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Abstract
Ferritic stainless steel has been applied frequently owing to its advantages such as good thermal conductivity, low coefficient 
of linear expansion, good stress corrosion resistance, and no Ni. However, the welding process will cause the grain size of 
the weld zone and the heat-affected zone to grow seriously, resulting in a decrease in the toughness of the welded joint. The 
paper discusses in detail the traditional and improved welding methods of ferritic stainless steel. These improved methods 
can effectively reduce the grain size or increase the penetration. The process of introducing electric and magnetic pulses can 
compress the arc, increase the weld penetration, stir the molten pool, refine the grains, and improve the strength and tough-
ness of the weld. The future development direction of ferritic stainless steel welding is discussed at the end of the article.
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1  Introduction

With the increasing development of industrial technology, 
the consumption of stainless steel has increased substan-
tially. Among all stainless steel, austenitic stainless steels 
(ASS) are the most widely used. Still, due to the sharp 
increase in the price of the rare metal Ni, the application 
and development of austenitic stainless steels have been hin-
dered. Compared with ASS, FSS has the advantages of no 
Ni, low cost, high thermal conductivity, small coefficient 
of linear expansion, and excellent resistance to stress cor-
rosion cracking. It has been widely used in automobiles, 
nuclear power, petrochemical, and other industries [1–4]. 
Although FSS has beneficial properties under forging condi-
tions, during the welding process, welded joints are prone to 
intergranular corrosion [5, 6], precipitation embrittlement, 
and other defects [7, 8], which make the welded joints dif-
ficult. Corrosion resistance and mechanical properties are 
affected. The main problem is that the welding thermal 

cycle will cause the grain of the weld zone (WZ) and heat-
affected zone (HAZ) to become coarser, resulting in a seri-
ous decrease in the toughness of the welded joint, and cannot 
be eliminated by heat treatment.

Among the welding processes of FSS, arc welding has 
become the most widely used process because of its flex-
ibility, low production cost, and the ability to provide strong 
metal joints. However, the high temperature in most arc 
welding will promote the grain growth of WZ and HAZ, 
which leads to the decrease of weld toughness of FSS. 
According to the thickness of base metal (BM), groove weld-
ing or no groove welding can be selected, and austenitic 
welding wire can be used for filling. This is the use of the 
alloy strengthening method to adjust the chemical compo-
sition of the weld to improve the toughness of the welded 
joint, such as shielded metal arc welding (SMAW), gas metal 
arc welding (GMAW), and so on. But the disadvantages are 
low efficiency, many consumables, and high cost. Using 
autogenous welding methods, such as TIG welding, can 
reduce consumables, but it is only suitable for welding thin 
plates. With the successive application of high-efficiency 
TIG welding (such as A-TIG, K-TIG), plasma arc welding 
(PAW), laser beam welding (LAW) and electron beam weld-
ing (EBW), and other high-efficiency autogenous welding 
technologies, the efficiency problem of thick plate welding 
has been solved. However, in the autogenous welding of 
thick plate, the weld microstructure is mostly symmetrically 
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grown columnar crystals, and the service performance of the 
welded joint is often not satisfactory.

There are two ways of weld strengthening: alloy strength-
ening and fine-grain strengthening. Fine-grain strengthen-
ing provides a new way to improve the plastic toughness of 
FSS welded joints. In all welding methods, no matter which 
method, the grain growth can be limited by controlling the 
heat input, but most of the toughness will still be lost [9, 
10]. To further improve the plastic toughness of the FSS 
welded joint, scholars have improved these methods, using 
improved methods such as adding chemical elements, pulse 
current, electromagnetic stirring, ultrasonic vibration, and 
hybrid welding to refine the grain size of FSS weld, improve 
the joint performance.

This article reviews the traditional and improved weld-
ing technology of FSS, discusses the influence of different 
methods on the weld appearance, microstructure, and per-
formance of FSS, and is designed to provide new ideas for 
high efficiency and high-quality welding of FSS.

2 � Ferritic stainless steel welding method

FSS has a wide range of welding methods, including fusion 
welding and pressure welding, such as gas tungsten arc 
welding (GTAW), EBW, LAW, resistance spot welding 
(RSW), friction stir welding (FSW), and some improvement 
methods. The following is a summary of the research status 
of FSS welding technology.

2.1 � SMAW

SMAW is a commonly used welding method in industrial 
production. Silva et al. [11] used AWS E309MoL-16 as a 
filler material to weld FSS. As shown in Fig. 1, the grains in 
the HAZ grew significantly after welding. X-ray diffraction 
analysis confirmed a secondary phase, such as Laves phase, 
Chi phase, and Sigma phase. The experimental results show 
that the increase in grain size and precipitates in HAZ lead to 
the decrease of toughness. Since then, Silva et al. [12] also 
found that the chemical composition formed in the fusion 
zone (FZ) is related to the degree of dilution level between 
the filler metal and the base metal (BM), and the dilution 
increases with the increase of the welding heat input.

2.2 � GMAW

GMAW is a high-efficiency and low-cost welding method. 
When using GMAW to weld FSS at home and abroad, the 
filled austenitic welding wire is often used. By introduc-
ing austenitizing elements to enlarge the α + γ two-phase 
zone, more austenite is formed to hinder the growth of ferrite 
grains [13–15]. The geometry of the MIG weld bead (weld 

width, height of reinforcement, and depth of penetration) 
affects the mechanical strength of the joint. Therefore, to 
obtain a good welded joint, the best combination of input 
parameters must be determined. As shown in Fig. 2, Narang 
et al. [16] By studying a five-level, five-factor half-factorial 
design matrix based on Central composite face centered 
design was used for the development of mathematical mod-
els to analyze the effect of process parameters on weld bead 
geometry and shape relationships of MIG welded SS409L 
plates.

Changing the chemical composition of the filler mate-
rial during MIG welding can change the microstructure 
of the weld, thereby improving the mechanical properties 
of the welded joint. For example, adding Al and Ti to the 
filler material can suppress the increase in weld grain size 
and obtain uniaxial fine grains. The hardness of the HAZ 
increases after welding, which is mainly caused by the 
acicular martensite in the HAZ, and the acicular martensite 
increases with the increase of heat input [17].

Although by adjusting the chemical composition of the 
filler material, the organization of the WZ can be improved. 
However, larger heat input of MIG welding will cause the 
heat-affected zone of the welded joint to become wider and 
the grain size to increase [18]. The use of pulsed GMAW 
(P-GMAW) can effectively limit the above problems. 
This method uses periodically changing pulse current for 
welding [19]. Since the traditional GMAW stable droplet 
transfer form is spray transfer, the welding current must be 
greater than the critical current value of the spray trans-
fer. Otherwise, it will be globular transfer and short circuit 
transfer. P-GMAW can control droplet transfer and weld-
ing heat input. The study found that even under higher heat 
input conditions, the pulse form can produce a grain size 
value similar to the spray transfer, which limits the grain 

Fig. 1   HAZ microstructure of AISI 444 steel welded with 6  kJ/cm 
[11]
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coarsening of the HAZ to a certain extent and improves the 
FSS welded joint of toughness.

