
in the same areas as that of SEM. The tensile fractures of 
weldments were cut down after the tensile tests and a tung-
sten filament scanning electron microscope (S-3700N) was 
applied to observe the morphology characteristics of these 
tensile fractures.

2.3 � Mechanical performance and corrosion 
behaviors test methods

The microhardness value of weldments was determined 
by a microhardness measurer (HMV-2 T) with a load set-
ting of 200 g and a hold time of 15 s, according to ASTM 
E92-82 standard. The measuring points went across the 

BM, HAZ and WM with a spacing of 0.5 mm, as shown 
in Fig. 2(c). Tensile tests were finished by a tensile testing 
machine (AG-IC50kN) with the stretching velocity of 2 mm/
min and the maximum load of 15 KN, according to ASTM 
E8M standard.

Potentiodynamic polarization (PDP) test and electro-
chemical impedance spectroscopy (EIS) test were widely 
used to explore the corrosion behaviors of various metals 
[1, 11, 20]. An electrochemical workstation (chi604e) was 
employed to finish the PDP and EIS tests of WM and BM. 
A conventional three-electrode cell system was chosen in 
the measurement. The corrosion test surfaces (6 × 6 mm, as 
shown in Fig. 2(d)) were used as the working electrode, a 
carbon cylinder as the counter electrode, and the reference 
electrode was Ag/AgCl electrode (saturated KCL, refer-
ence potential + 222 mV vs. standard hydrogen electrode 
(SHE)). NaCl solution (3.5 wt.%) was selected as the corro-
sion medium, considering the marine environment and its 
wide use in corrosion tests. Firstly, the test surfaces were 
immersed into NaCl solution for 30 min to finish the open 
circuit potential (OCP) tests, then OCP changed relatively 
little, which meant the relative stability between the test 
surface and the corrosion medium was achieved. EIS tests 
were carried out, with the frequency range from 100 kHz 
to 0.01 Hz and the amplitude of 10 mV. The software EIS 
Spectrum Analyser was applied to fit the impedance data 
with proper electrical equivalent circuit. Lastly, PDP tests 
were performed from -0.55 V to 0.4 V at a scanning rate of 
5 mV/s. All corrosion tests were conducted at room tempera-
ture and all potentials were versus the reference potential in 
this paper. Each experiment was repeated three times under 
the same condition to make sure reproducibility.

Fig. 2   Schematic diagram of samples locations and dimensions of tensile specimens (a), SEM/EBSD specimens (b), microhardness detection 
positions (c), electrochemical corrosion specimens (d)
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3 � Results and discussions

3.1 � Formation and metallography structure

The appearances of WM fabricated in different LHI are 
showed in Fig. 3. Tiny fish-scale ripples occurred on the 
surface of WM, owing to the effect of pulsed current. Some 
spatters (in red cycles) and undercuts (in green squares) 
existed in WM of different LHI. However, the formation of 
all underwater weldments was satisfactory by LDU-PMIG.

The microstructure and phase distribution of WM of dif-
ferent LHI were obtained by SEM. Figure 4(a) shows the 
fusion line between WM and HAZ, and HAZ was mainly 
composed of coarse-grained austenite. However, the HAZ 
of LDU-PMIG weldments was quite small because of the Fig. 3   Formation of LDU-PMIG weldments of different LHI

Fig. 4   Fusion line of WM (311.4 J/mm) (a), metallography structure of WM of 256.2, 282.4, 311.4, 336.7 and 354.6 J/mm (b–f)
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Fig. 5   IPFs of BM and WM of 256.2, 336.7 and 354.6 J/mm (a–d), 
grain size distribution of BM and WM (e), grain L/W distribution of 
BM and WM (f)

◂

water cooling effect. The solidification mode of WM was FA 
mode, and the ideal solidification process was given as: L → 
L + δ → L + δ + γ → δ + γ → γ [21]. The rapid water cooling 
impeded the transformation from δ-ferrite to γ-austenite, 
which resulted in a small number of δ-ferrite remained in 
the γ matrix. Therefore, WM mainly consisted of γ-austenite 
and a certain amount of δ-ferrite, whose morphology was 
divided into two kinds: skeletal ferrite and lathy ferrite. The 
SEM results of WM with five different LHI are shown in 
Fig. 4(b–f), where the dark gray aeras are austenite, while 
bright white aeras are ferrite (marked by red arrows).