On this basis, a double-pulse GMAW (DP-GMAW) 
is proposed, which can accurately control the heat input. 
The current waveform diagram of DP-GMAW is shown in 
Fig. 3. It clearly shows that a thermal pulse consists of a 
thermal peak period and a thermal base period. During each 
thermal pulse, there is a coexistence of a current pulse at a 
higher frequency. Obviously, both peak current value (Ip) 
and base current value (Ib) in the thermal peak period differ 

from those (ip and ib) in the thermal base period, so does the 
pulse frequency in different thermal periods. However, the 
pulse duration (Tp) in the thermal peak period is kept the 
same as that (tp) in the thermal base period. The thermal 
pulse is used to modulate the peak and duration of the higher 
frequency pulses to further lower heat input and to improve 
the fluidity of the weld pool. Moreover, the weld pool is 
stirred strongly by thermal pulse [20]. It has the character-
istics of reducing heat input, stirring molten pool strongly, 
refining grain, increasing toughness, reducing porosity and 
crack sensitivity.

Flux Cored Arc Welding (FCAW) is a kind of welding 
method with gas slag combined protection. Grain coarsening 
is a major defect in the FCAW welding of FSS. If the heat 
input is not properly controlled, the grain size of HAZ near 
the fusion line will increase. Venkatesan et al. [21] stud-
ied the influence of FCAW process parameters on the weld 
for 409 m FSS. Figure 4 confirms that coarse grains occur 
in the HAZ of AISI409M FSS, and the martensite content 
increases with the increase of heat input, and the effective 
size of ferrite will decrease. In addition, the research results 
show that the change of heat input has no significant effect 
on the tensile properties of the joint. Therefore, it is recom-
mended to use welding parameters that can provide uniform 
weld bead profile in the manufacturing process. In addition, 
FCAW has a certain effect on solving the problem of inter-
granular corrosion of FSS after welding [22]. The Ti and Nb 
in the flux-cored wire can form metal compounds with C and 
N, which reduces the precipitation of chromium carbide at 

Fig. 2   Interactive effects of different welding parameters on Geometric features [16]

Fig. 3   Schematic of DP-GMAW waveform [20]
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the grain boundaries, avoids the appearance of chromium-
depleted areas on the grain boundaries, and improves the 
resistance to intergranular corrosion and pitting corrosion. 
As the content of Ti and Nb increases, the intergranular cor-
rosion resistance improves.

Cold Metal Transfer Welding (CMT) is a modification of 
GMAW. Unlike the traditional short-circuit transfer process, 
CMT adopts a mechanical droplet transfer form, which real-
izes the control of droplet transfer and low heat input. CMT 
can adopt the unified control mode, and the heat input can be 
adjusted by changing the wire feeding speed [23]. He et al. 
[24] used CMT to weld 4003 FSS. As shown in Fig. 5, com-
pared with the MIG welded microstructure, CMT has a nar-
rower coarse-grained region. The experimental results show 

that the HAZ impact energy of CMT welding is 16.28% 
higher than that of MIG welding.

2.3 � GTAW​

GTAW is a high-quality welding method with the advan-
tages of stable arc, low welding heat input, no spatter, and 
good welding quality [25]. Generally, the HAZ produced by 
GTAW welding is smaller than that of SMAW and GMAW 
and conforms to the rule of SMAW > GMAW > GTAW [26]. 
Figure 6 shows the microstructure comparison of GTAW 
and SMAW welded FSS. Through the analysis of the weld 
microstructure, it can be seen that the microstructure of the 
FZ of the SMAW weld is composed of dendrites, while the 

Fig. 4   Typical Photomicrograph 
of the ferritic heat-affected zone 
welded with heat input 144 J/
mm,213 J/mm microstructure a 
Near fusion line, b HAZ [21]

144J/mm

213J/mm

144J/mm

213J/mm

Fig. 5   Heat-affected zone 
microstructure [24]. (a)CMT, 
(b)MIG

(a) CMT (b) MIG
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microstructure of the FZ of the GTAW weld is dominated by 
fine equiaxed crystals [27]. Since the heat input is the deci-
sive factor for grain growth [28], the heat input of GTAW 
welding is smaller, the HAZ is smaller, the weld microstruc-
ture is better, and it is easier to obtain an ideal FSS weld.

Mohammad et al. [29] used the autogenous TIG process 
to weld AISI430 FSS. They studied the temperature between 
weld passes (25–750 °C) on the weld microstructure and 
mechanical properties of the weld. As shown in Fig. 7, the 
research results show that when the interpass temperature is 
150 °C, there are dimples in the fracture. In addition to the 

main quasi-cleavage fractures, there are also some ductile 
fractures with the highest strength and toughness.

Amuda et al. [30] studied the effect of welding current 
and welding speed on microstructure and properties of 
medium chromium AISI 430 FSS weld during TIG welding. 
The study found that strict control of the welding speed can 
promote the production of equiaxed welds. In addition, to 
avoid the decrease of the microhardness of the welded joint, 
the heat input should be less than 15kj/mm. But according to 
this range to control the heat input, the grain size of the weld 
microstructure is still 5–8 times that of the BM. Wang et al. 

Fig. 6   Weld appearances and 
microstructure of SMAW and 
GTAW [27]. (a) SMAW weld 
weld morphology. (b) The 
microstructure of GTAW. (b) 
GTAW weld weld morphol-
ogy. (b) The microstructure of 
GTAW​

(a) SMAW weld weld morphology (a)The microstructure of SMAW

(b)  GTAW weld weld morphology (b)The microstructure of GTAW

Fig. 7   The fracture surface of T150 specimen presenting (a) cleavage facets (b) quasi-cleavage fracture (c) ductile fracture by dimples [29]
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[31] used numerical simulation to study the grain growth 
behavior in the HAZ of 443 FSS TIG welding. The study 
found that the grain growth in the HAZ is mainly affected 
by thermal cycling, grain boundary migration, and particle 
precipitation. Controlling the high-temperature residence 
time of the welding thermal cycle helps to refine grain.

Although strict control of heat input during TIG weld-
ing can get relatively ideal weld. However, due to the small 
current carrying capacity of the tungsten electrode, the arc 
energy density is not concentrated, and problems such as 
shallow penetration are prone to occur [32–34]. Therefore, 
TIG autogenous welding is only suitable for welding thin 
plates (below 2 mm).

To improve the penetration of TIG, researchers have 
improved TIG welding. Activated Flux TIG, also known as 
A-TIG, changes the surface tension of liquid metal through 
surfactant and then increases the penetration. Compared 
with the traditional TIG welding, the penetration of A-TIG 
welding can be increased by 200 ~ 300%, realizing the single 
pass welding of thick plate. Ramkumar et al. [35] studied 
A-TIG welding of AISI430 FSS. The experiment uses two 
different activating fluxes, SiO2, and Fe2O3. As shown in 
Fig. 8, the study found that under the same welding current, 
the weld with activating flux achieves full penetration. The 
weld without activating flux does not achieve full penetra-
tion. Of welds with activating flux SiO2, tensile fracture 
occurs in the BM, and for welds with activating flux Fe2O3, 
tensile fracture occurs in the FZ. This is due to more oxygen 
in the FZ of the weld with Fe2O3 activating flux.

Comparing the two welding methods of A-TIG and Mul-
tipass Tungsten Inert Gas Welding (M-TIG), it can be found 
that although A-TIG can complete single-pass welding of 
thick plates, the impact toughness of A-TIG welded joints 
are not as good as M-TIG. The reason is that the grains size 
of A-TIG FZ is relatively coarse, and there are manganese 
and oxide inclusions. Post weld heat treatment (PWHT) 
can improve the impact toughness of A-TIG welds [36]. In 
addition, the selection of A-TIG activating flux is relatively 
complicated, and if it is not selected properly, it may reduce 
the corrosion resistance of the welded joint. In literature [37] 
A-TIG welded joints coated with SiO2 have better electro-
chemical corrosion resistance in 3.5% NaCl solution than 
ordinary TIG joints. However, the electrochemical corro-
sion resistance of joints coated with B2O3, TiO2, and Cr2O3 
is reduced.

Keyhole Gas Tungsten Arc Welding (K-TIG) is an 
improvement based on GTAW. As shown in Fig. 9, cooling 
water is added to the shrink nozzle of the welding torch, 
and a large current is used to increase the current density. 
Compared with the traditional TIG, the arc force is larger. 
During welding, the arc force can push the liquid metal of 
the molten pool outward to form a keyhole, and the molten 
pool anchors itself on the root surface of the weldment. The 

arc force, liquid metal density, and surface tension are bal-
anced to maintain the stability of the keyhole. It is a TIG 
welding method that can achieve a single pass deep penetra-
tion. Compared to LBW and EBW, K-TIG process has lower 
costs and easier operation [38, 39].

Xie et al. [40] used K-TIG to weld FSS with a one-time 
penetration of 8 mm. When using DC constant current 
K-TIG welding, the weld area is composed of columnar 
crystals, and the coarse crystal grains make the toughness of 
FSS welded joints seriously reduced. Because pulse welding 
has the effect of refining grains and improving mechanical 

Fig. 8   Depth of penetration and bead width of autogenous TIG (a) 
Autogenous welding without flux (b) with SiO2 flux and (c) with 
Fe2O3 flux [35]
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properties [41] when using DC high-frequency K-TIG for 
welding, the penetration and energy density of the arc is 
increased, the heat input is smaller, and the weld grain size 
is smaller and the mechanical properties are improved.

Compared with conventional GTAW, pulsed gas tung-
sten arc welding (PGTAW) has many advantages, such as 
increasing arc energy density, reducing heat input, reduc-
ing the width of the HAZ, and increasing the depth width 
ratio of the weld. The pulse current has a certain effect on 
the instantaneous temperature and heat input during the 
solidification of the FSS molten pool [42, 43]. The center 
microstructure of the weld is composed of equiaxed crys-
tals. Hu et al. [44] used Pulse Tungsten Inert Gas (P-TIG) 
to weld Cr26Mo3.5 FSS. The study found that carbides and 
nitrides of Ti and Nb were precipitated in the microstructure 
of the weld, forming insoluble particles. Insoluble particles 
can be used as heterogeneous nucleated particles to refine 
weld grains. In addition, a larger degree of undercooling 
and smaller temperature gradient in the molten pool is also 
conducive to the growth of equiaxed crystals. The precipita-
tion of Ti and Nb carbides and nitrides in the HAZ can also 
hinder the growth of grains in the HAZ. Some documents 
point out that when high-frequency current pulse welding 
is used, as the pulse frequency increases, the arc shrinkage 

will be more significant, the arc energy density increases, 
and the arc pressure increases, which can increase the pen-
etration. In addition, the pulsed current will produce electro-
magnetic force in the molten pool. Under the action of larger 
arc pressure and electromagnetic force, the liquid metal in 
the molten pool will produce a complicated flow. The com-
plex flow of liquid metal can break up columnar crystals and 
eventually form fine equiaxed crystals[45, 46]

Watanabe et al. [47] used Ultrasonic Assisted Tungsten 
Inert Gas Welding (U-TIG) to weld of FSS. Figure 10(a) 
shows the schematic of an apparatus for welding with ultra-
sonic vibration. The filler metal is ultrasonically vibrated 
through a guide tube attached to the top of an ultrasonically 
vibrating horn. Ultrasonic vibration is transmitted into the 
molten pool through the filler metal. The vibration direction 
of the welding wire is perpendicular to the surface of the 
paper. Figure 10(b) shows the schematic to explain the loca-
tion between the filler metal and an electrode for transmit-
ting ultrasonic vibration. Due to the physical mechanism of 
ultrasonic mainly include the effects of mass transfer, acous-
tic streaming, and cavitation [48, 49], the metal flow in the 
molten pool will be violent. The intense flow has an impact 
on the nucleation at the edge of the molten pool. In addition, 
violent vibration can break the growing columnar crystal, 

Fig. 9   Schematic of K-TIG 
process, the specially made 
torch, and the morphology of 
the molten pool [38]
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increase new nucleation particles, increase nucleation rate, 
and promote the transformation of columnar crystals to equi-
axed crystals. They increased the tensile strength and tensile 
fracture elongation of FSS joints. But the disadvantage is 
that when the distance between an electrode tip and the filler 
metal was too short, the weld bead became bumpy, and two 
regions coexisted in the weld bead where ultrasonic vibra-
tion was transmitted or not transmitted. And not suitable for 
welding large components [47].

Changing the composition of the shielding gas can 
affect the crystallization of the molten pool. The use of 
Ar + N2 + O2 mixed gas protection can refine the weld grains. 
The primary role of O2 was to produce stable inoculants in 
the molten weld pool, in this case, Al-oxides, to enhance 

TiN nucleation, which eventually nucleates equiaxed grains 
[50]. Although the grain size is reduced due to the increase 
in pore content, increase may affect impact toughness.