The morphology distribution of ferrite varied in WM of 
different LHI. Lathy ferrite content accounted for the major-
ity, and skeletal ferrite was less when LHI was 256.2 J/
mm. With the increase of LHI, the content of lathy ferrite 
decreased, while that of skeletal ferrite rose. The content of 
skeletal ferrite was clearly more than that of lathy ferrite in 
the WM of 354.6 J/mm. The changes in ferrite morphology 
were mainly determined by LHI. The cooling time increased 
as LHI rose, thus, the δ-γ transformation was more complete 
in higher LHI, which led to lathy ferrite reducing. Mean-
while, the overall ferrite content declined as LHI ascended.

3.2 � Grain structure and orientation

Figure 5(a–d) shows the inverse pole figures (IPF) of BM 
and WM of 256.2, 336.7 and 354.6 J/mm. Figure 5(e) shows 
the equivalent grain size distribution of BM and WM, where 
the diameter of equal area circle is used to characterize the 
equivalent grain size. The length (L) and width (W) of 
grains were obtained using ImageJ software, and the ratio 
of length and width (L/W) distribution is shown in Fig. 5(f). 
Generally, gains with close length and width (L/W < 2) are 
regarded as equiaxed grains, while grains with large L/W 
ratio (L/W > 4) are columnar grains [7].

BM was mainly composed of equiaxed grains of rela-
tively uniform size, with an average L/W ratio of 1.76. 
Abundant columnar grains were included in the WM of 
256.2 J/mm, with an average L/W ratio of 4.33, and the 
content of columnar grains was as high as 44.8%, while 
that of equiaxed grains was only 10.4%. With LHI increas-
ing to 336.7 J/mm, the fraction of columnar grains reduced 
remarkably, and equiaxed grains increased significantly 
compared with the WM of 256.2 J/mm. The average L/W 
ratio decreased to 2.85 and the content of equiaxed grains 
reached 30.6%. With LHI increasing to 354.6 J/mm, the 
fractions of columnar grains and equiaxed grains changed 
little compared with the WM of 336.7 J/mm. The changes 
of grain L/W ratio were mainly impacted by different LHI. 

The cooling rate of WM was higher in lower LHI. The rapid 
cooling rate promoted grains to grow along the direction of 
heat dissipation, thus, slender columnar grains generated. 
As LHI increased, the cooling rate declined relatively, and 
equiaxed grains gradually formed, which brought about a 
corresponding decrease of columnar grains. However, with 
LHI rising further to 354.6 J/mm, the content of columnar 
grains reduced little, which meant the transformation from 
columnar grain to equiaxed grain was limited under the con-
dition of water cooling.

The grains of BM were mainly concentrated in the range 
of small grains (< 10 um), obtaining the smallest average 
grain size naturally. The average grain size of WM was 
significantly larger than BM. As LHI increased, the cool-
ing time became enlarged and grains grew further, which 
resulted in the relative content of small grains declining 
gradually, and the average grain size increasing. The increas-
ing rate of grain size was relatively low when LHI changed 
from 256.2 to 336.7 J/mm, but with further increase of LHI, 
the increasing rate became greater, as reflected in the grain 
size increasing from 31.21 to 34.75 um. The grain size of 
the WM (354.6 J/mm) was coarser 26.3% than that of the 
WM (256.2 J/mm).

Figure 6 illustrates the pole figures of WM and BM 
according to EBSD, which can express austenite grain ori-
entation distribution. The austenite grain preferred orienta-
tion of BM was {110} with a maximum oriented density 
of 2.25. A single austenite preferred orientation of {100} 
was observed in the WM of 256.2 J/mm, with a maximum 
oriented density of 5.17 due to high cooling rate in low LHI. 
According to the solidification principle, the grains of FCC 
structure grew easier along < 001 > during welding. The 
non-preferentially oriented grains were replaced with the 
faster-growing grains, which resulted in different texture 
density [7]. However, with LHI increasing, austenite pre-
ferred orientation of {111} occurred in the WM of 336.7 and 
354.6 J/mm. The existence of {111} preferred orientation 
reflected the diversification of austenite grains orientation, 
which was attributed to higher LHI. As LHI rose, the time 
of δ-γ transformation was lengthened and atomic diffusion 
was promoted [7, 22].

3.3 � Grain boundary and type

Grain boundaries can be divided into two kinds: the low-
angle grain boundaries (2–15°, LAGBs) and the high-angle 
grain boundaries (> 15°, HAGBs) [23]. The grain boundary 
of BM was mainly HAGBs. The fraction of HAGBs was 
more than that of LAGBs in WM. As LHI increased, the 
content of HAGBs increased slightly, corresponding to the 
decrease of LAGBs, as shown in Fig. 7(c).

BM and WM of different LHI have three kinds of grain 
types: sub-structured grains (in yellow), recrystallized 
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grains (in blue) and deformed grains (in red), as shown in 
Fig. 7(b1-4). BM mainly consisted of recrystallized grains 
and sub-structured grains. Sub-structured grains were 
dominant in WM, followed by recrystallized and deformed 

grains. With LHI rising, the fraction of recrystallized 
grains increased first and reduced then in WM, while that 
of deformed grains showed an opposite trend, as shown in 
Fig. 7(d). The WM of 336.7 J/mm had the highest content 

Fig. 6   Austenite grain orientation of BM (a), austenite grain orientation of WM of 256.2, 336.7 and 354.6 J/mm (b–d)

Fig. 7   Grain boundary types of BM and WM of 256.2, 336.7 and 354.6 J/mm (a1-4), grain types of BM and WM of 256.2, 336.7 and 354.6 J/
mm (b1-4), distribution of grain boundary types of BM and WM (c), distribution of grain types of BM and WM (d)



1653The International Journal of Advanced Manufacturing Technology (2024) 131:1645–1664	

of recrystallized grains (26%) and the lowest content of 
deformed grains (2%). Researches [24, 25] indicated that 
the potential energy released during transformation from 
LAGBs to HAGBs was conductive to promote deformed 
grains to change into recrystallized grains. With longer cool-
ing time in higher LHI, the fraction of HAGBs increased 
because of ampler transformation from LAGBs to HAGBs. 
Thus, the content of recrystallized grains became enlarged 
in the WM of 336.7 J/mm, owing to longer cooling time and 
more released potential energy. With LHI further rising to 
354.6 J/mm, higher LHI created larger thermal stress, and 
greater residual stress was generated in the cooling process 
of molten pool, as reflected in that more deformed grains 
were remained, and the content of recrystallized grains 
reduced in Fig. 7(b4). Recrystallization process can release 
residual stress and relieve residual strain. Therefore, the con-
tent of recrystallized grains and deformed grains may imply 
the changes of mechanical properties.

3.4 � Mechanical performance

3.4.1 � Microhardness tests

The microhardness distribution of WM of different LHI was 
measured, as shown in Fig. 8(a), and the indentations mor-
phology was observed by an optical microscope, as shown in 
Fig. 8(c). BM had the highest microhardness compared with 
HAZ and WM owing to its highest content of uniform equi-
axed grain and the smallest average grain size. The micro-
hardness of HAZ gradually declined with closer to WM, and 
the microhardness of WM was the lowest. Figure 8(b) shows 
the average microhardness of WM of five different LHI.

The results showed that the microhardness of WM dis-
played a trend of first increasing and then decreasing, as 
LHI gradually ascended. The microhardness reached its 
maximum in the WM of 336.7 J/mm, which was 11.8% 
higher than that of 256.2 J/mm and reached 77.7% of BM. 
With LHI rising to 354.6 J/mm, the microhardness slightly 
decreased.

Welding heat had a greater impact on the HAZ grains 
closer to the WM, leading to coarser grains and microhard-
ness decreasing. The average grain size of WM was larger, 
with a higher content of columnar grains, leading to the 
lower microhardness compared with BM and HAZ. The 
main reasons of microhardness increasing first were the 
increasing content of equiaxed grains and the diversifica-
tion of grain orientation with LHI rising. Equiaxed grains 
have better comprehensive mechanical properties compared 
with columnar grains, improving the microhardness. As LHI 
enhanced further, the changes of equiaxed grain content and 
grain orientation were not significant, while the grain size 
was enlarged sharply, which caused microhardness decreas-
ing in the WM of 354.6 J/mm.