Some scholars have designed a welding torch with the 
double gas shield for welding experiments. As shown in 
Fig. 11, the inner layer is protected by pure Ar, and the 
outer layer is protected by N2. The experimental results 
show that the proportion of equiaxed crystals in the micro-
structure of the weld increases, the grain size decreases, 
and the impact toughness of the HAZ increases. This is 
because, on the one hand, the thermal conductivity of N2 is 
greater than that of Ar, and the cooling rate of welds with 
N2 added is greater than that of welds without N2, thereby 
increasing the cooling rate of the welds, reducing the grain 

Fig. 10   (a) Schematic of an apparatus for welding with ultrasonic vibration, (b) schematic diagram of the position between the filling metal and 
the electrode that emits ultrasonic vibration [47]

Fig. 11   Schematic diagram of 
GTAW torch with a gas hood 
during the welding process [51]
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size and the width of the HAZ; On the other side, N is a 
stabilizer of γ, which can make the distribution of Cr and 
Ti more uniform and increase the strength and toughness 
of the welded joint [51].

Due to GTAW autogenous welding, the chemical com-
position of the weld cannot be adjusted by the method of 
filling the welding wire. Therefore, scholars use powder pre-
melting technology [52], direct addition [53], and coating 
on the surface of the BM [54, 55], etc., to add new chemical 
elements to the molten pool. Chemical elements are usu-
ally added in the form of alloy powders of the same com-
position, heterogeneous nucleating agents and modifiers. A 
large amount of alloy powder of the same composition is 
added to the molten pool, and the molten pool produces a 
strong cooling effect through melting and evaporation of the 
alloy powder, reducing the temperature gradient to achieve 
the purpose of grain refinement. By adding heterogeneous 
nucleation alloys, high melting point stable compounds can 
be formed, increasing nucleation particles and promoting 
heterogeneous nucleation. The addition of modifiers can 
affect the crystal growth during the solidification process 
depending on the change of its morphology or performance. 
Since the excessive growth of grains in the molten pool dur-
ing the crystallization process leads to coarse microstructure, 
metamorphic elements can be used to control the grain mor-
phology, hinder the growth of dendrites during the crystal-
lization process of the weld, and finally refine the grains. 
In summary, adjusting the elements of the molten pool can 
refine the weld microstructure of FSS. However, this method 
is limited to a few elements, and for the welding of different 
materials, it is difficult to determine the composition of the 
added elements. In addition, the addition of alloy elements 
is not uniform [51], which severely restricts the research and 
application of this method.

Magnetic control welding technology is an advanced 
welding process. The shape of the TIG arc can be con-
trolled by the magnetic field, the stability of the arc can 
be improved, and the microstructure and properties of the 
weld can be optimized [39, 56, 57]. As shown in Fig. 12, the 
high-frequency magnetic field has a compressive effect on 
the arc. The arc pressure first presents a bimodal distribu-
tion and then a unimodal distribution with the increase of 
frequency, and the arc pressure increases with the increase of 
frequency. As shown in Fig. 13, it is found through analysis 
that the trajectory of the charged particles in the arc is spiral, 
and the spiral of the arc has a stirring effect on the molten 
pool. In addition, the magnetic field has a direct effect on the 
flow of the molten pool, and the effect of electromagnetic 
stirring can break the coarse columnar crystals of the weld, 
refine the grains, and improve the toughness of the welded 
joint [58]. Reddy et al. [59] used GTAW to weld AISI430 
FSS and introduced external electromagnetic oscillation 
during the welding process. The study found that the weld 

microstructure using electromagnetic oscillation is more 
refined, and the weld joint strength is higher.

2.4 � LBW

Since the birth of laser welding, it has attracted much atten-
tion. In the twenty-first century, LAW has become one of the 
most promising welding technologies. Compared with arc 
welding, LBW has high energy density, fast welding speed, 
and small welding deformation. Due to the narrow FZ and 
HAZ of LAW, it is very attractive for FSS welding [60–62]. 
At present, scholars have carried out a lot of research on 
the LAW of FSS. Lakshminarayanan et al. [63] found that 
when the welding speed is 3000 mm/min, a single-pass 
full penetration weld without defects can be obtained. The 
microstructure of the weld joint at different positions and 
BM is shown in Fig. 14. From Fig. 14 (b) and Fig. 14 (e), 
it can be found that the FZ is composed of dendrites and 
equiaxed crystals. The problems of coarse grains and large 
brittleness that often occur in arc welding of FSS do not 
appear in LAW. Due to the relatively low heat input of laser 
welding, the grain size of LBW weld high-temperature heat-
affected zone (HTHAZ) is very similar to that of BM with 
low-carbon grain boundary martensite. Compared with 
the BM, the impact toughness of LAW is improved by 3%, 
which is caused by equiaxed crystals and columnar dendrites 
perpendicular to the crack path.

Liu et al. [64] used LAW to weld 26Cr-3.5Mo FSS. The 
study found a narrow equiaxed crystal zone in the weld 
center when the welding heat input is low. The study found 
that at first, there was a small equiaxed crystal zone in the 
center of the weld. When the welding heat input increases, 

Fig. 12   The distribution of arc pressure [58]
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the width of the equiaxed crystal zone becomes larger, but 
the proportion of the cross -section of the weld increases first 
and then decreases. The microhardness is lower than that 
of the weld and the BM. The tensile strength of the welded 
joint is lower than that of the BM, and the elongation of the 
joint gradually decreases with the increase of heat input, 
and the fracture mode changes from ductile fracture to brit-
tle fracture. Keskitalo et al. [65] used Erichsen cutting tests 
to study the influence of shielding gas on the mechanical 

properties of FSS LAW. As shown in Fig. 15, the toughness 
and formability of welds without argon protection are poor. 
Regardless of the welding energy, the toughness and form-
ability of the weld with argon protection are very good. This 
is due to the presence of oxide inclusions in the weld metal 
without gas shielding.

Although LAW has a high energy density and a fast 
cooling rate, it can solve the grain coarsening of FSS to 
a certain extent. However, the laser beam utilization rate 

Fig. 13   Trajectories of charged 
particles in a TIG arc [58]

Fig. 14   Optical micrographs of laser beam welded 409 M ferritic stainless steel joint [63]. (a) Joint; (b) base metal; (c) fusion zone top region; 
(d) fusion zone cross section middle;(e) interface left sides (f) joint cross section; (g) interface right side
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is low, and the cost will increase with the increase of the 
thickness of the workpiece, and other problems need to be 
solved urgently. Ma et al. [66] studied the application of a 
variety of commonly used activating flux in LAW of FSS. 
The experimental results show that oxide has the most sig-
nificant effect on the penetration, and the penetration can 
be increased by 2.23 times within a suitable ratio range. 
Table 1 shows the high-speed photographs of welding with 
different activating flux when the laser power is 1600 W. As 
shown in the figure, except for activating flux CaF2, the size 
of other plasma is proportional to the penetration depth. The 

metal added with the oxide activating flux produced violent 
evaporation. After adding CaF2, the size of the plasma is 
smaller, and the penetration depth is larger. This is because 
CaF2 evaporation reduces plasma volume and increases the 
metal's absorption rate of the laser beam. This also shows 
that reducing the plasma volume has little effect on increas-
ing the penetration depth of LAW.