3.4.2 � Tensile tests and fracture morphology

Tensile tests were conducted on BM and Weldments of dif-
ferent LHI, and the results are shown in Fig. 9(a). All speci-
mens were fractured at the position of WM except for BM 
specimens. The tensile curves of all specimens were similar, 
but there were remarkable differences in tensile strength and 
elongation, as shown in Fig. 9(b). The tensile strength and 
elongation of weldments showed a trend of first increas-
ing and then decreasing with the enhancement of LHI. In 

Fig. 8   Microhardness distribution of WM of different LHI (a), average microhardness of WM of different LHI (b), and indentations morphology 
(c)
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the WM of 336.7 J/mm, the tensile strength and elongation 
reached their highest (743 MPa and 37.9%), which were 
9.3% and 23.9% higher than that of 256.2 J/mm, and reached 
93.2% and 75.8% of BM.

The fractures of BM and WM were detected, as shown 
in Fig. 10. The fracture of BM was mainly composed of 
uniformly sized dimples, exhibiting a ductile fracture mode. 
The equiaxed grains with uniform small size contributed to 
the best tensile performance of BM. In addition to dimples, 
there were also a large number of tearing edges and cleav-
age planes in the fracture of WM of low LHI (256.2 and 
282.4 J/mm), which reflected the deterioration of tensile 
performance and exhibited a mixture of ductile and brittle 
fracture. Tear edges and cleavage surfaces reduced in the 
WM of 311.4 and 336.7 J/mm, which corresponded to the 
significant improvement of tensile performance. However, 
many tear edges occurred with LHI further rising to 354.6 J/
mm, which indicated the degraded tensile performance. The 
fracture morphology results corresponded to the changes of 
tensile strength and elongation results.

The tensile performance was mainly affected by the rela-
tive content of equiaxed grains, grain preferred orientation and 
grain size. Equiaxed grains had better comprehensive perfor-
mance than columnar grains [21], which enhanced the tensile 
performance. Zhan et al. [7] indicated that the {100} plane was 
the most prone to slip in the plastic deformation of 304L, and 
generally, columnar grains with clear < 100 > orientation char-
acteristics were the weak areas leading to weld failure. Besides, 
grain coarsening caused the reduction of strength according 
to the principle of fine grain strengthening [26]. When LHI 
changed from 256.2 to 336.7 J/mm, the equiaxed grain con-
tent increased remarkably, and the grain preferred orientation 
became diverse, while the relative change of grain size was not 
significant. The influence of increasing equiaxed grain content 
and diversification of grain orientation was dominant, which 

caused the improvement of tensile performance with LHI 
ascending. However, the grain size was enlarged sharply then, 
while the equiaxed grain content and grain preferred orienta-
tion changed little, which led to tensile performance reducing 
in the WM of 354.6 J/mm.

3.5 � Corrosion behaviors

3.5.1 � Potentiodynamic polarization tests

The PDP curves of BM and WM of different LHI were 
measured in 3.5 wt.% NaCl solution, as shown in Fig. 11(a). 
Table 3 depicts the Ecorr (corrosion potantial) and Icorr (corro-
sion current) of WM and BM. Ecorr indicates corrosion ten-
dency of metals, and a more negative value indicates that the 
metal is more inclined to be corroded. Icorr is a vital indicator 
for corrosion rate, and corrosion rate increases with Icorr ris-
ing, which leads to corrosion resistance declining. According 
to ASTM G102-89 standard, corrosion penetration rate (CR) 
can be determined by Eq. (3), where K is a constant, and EW 
and ρ are related to the material. The corrosion rate is directly 
proportionate to Icorr from Eq. (3). In order to evaluate the cor-
rosion resistance of WM compared with BM, the CR ratios 
of BM and WM were calculated by using Eq. (4), where IBM 
and IWM were the Icorr of BM and WM, and k was the EW/ρ 
ratio of BM and WM. (k was approximately equal to 1 due to 
the close alloy elements content and density of BM and WM.)