The pressure vessel is usually a cylindrical shell with a 
diameter of about 3.3 to 4.6 m, a height of 12 to 14 m, and 
a wall thickness of about 230 mm. It is usually welded by 
Submerged Arc Welding (SAW). However, SAW has some 

Fig. 15   The Erichsen cupping 
test samples for laser weld sam-
ples E = 90 J/mm, welded with 
and without argon shielding 
[65]. a) Argon shielded weld. b) 
Without shielding gas

a) Argon shielded weld b) Without shielding gas

Table 1   High-speed photographs with different activating fluxes at 1600 W [66]

Activating flux ZrO2 CaO MgO

High-speed photograph 

Penetration depth / mm 1.60 1.40 0.82

Activating flux CaCO3 CaF2 Without flux

High-speed photograph 

Penetration depth / mm 0.60 0.68 0.53
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disadvantages, such as large heat input and large residual 
stress after welding. The narrow gap multi-channel fiber 
laser welding process provides a new method for welding 
thick plate FSS. Compared with arc welding, the number 
of welding passes of narrow gap multi-channel fiber laser 
welding is greatly reduced [67], which increases the welding 
efficiency. Figure 16 is a Schematic representation of narrow 
gap multi-pass laser welding process with filler wire addi-
tion. In the welding process, the defects such as cracks, non-
fusion, and pores can be eliminated by reasonable control of 
experimental parameters such as shielding gas. The test has 
completed the high-quality welding of thick plates, but it is 
recommended to perform PWHT to improve toughness [68].

2.5 � PAW

PAW is a compression arc welding method. It has the advan-
tages of fast cooling, fast welding speed, narrow weld zone, 
large penetration, high mechanical strength, small deforma-
tion, and no need for filler metal during welding [69, 70]. 
Because PAW has more concentrated arc energy density and 
higher arc stiffness than GTAW. Therefore, the heat provided 
per unit length is smaller, and the weld can get finer grains 
and higher impact toughness, which is more suitable for FSS 
welding [71].

KÖSE et al. [72] studied the effect of different heat inputs 
on the PAW welding of FSS. Studies have shown that with 
the increase of heat input, the tensile strength and hard-
ness of welded joints are reduced. After PWHT, the tensile 
strength of the welded joint is reduced. The reason for This 
result is that the weld microstructure softened and trans-
formed after being kept at 7700 °C for 60 min. Hariharan 

et al. [73] studied the influence of the PAW process on the 
corrosion resistance and strength of AISI 409 FSS joints. 
The response surface method is used to obtain the best com-
bination of welding parameters, the strength of the welded 
joint is maximized, and the corrosion rate is minimized. As 
shown in Fig. 17, the corrosion rate of the welded joint is 
very high. When the optimized welding parameters are used, 
the resistance increases, the corrosion rate decreases, and the 
corrosion resistance is improved.

Zhu et al. [74] used a perforated-plasma-arc-welded weld-
ing process to weld 00Cr11NbTi FSS. Preformed-plasma-
arc-welded is suitable for welding stainless steel plates with 
a thickness of 3 ~ 8 mm and can complete single-pass full 
penetration welding with square groove. The experimental 
results show that under the premise of good assembly, the 
weld is easy to obtain a smooth surface. The bending experi-
ment in Fig. 18 shows that the weld after perforated plasma 
arc welding, whether on the surface or the back, whether in 
the horizontal or vertical direction, has good plasticity.

Micro-plasma welding is a kind of low current (usually 
less than 30A) penetration welding process. It has the char-
acteristics of good arc stiffness, good stability, and excellent 
welding quality. It is especially suitable for welding FSS 
sheets. To ensure the stability of the arc at low current, the 
micro-plasma welding uses a small aperture compression 
nozzle and combined arc. There are two arcs in welding 
one is the non-transferred arc between nozzle and electrode, 
which plays the role of arc striking and arc stabilizing. The 
other is the transferred arc between the electrode and the 
workpiece, which is used to melt the workpiece. Low current 
and low heat input can inhibit the high-temperature embrit-
tlement of FSS to a certain extent [75].

Fig. 16   Schematic representation of narrow gap multi-pass laser 
welding process with filler wire addition [68] Fig. 17   The Polarization curve for PAW joints [73]
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2.6 � EBW

EBW is a welding method that uses a high-energy electron 
beam as a heat source for welding in a vacuum environment. 
Since welding is performed in a vacuum environment, mate-
rial contamination is avoided. EBW has a smaller FZ and 
HAZ and a larger depth to width ratio. It can produce deep 
and narrow welds without defects [76], which is attractive 
for welding FSS.

Lakshminarayanan et al. [77, 78] studied the joint micro-
structure and properties of AISI409M FSS EBW and com-
pared them with GTAW joints. The experimental results 
show that the impact toughness of EBW welded 12% Cr 
FSS joint is similar to that of BM, but the impact toughness 
of GTAW joint is worse than that of BM, which depends 
on the microstructure. When GTAW is welding FSS, the 

temperature of FZ and HAZ will reach over 1300 ℃. Dur-
ing the cooling process, the structure will transform from δ 
ferrite transforms to austenite. The relative amount of stable 
elements of ferrite and austenite determines a certain amount 
of austenite at the grain boundary. The grain size of GTAW 
weld is large, and the cooling rate is not enough to cover 
the ferrite grain boundary, so acicular martensite is formed. 
Coarse grains and acicular martensite are the reasons for the 
poor toughness of GTAW welds. Due to the low heat input 
of EBW, fast cooling rate of weld, limited grain growth, 
and hindered transformation from δferrite to austenite, the 
formed microstructure is composed of ferrite and there is a 
discontinuous martensite network along the grain boundary, 
as shown in Fig. 19(d). Therefore, EBW joints have higher 
fatigue strength and fatigue crack resistance than GTAW 
joints and BM [79, 80].

Fig. 18   Bending test results 
[74]

2817The International Journal of Advanced Manufacturing Technology (2022) 118:2805–2831



1 3

Doomra et al. [81] used EBW to complete the deep pen-
etration welding of 18 mm thick AISI409 FSS. The study 
found that the weld microstructure is composed of coarse 
columnar crystals growing perpendicular to weld center. 
The tensile strength, yield strength and microhardness of 
the WZ are higher than those of the BM, but the impact 
toughness decreases by 45%. After PWHT, the grain size of 
the weld is refined, and the impact toughness increases by 
40%. Therefore, PWHT is beneficial to improve the tough-
ness of welded joints.

2.7 � FSW

Figure 20 shows a typical FSW welding process. During 
welding, the welding stirring head rotates at high speed in 
the direction of the welding seam to increase the temperature 
of the workpiece. After the temperature rises, the joints of 
the workpieces are softened. Finally, pressure is applied to 
promote the diffusion and mutual dissolution of the metal at 
both ends of the weld to complete the welding. Compared 
with fusion welding, FSW avoids adverse metallurgical reac-
tions. During welding, dynamic recrystallization occurs in 
the weld seam, the grains are refined, and the HAZ grains 

do not grow significantly [82–84]. Therefore, scholars have 
done a lot of research on FSW welding FSS.

Lakshminarayanan et al. [85, 86] used FSW to conduct 
welding tests on 409 M FSS. The welding speed is 50 mm/
min, and the rotation speed is 1000 rpm. After welding, it is 
found that the BM has severe plastic deformation due to fric-
tion stirring. This results in the transformation of the coarse 
ferrite structure in the matrix material to the fine ferrite and 
martensite dual-phase microstructure. Afterward, the pro-
cess optimization of 409 M FSS FSW was carried out, and 
it was found that the welding speed was the main factor 
affecting the tensile strength and impact toughness. Salemi 
et al. [87] used FSW to weld AISI430 FSS. The experi-
mental results found that under constant speed conditions, 
increasing the rotating speed and heat input can achieve 
dynamic recrystallization of the weld, thereby achieving 
grain refinement.

Ahmed et al. [88] used FSW to weld AISI 409 ferritic 
stainless steel and studied the effects of rotation speed and 
traverse speed on the evolution of weld microstructure. 
Research has found that high rotation speed will cause a 
large amount of strain in the metal and reduce the crystal 
grains.

Fig. 19   Microstructure of electron beam welded 409 M ferritic stainless steel joint [77]
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Sharma et al. [89] studied the microstructure and prop-
erties of 409 FSS FSW welds. A defect-free welded joint 
was obtained. The study found that there are martensite 
and Cr23C6 precipitates that have the effect of grain refine-
ment at the grain boundaries of the stirring zone. The ten-
sile strength of the welded joint is close to that of the BM, 
but the ductility is reduced. Due to precipitates Cr23C6 in 
the stirring zone, the corrosion resistance is not as good 
as the HAZ and BM.

Mondal et al. [90] used the element mapping method to 
conduct a detailed study on the material flow in the ASS 
and FSS stirring zone. As shown in Fig. 21, the EPMA 
Electron Probe Micro Analyzer (EPMA) mapping clearly 
shows that the FSW process depends on the combination 
of process parameters. The heat generated by parameter 
1500/50 is higher, the deformation is more serious, and the 
grains in the stirring zone increase additionally.

Bilgin et al. [91] studied the influence of FSW rota-
tion speed, traverse speed, tool compression force, and 
tool inclination angle on the strength of welded joints. 
Through the establishment of a genetic algorithm model, 
the best parameters are found, the ultra-fine grain weld 
microstructure is obtained, and the high-quality welded 
joint is formed.

Induction preheating friction stir welding is a welding 
method in which electromagnetic induction coils are added 
for preheating in FSW. Because FSS is magnetic, electro-
magnetic induction preheating has a more obvious effect 
on FSS. As shown in Fig. 22, the induction device is made 
of copper tube coils. The essential parameters of induction 
heating setup are the output current, which is responsible for 
the quantity of heat input, and the frequency which controls 
the depth of heating. Because preheating reduces tool wear 
in the welding process, reduces the tool debris in the weld, 
so the impact toughness is improved [92].

2.8 � RSW

RSW is one of the most mature welding methods in indus-
try, and it can weld almost all metals. RSW is a method of 
welding by heating and pressing at the same time [93, 94]. 
RSW has high production efficiency, low heat input, does not 
require filler metal during welding, is not easy to produce 
secondary phase changes, and is easy to reduce the grain 
size. It has a certain prospect for welding FSS [95].

Alizadeh-Sh et al. [95] studied the microstructure and 
properties of AISI430 FSS RSW welds. As shown in Fig. 23, 
the microstructure of the FZ is dominated by columnar fer-
rite. There are carbides and martensite phases in the grain 
boundaries. There is no formation of high-temperature aus-
tenite in the high-temperature heat-affected zone (HTHAZ), 
so the ferrite grains grow up sharply. Due to the fast heat 
dissipation rate, the transformation of ferrite to austenite 
at high temperatures is inhibited, so no martensite phase is 
formed at the grain boundary in this region. The transition 
from ferrite to austenite occurs in the medium temperature 
heat-affected zone (MTHAZ). The martensite microstruc-
ture is formed after cooling, so it is composed of ferrite 
and martensite. The formation of austenite at high tempera-
ture is an important factor hindering the growth grains. The 
low-temperature heat-affected zone is characterized by the 
precipitation of fine chromium carbides in the ferrite grains. 
Coarse grains are the main factor leading to the decrease of 
mechanical properties, but as the welding current increases, 
failure occurs at the position of the BM. The reason is 
that under higher heat input, due to the increase of the FZ 
size, the peak load and energy absorption of the weld are 
increased. There are similar reports in the literature [96]. 
The welding current of RSW affects Tensile Shear Strength, 
Nugget Size, and Failure Energy, but has little effect on the 
microhardness of the FZ. The reason is that the change of 

Fig. 20   FSW process (a) sche-
matic, and (b) various stages 
[82]
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current has an effect on the geometric characteristics of the 
nugget (such as the diameter and penetration of the nugget) 
but has no effect on the metallographic aspects (such as the 

microstructure and grain size). Existing studies have proved 
that the microstructure under different currents comprises of 
ferrite and martensite [96].

Fig. 21   Material flow diagram 
with process parameter combi-
nation of 1000/50 and 1500/50: 
material flow behavior diagram 
(a), and material flow diagram 
(b) [90]

Fig. 22   Electromagnetic induc-
tion heating setup and FSW 
trials [92]
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The use of austenitic-ferritic composite stainless steel 
structure is a very promising method that can minimize 
nickel consumption. Yu et al. [97] compared the mechanical 
properties of 304/304, 304/430, and 430/430 resistance spot 
welded joints. The study found that for the 430/430 sample, 
the nugget is very brittle. The local toughness of the 304/430 
weld nugget is higher than that of the 430/430 weld nugget. 
304/430 joint has better fracture resistance when the nugget 
is a brittle fracture. In addition, scholars have conducted a 
lot of research on the influence of welding parameters such 
as welding time, extrusion time, shielding gas, and welding 
current on the strength, toughness, and appearance of RSW.

Ravichandran et al. [98] studied the influence of welding 
time, extrusion time, welding current, and holding time on 
the strength of AISI430 FSS by response surface method. 
The optimal control parameters for higher welded joint 
strength are obtained. Sreehari et al. [99] studied the effects 
of welding time and shielding gas on various properties of 
FSS welded joints. The experimental results show a positive 
linear relationship between surface indentation and weld-
ing time, and the tensile shear strength and nugget diameter 
increase with the increase of welding time. The purge of 
argon gas does not affect on tensile strength, indentation 
degree, hardness, and microstructure, but it helps to sup-
press heat is tonal.