(3)CR = K
EW

�
icorr

(4)CR
vs.BM = k

I
BM

I
WM

Fig. 9   Tensile curves of BM and WM (a), tensile strength and elongation of BM and WM (b)
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The Ecorr of BM was higher than that of WM, which 
indicated that BM had a lower corrosion tendency than 
that of WM. Meanwhile, BM had the lowest Icorr, meaning 
the lower corrosion rate and greater corrosion resistance 
than all WM. Although the PDP curves of WM of differ-
ent LHI had similar trends, there were differences in their 
corrosion behaviors. The Ecorr of WM showed a decreas-
ing trend, which indicated that the corrosion tendency 
of WM gradually became enlarged as LHI ascended. 
More clearly, with LHI rising, the corrosion rate of WM 
increased because of the augment of Icorr. It was worth 
noting that the Icorr of WM of 354.6 J/mm increased 20.3% 
than that of 336.7 J/mm, which meant that the increas-
ing rate of Icorr also became enlarged in higher LHI. The 
changing trends of Icorr and corrosion resistance are shown 
in Fig. 11(b). The WM of the lowest LHI had the highest 
corrosion resistance in WM, which reached 69.9% of BM, 
while the corrosion resistance of WM of 354.6 J/mm was 
27.3% lower than that of 256.2 J/mm and only reached 
50.8% of BM.

The pitting corrosion resistance of WM was also worth 
noting. Pitting potential (Ep) is commonly used to measure 
the pitting corrosion resistance [16, 27]. Ep is the potential 
when stable pits generate and the current increases sharply. 
The materials of higher Ep exhibit greater pitting corrosion 
resistance. The Ep of WM was quite close without obvious 
change, which suggested WM of different LHI had almost 
consistent resistance to pitting corrosion. However, the 
Ep of BM was lower than that of WM, displaying worse 
pitting corrosion resistance. The pitting corrosion resist-
ance of metals was largely related to the pitting resistance 
equivalent number (PREN), and metals of higher PREN had 
better pitting corrosion resistance [16, 28]. PREN mainly 
depended on the content of three elements (Cr, Mo and N), 
and PREN was calculated by Eq. (5).

The PRENs of WM were almost consistent due to their 
close elements content, which explained the consistent pit-
ting corrosion resistance of WM of different LHI. Cr is one 
of the important elements in forming corrosion resistance, 
which plays a vital role in the generation of passivation 
film on the metal surface, which can effectively enhance 
corrosion resistance [20, 29, 30]. However, Cl ions can pen-
etrate the passivation film [31], and gradually destroy the 
integrity of the passivation film, ultimately causing metal 
corrosion. The content of Cr in the filler metal was higher, 
which caused that WM had a higher Cr content than that of 
BM and HAZ, as shown in Fig. 12(a). Thus, the Ep of BM 
was slightly lower than WM.

BM and WM exhibited varying degrees of passivation 
[1, 11], as shown in Fig. 11(a). BM had a short passivation 

(5)PREN = wt%Cr + 3.3wt%Mo + 16wt%N

interval and the smallest passivation current, and there 
were longer passivation intervals when LHI changed from 
256.2 to 336.7 J/mm. Nevertheless, the WM of 354.6 J/mm 
showed no significant passivation. The passivation current 
of WM had a rising trend, which stated that the corrosion 
resistance of passivated WM gradually descended with the 
increase of LHI.

Significantly, WM gradually formed metastable pits [32, 
33] starting from 0.32 V, as shown in Fig. 11(a). The cur-
rent peaks meant the break of passivation films of some 
local areas, which indicated the formation of metastable 
pits from 0.32 to 0.36 V. However, the passivation film gen-
erated again over a period of time, displaying the decline 
of current. The break and formation of passivation film 
kept cycling until stable pits occurred and the current went 
up sharply. The presence of metastable pits suggested that 
there were some defect areas on the surface of WM, which 
had weaker corrosion resistance.

The weak zones were the Cr-depleted areas caused by 
Cr precipitates, which led to intergranular corrosion in 
weldments. Austenitic stainless steel was inclined to form 
precipitation of chromium carbides (M23C6) [1, 34], when 
the solidification process passed through the temperature 
range of 850–600℃. The diffusion rate of Cr in austenitic 
grains was slower than that of C; thus, it was difficult for 
Cr inside grains to replenish the areas near grain bounda-
ries, which resulted in the formation of Cr-depleted zones. 
The low Cr content in Cr-depleted areas was not beneficial 
to the generation of passivation film, which caused weak 
corrosion resistance. EDS surface scans were performed 
on the WM of 256.2, 336.7, and 354.6 J/mm, as shown in 
Fig. 12(b–d). The distribution of Cr was relatively uniform 
in the WM of 256.2 J/mm. The precipitates of Cr and C 
formed and areas of low Cr content appeared apparently in 
the WM of 354.6 J/mm. The results were consistent with 
the research of Li et al. [15], which suggested that rich-Cr 
carbides precipitated more owing to the higher LHI. The 
results indicated the presence of Cr-depleted zones in the 
SUS304 weldments of LDU-PMIG. Intergranular corrosion 
became more severe and the corrosion resistance declined 
with the increase of LHI.

Additionally, the content of ferrite had an impact on 
the corrosion resistance of WM. Ferrite contained a high 
Cr content, and the ferrite dispersed in the austenitic 
matrix could improve corrosion resistance [1]. With LHI 
enlarged, the ferrite content gradually reduced, which 
brought about the decrease in the corrosion resistance of 
WM. Moreover, the grain size could affect the corrosion 
resistance. Researches [35–37] have indicated that corro-
sion resistance improved with grain size decreasing. The 
grain size of WM became larger with LHI rising, which 
led to the reduction of corrosion resistance.
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3.6 � Effect of LHI on mechanical properties 
and corrosion behaviors

LHI had a significant impact on the mechanical properties 
and corrosion behaviors of SUS304 LDU-PMIG weldments, 
by changing the grain size, grain structure, grain orientation, 
phase content and Cr precipitates content. Figure 15(e) dis-
plays the changing trends of mechanical performance, elon-
gation, microhardness and tensile strength. The mechanical 
performance first increased due to the transformation from 
columnar grain to equiaxed grain and the diversification of 
austenite grain orientation, and then grain coarsening caused 
mechanical performance decreasing. The maximum values 
of elongation, microhardness and tensile strength reached 
75.8%, 77.7%, 93.2% of BM in the WM of 336.7 J/mm.

WM had similar pitting corrosion resistance (Ep), but cor-
rosion rates varied in WM of different LHI, which led to 
different corrosion resistance. The corrosion resistance had 
a declining trend and the decreasing rate became enlarged 
with LHI enhancing, as shown in Fig. 15(d). The reduc-
tion of corrosion resistance was mainly attributed to more 
Cr precipitates content, less ferrite content and coarser 
grains, caused by higher LHI. Thus, the WM of 256.2 J/mm 
obtained the highest corrosion resistance, while corrosion 
resistance of the WM of 354.6 J/mm reduced sharply, 27.3% 
less than that of 256.2 J/mm.

The average value of tensile strength, elongation and 
microhardness was regarded as the average mechanical 
performance of WM in this paper. The average mechani-
cal performance and corrosion resistance versus the WM of 
256.2 J/mm are displayed in Fig. 15(f). The WM of 256.2 J/
mm had the best corrosion resistance and worst mechanical 
performance compared with other weldments. The corro-
sion resistance and mechanical performance of the WM of 
354.6 J/mm fell dramatically compared with other weld-
ments. A significant balance of mechanical performance and 
corrosion resistance was achieved in the WM of 336.7 J/mm.

The findings and results of other researches were com-
pared with the conclusions as mentioned above. To obtain 
better mechanical performance and corrosion resistance, 
proper ranges of LHI were studied by researchers. The chang-
ing trends of mechanical performance of some researches 
are displayed in Fig. 16(a). Li et al. [12] found that the 
tensile strength of E40 underwater wet FCAW weldments 
improved as LHI rose, and it was attributed to the solid solu-
tion strengthening of alloying elements. However, Gao et al. 
[14] reported the tensile strength of S355 underwater wet 
weldments decreased with LHI increasing. Grain coarsening 
and increasing diffusive hydrogen made the tensile strength 
reduce. Zhan et al. [7] found the tensile strength of 304 fiber-
diode hybrid laser weldments kept increasing before a certain 
LHI, which was mainly attributed to the generation of equi-
axed grains. Because of grain coarsening, the tensile strength 