In addition to the above welding parameters, the electrode 
material also has an important influence on the results of 
RSW. CuCo2Beh and CuZr are both electrode materials for 
RSW. During welding, the weld joint strength of the two 
electrodes increases with the increase of current, but the 
welding parameters of the peak load are different. When 
the welding current is 6kA, the welding time of the CuZr 
electrode is 10 cycles, and when the welding current of the 
CuCo2Beh electrode is 6.6kA, the welding time is 15 cycles. 
This is because the conductivity of the electrodes is differ-
ent. The conductivity of the CuZr electrode is about twice 
that of the CuCo2Beh electrode [100].

To solve the bad influence of the organizational trans-
formation, the double Pulse Resistance Spot Welding 

technology was proposed [101]. As shown in Fig. 24, a 
secondary current pulse is induced after the first welding 
current pulse to achieve the effect of PWHT. Experiments 
show that the hardness value of the double-pulse welded 
joint is higher than that of the single-pulse welded joint, and 
a welded joint with good tensile strength and indentation 
value is obtained.

Electromagnetic pulse spot welding can be used to weld 
materials such as Al and stainless steel. The introduction of 
an external magnetic field can improve the microstructure 
and properties of RSW [102, 103]. Ding et al. [104] welded 
FSS with an external static magnetic field spot welding pro-
cess and found that the diameter of the nugget increased 
with the increase of welding time. The introduction of a 
magnetic field can prolong the solidification period of the 
nugget and hinder the rapid formation of columnar crystals. 

Fig. 23   (a) Fusion zone microstructure, (b) base metal microstructure, (c) heat-affected zone microstructure [95]

Fig. 24   Double Pulse Technology, t0-upslope force time, t1-squeeze 
time, t2-time for first pulse current, t3-time between two pulses of cur-
rent, t4-time for second pulse, t5-hold time, t6-downslope force time 
[101]
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The electromagnetic force generated by the magnetic field 
causes the columnar dendrites to deform, break, and devi-
ate from the solidification direction. As the welding time 
increases, the grains are refined. However, as the magnetic 
field increases, the induced current will increase, resulting in 
a large amount of Joule heating, reducing undercooling, and 
coarsening of crystal grains. Therefore, proper application 
of static magnetic field can improve the tensile strength and 
elongation of spot welded joints.

2.9 � Hybrid welding

Hybrid welding is an efficient welding method. It has the 
advantages of improving the energy utilization rate of the 
heat source, increasing the welding speed, increasing the 
penetration depth, and improving the welding quality. It is 
the trend of future development [39]. In recent years, schol-
ars have tried to use different hybrid welding methods to 
study the welding of FSS.

Wu et al. [105] used laser-GMAW hybrid welding to 
weld FSS. Laser-GMAW hybrid welding makes up for the 
shortcomings of GMAW's slow welding speed, shallow 
weld penetration, and large heat-affected zone width. At the 
same time, it also makes up for the disadvantages of high 
assembly requirements of LAW parts and low gap bridging 
ability [106, 107]. The research adopts the numerical simu-
lation method to quantitatively analyze the shape and size of 
the molten pool and small holes, as well as the temperature 
field and flow field in the mixed molten pool. As shown in 
Fig. 25, the small hole in the front of the molten pool blocks 
the flow circuit driven by the surface tension gradient at 
the front of the molten pool. At the same time, the periodic 
impact of the molten droplet and the instantaneous collapse 
of the small hole cause the molten pool to fluctuate, blocking 
the loop driven by the surface tension gradient at the tail of 
the molten pool. Therefore, there is a small amount of eddy 
current on the surface of the molten pool, which has a stir-
ring effect on the molten pool and helps the welding of FSS.

L a s e r  +  P u l s e d  G a s  M e t a l  A r c  We l d i n g 
(Laser + GMAW + P) has high welding speed, low heat 
input, narrow HAZ, large penetration, strong bridging abil-
ity, and stable welding. For the use of Laser + GMAW + P 
to weld FSS, it is necessary to understand the influence 
of mixed heat sources on the HAZ and its grain growth 
behavior. Zhang [108] et al. simulated the grain microstruc-
ture of the HAZ of FSS under the hybrid heat source of 
Laser + GMAW + P. Figure 26 is the final three-dimensional 
map of the grain microstructure of the HAZ. As shown in the 
figure, the closer the fusion line, the finer the grains, but the 
grain size is different at different positions on the fusion line. 
The grain size below the molten pool is much smaller than 
the top of the molten pool, and the grain sizes are similar 
to LAW. This is because the penetration of hybrid welding 

is determined by the laser beam, the heating and cooling 
time is very fast, the growth time of grain is short, and the 
grain size is limited. It is verified by experiments that there 
are certain errors in the shape and size of the HAZ, and the 
simulation and measurement should be improved.

Zhang et al. [109] designed the plasma + TIG hybrid 
welding method. PAW is used as the backing welding 
method, and the TIG welding method is used for cosmetic 
welding. The research results show that proper acceleration 
of the welding seam cooling rate is helpful to the refinement 
of the weld seam structure. The plasma flow rate has little 
effect on the grain size.

Hybrid Friction Stir Welding (HFSW) is a hybrid welding 
process that uses GTAW is the preheat source for FSW. Fig-
ure 27 is a schematic illustration of HFSW process and FSW 
tool without pin. GTAW as a preheat source can slow down 
the cooling rate after welding, improve material flow, and 
improve mechanical properties. At the same time, similar to 
induction preheating friction stir welding [92], the preheat-
ing source has the effect of reducing tool wear. The results 
show that the welded joint of HFSW has better ultimate ten-
sile strength and elongation than that ordinary FSW [110].

3 � Trend of development

In summary, in the welding method of FSS, we can summa-
rize some rules from the traditional and improved welding 
methods and then control the future development direction 
of FSS welding (Table 2).

It can be seen from the Table 2:

(1)	 When using SMAW welding, the welding equipment is 
simple, the operation is flexible, and the welding effi-
ciency is high. However, welding heat input is large, 
resulting in the coarse grains in the welding HAZ and 
the serious loss of the plastic toughness of the welded 
joint. To improve the performance, the impurity con-
tent in the electrode should be limited as far as possible, 
its purity should be improved, and reasonable alloying 
should be carried out at the same time. However, when 
welding thick plates, grooves are required, which seri-
ously reduces the welding efficiency. Therefore, it is not 
recommended.