Fig. 10   The fracture morphology of BM (a), and the fracture mor-
phology of WM of 256.2, 282.4, 311.4, 336.7 and 354.6 J/mm (b–f)

◂

After PDP tests, the surfaces of BM and WM were 
observed by an optical microscope, as shown in Fig. 13. 
The number of small corrosion pits on the surface of WM 
increased with LHI rising, which proposed that the corro-
sion resistance decreased, when LHI changed from 256.2 
to 354.6 J/mm. The WM of 354.6 J/mm displayed abun-
dant corrosion pits, with a large and deep one, which illus-
trated its worst corrosion resistance. The WM of 256.2 J/
mm had the highest corrosion resistance. The observation 
results were consistent with the PDP test results.

3.5.2 � Electrochemical impedance spectroscopy tests

To further investigate the corrosion behaviors of WM, the EIS 
tests were performed, as shown in Fig. 14. BM and WM of 
different LHI exhibited similar EIS curves that displayed an 
unfinished semicircle. The diameters of the capacitive semicir-
cle [38] descended, which indicated the decrease of corrosion 
resistance. In the Bode plots, the impedance modulus value 
remained almost constant in the high frequency range and the 
phase angle approached zero, which exhibited a resistive-like 
behaviors [39]. From middle to low frequency, the curves 
seemed like as a tilted straight line and the largest phase angle 
was achieved, which showed a behavior similar to capacitance 
[20].

An electrical equivalent circuit (EEC) was employed to fit 
the EIS data of BM and WM. The EEC consisted of a constant 
phase component (Qdl) connected in parallel with a polariza-
tion resistor (Rp) and then in series with a solution resistor 
(Rs) [20, 40]. The EEC is inserted in Fig. 14(a) and the fit-
ting results are shown in Table 4. Constant phase component 
(CPE) was commonly used to replace double layer capacitance 
to adapt to the non-ideal behaviors of capacitance in electro-
chemical corrosion analysis field [20, 41, 42].

CPE was mathematically described as Eq. (6), where Y0 
was the CPE parameter, n was the dispersion coefficient, 
and w was the signal frequency. The value range of n was 
from 0 to 1. When n was 0, CPE was represented as resist-
ance, and when n was 1, CPE was equal to capacitance. Rp 
depended on the properties of the passivation film, and the 
larger Rp meant the stronger corrosion resistance of the pas-
sivation film.

The results stated that as LHI increased, Rp gradually 
reduced, which meant the deterioration of corrosion resist-
ance. The results obtained from EIS were consistent with 
the PDP results.

(6)ZQ =
1

Y
0

(jw)−n
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reduced after the certain LHI. To sum up, many factors are 
able to influence the mechanical performance of weldments. 
Therefore, it is greatly possible to find that the mechanical 
performance can reach its maximum in a proper range of 
LHI owing to the comprehensive effect of two or more fac-
tors. In this study, the maximum of mechanical performance 
was observed in the LHI range from 256.2 to 354.6 J/mm. 
The changing trend of this study (red curve in Fig. 16(a)) 
was similar with the results of fiber-diode hybrid laser weld-
ing (black curve in Fig. 16(a)). In these researches [7, 14], 
the reduction of mechanical performance was attributed to 
grain coarsening, which was also the main reason of mechan-
ical performance decreasing in this study. The close tensile 
strength was achieved in other LDUW study. Fu et al. [21] 
reported the tensile strength of 304 underwater laser weld-
ments reached 670 MPa, which was close to the value of this 
study under the condition of similar LHI.

Figure 16(b) shows the changing trends of corrosion 
resistance of weldments in different studies. Singh et al. 
[10] found less depletion of chromium in low LHI was ben-
eficial to the improvement of corrosion resistance of mar-
tensitic stainless steel (AISI410) weldments. Sun et al. [18] 
reported that with LHI rising, the corrosion resistance of 
S32101 underwater dry FCAW weldments reduced. How-
ever, Ma et al. [11] found that the corrosion resistance of 
2205 underwater wet FCAW weldments kept increasing as 

LHI rose. In fact, the material of weldment is one of vital 
factors influencing the changing trend of corrosion resist-
ance. For SUS304 weldments, the Cr-depleted areas tended 
to be corroded, which resulted in the decrease of overall cor-
rosion resistance. Less depletion of Cr was the main reason 
for the improvement of corrosion resistance in this study, 
and the research [10] had the similar results.

When the mechanical performance of SUS304 LDU-
PMIG weldments reached its maximum, its corrosion 
resistance declined due to the increasing LHI. LHI should 
be taken into consideration to meet the requirement of both 
mechanical performance and corrosion resistance in the real 
welding application. New techniques may be carried into the 
process of LDUW to enhance both mechanical performance 
and corrosion resistance in the future research.

4 � Conclusions

For further application in underwater installation and 
maintenance field, this paper investigated the influence of 
linear heat input on microstructure, mechanical properties 
and corrosion behaviors of SUS304 weldments fabricated 
by local dry underwater pulsed metal inert-gas welding. 
Some remarkable conclusions were gained as follows:

Fig. 11   PDP curves of BM and WM (a), Icorr of BM and WM and corrosion resistance of WM vs. BM (b)

Table 3   Electrochemical 
parameter results of PDP tests

LHI (J/mm) BM 256.2 282.4 311.4 336.7 354.6

Ecorr (V) -0.250 -0.267 -0.258 -0.276 -0.276 -0.260
Icorr (10–7 A/cm2) 3.256 4.656 4.892 5.053 5.333 6.406
Ep (V) 0.330 0.365 0.365 0.365 0.370 0.365
CRvs. BM (%) 100 69.9 66.6 64.4 61.0 50.8
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(1)	 As heat input of welding rose, the morphology of fer-
rite changed from lath to skeleton and the total amount 
of ferrite reduced in the weldments. The content of 
equiaxed grains ascended remarkably, the grain size of 
weldments became greater and the increasing rate of 
grain size was enlarged. The grain preferred orientation 
became diverse due to longer cooling time.

(2)	 With heat input increasing, the mechanical performance 
increased first, and decreased after heat input reached 
336.7J/mm. The primary reasons of mechanical per-
formance improvement were the transformation from 
columnar grain to equiaxed grain and the diversifica-
tion of austenite grain orientation, and the reduction 

Fig. 12   Line scan of BM and WM (a), and surface scan of WM of 256.2, 336.7, and 354.6 J/mm (b–d)
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Fig. 13   Corrosion surfaces of BM after PDP tests (a), corrosion surfaces of WM of 256.2, 336.7, and 354.6 J/mm after PDP tests (b–d)

Fig. 14   Nyquist plots of electrochemical impedance of BM and WM (a), Bode plots of electrochemical impedance of BM and WM (b)

of mechanical performance was attributed to the grain 
coarsening.

(3)	 The corrosion resistance reduced with heat input 
increasing, which was attributed to more Cr precipi-
tates content, less ferrite content and coarser grains. 

The corrosion resistance of weldments was lower than 
that of base metal.

(4)	 Low heat input was preferred to achieve high corrosion 
resistance for SUS304 weldments, and both mechani-
cal performance and corrosion resistance began to fall 
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Fig. 15   Schematic diagram of effect of LHI on mechanical perfor-
mance and corrosion resistance. The grain structure of WM (a), the 
grain orientation of WM (b), the phase distribution and EDS of WM 

(c), the corrosion resistance of WM vs. BM (d), the mechanical per-
formance of WM (e), the mechanical performance and corrosion 
resistance of WM vs. WM (256.2 J/mm) (f)

Table 4   Fitting results of EIS 
data

LHI (J/mm) BM 256.2 282.4 311.4 336.7 354.6

Rs (Ω·cm2) 5.63 4.8 4.9 5.14 4.69 5.17
Y0 (10–5 Ω−1·s–n·cm−2) 5.85 4.5 4.91 4.88 4.61 7.21
n 0.87 0.91 0.88 0.9 0.91 0.83
Rp(Ω·cm2) 94,366.8 74,332.8 66,139.2 52,398 47,332.8 37,011.6

remarkably, when heat input reached a certain value 
(336.7 J/mm). The weldments of 336.7 J/mm achieved 

a meaningful balance between mechanical performance 
and corrosion resistance.
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Fig. 16   Changing trends of mechanical performance with LHI increasing in different researches (a), changing trends of corrosion resistance with 
LHI increasing in different researches (b)
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