(2)	 When using GMAW welding, the welding efficiency 
is high. Usually, the austenite welding wire is used for 
welding. By introducing austenitizing elements, more 
austenite is formed to hinder the growth of ferrite grains 
in the weld. In addition, by adjusting the chemical com-
position of the filler materials of GMAW and FCAW, 
the weld microstructure can be refined, and the plastic 
toughness of the welded joint can be improved. How-
ever, due to excessive welding heat input, the width 
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and grain size of the HAZ of the joint will increase. 
When using P-GMAW and DP-GMAW welding pro-
cesses, by applying current pulses, the total welding 
heat input can be accurately controlled, and the growth 
of the HAZ grains can be restricted. In addition, the 
pulse current will generate a pulsating magnetic field 

in the molten pool. According to the electromagnetic 
field theory, the liquid metal particles in the molten 
pool are subjected to the pulsating electromagnetic 
force to produce vortex motion, which causes the force 
gradient change. The difference in contraction force 
at different positions causes the flow velocity of the 

Fig. 25   The dynamic evolution 
of temperature profile and fluid 
flow field in longitudinal cross-
section of weld pool [105]
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molten pool metal to change, creating a velocity gradi-
ent. According to Newton's law of viscosity, the veloc-
ity gradient will cause shear force in the molten pool, 
and the shear force will break up the columnar crystals 
produced during the solidification of the liquid metal in 
the molten pool, and finally form fine equiaxed crystals. 
In addition, from the perspective of metal crystalliza-
tion thermodynamics, the complex flow in the molten 
pool promotes the uniformity of the liquid metal in the 
molten pool, reduces the liquid phase temperature gra-
dient, promote the transformation of coarse dendrites 
to fine equiaxed crystals.

(3)	 At present, GTAW is one of the most suitable welding 
methods for welding FSS. Compared with SMAW and 
GMAW, GTAW has smaller heat input, smaller grain 
size in the welding HAZ, and no consumables during 
autogenous welding. However, due to its low welding 
efficiency and scattered arcs, resulting in shallow weld 
penetration, it is only suitable for welding steel plates 
of 2 mm or less. When welding thick plates, M-TIG can 
be used, but multi-layer and multi-pass welding will 
reduce welding efficiency and increase consumables. 
A-TIG and K-TIG are derived based on TIG welding. 
The purpose is to compress the welding arc, make the 
arc energy density more concentrated to obtain greater 
penetration depth, complete the one-time autogenous 
welding of thick plates, and improve welding effi-
ciency. However, the surface of the A-TIG weld is 
poorly formed. The microstructure of the K-TIG WZ 
is symmetrically grown coarse columnar crystals, so 
the weld has poor toughness. P-GTAW is easy to con-
trol the welding heat input. The solidification process 
of the liquid metal in the weld is similar to that of the 
P-GMAW process, and it is easy to obtain a refined 
weld microstructure. When using U-TIG welding, 
ultrasound has the effect of refining the weld grain. 
First of all, ultrasound has a mass transfer effect. The 
finite-amplitude attenuation of the ultrasonic wave in 
the liquid metal of the welding pool causes a certain 
sound pressure gradient in the melt. The sound pressure 
gradient can cause the liquid metal to spray, causing the 
liquid metal to create circulation, resulting in the crys-
tallization of the unfinished columnar crystal is broken, 
thus achieving grain refinement. Secondly, ultrasound 
has a cavitation effect in liquid metal; that is, the tiny 
bubbles collected in the liquid are activated under the 
action of ultrasound, which manifests as a series of 
nonlinear dynamic processes such as the vibration, 
growth, contraction, and collapse of the bubble core 
[112]. Cavitation will impact the liquid metal in the 
molten pool, which can break up coarse columnar crys-
tals, increase new nucleation particles, and increase the 
nucleation rate. In addition, ultrasonic waves also have 
the effect of acoustic streaming. When strong sound 
waves propagate in the medium, a non-periodic flow 
will often appear. This phenomenon is called acoustic 
streaming. During the welding process, the liquid metal 
in the molten pool will produce convection under the 
acoustic streaming, which will break up the growing 
coarse dendrites, increase new nucleation particles, and 
increase the nucleation rate. Under the action of the 
above three mechanisms, the molten pool metal will 
flow vigorously, scouring the crystal nuclei at the edge 
of the molten pool, and crush the growing columnar 
crystals inside the weld, which will be evenly stirred 

Fig. 26   3D map of the grain structure of the HAZ [108]

Fig. 27   Schematic illustration of HFSW process and FSW tool with-
out pin [110]
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Table 2   Welding methods and purposes of FSS

Methods of welding Improvement method Purpose of improvement

SMAW Filled ASS wire Add alloying elements to improve toughness
GMAW Traditional MIG Add chemical elements Add alloying elements to improve toughness

P-GMAW Apply current pulse signal Control heat input, refine grains and improve 
weld toughness

DP-GMAW Apply current double pulse signal Refine grains, increase toughness, reduce 
porosity and crack sensitivity

FCAW​ Flux Cored Arc Welding Refine grains and reduce the sensitized area of 
the weld

CMT Cold Metal Transfer welding Reduce welding spatter, low heat input, refine 
grains, improve toughness

GTAW​ Traditional TIG Control heat input Refine grains, improve toughness
M-TIG Multipass tungsten inert gas welding Suitable for welding thick plates
A-TIG Activating flux TIG Increase penetration and improve corrosion 

resistance
K-TIG Keyhole gas tungsten arc welding Increase penetration
P-GTAW​ Apply current pulse signal Control heat input, refine grains and improve 

weld toughness
U-TIG Ultrasonic assisted Refine grains, improve the strength and tough-

ness, increase the penetration, and reduce the 
porosity

Change the shielding gas Refine grains, increase the ratio of equiaxed 
crystals, and improve the strength and tough-
ness

Add chemical elements Powder pre-melting technology, Directly add, 
Coated on the surface of the BM

Refine grains, improve toughness

Magnetic control welding Compress arc, increase arc energy density and 
stiffness,

Increases penetration, increase welding speed, 
refined grains, and improve strength and 
toughness

LBW Traditional LBW Control heat input Increase weld equiaxed crystal, improve tough-
ness

Change the shielding gas Increase toughness and control weld formation
Added activating flux Increase penetration
Narrow gap multichannel fiber laser welding Welding thick plate, reduce weld bead, 

increase welding efficiency, eliminate defects
PAW Traditional PAW Control heat input Refine grains, improve strength, corrosion 

resistance
P-PAW Perforated-plasma- arc-welded Increase penetration
Micro-plasma welding Use a small welding current of less than 30A Welding thin plate, improve arc energy density 

and stiffness, increase welding speed, refine 
grains

EBW - - Increase penetration, avoid weld contamina-
tion, improve fatigue strength, and reduce 
cracks

FSW Traditional FSW Control welding speed, rotation speed, tool 
compression force, and tilt angle

Refine grains, improve strength and toughness

Induction preheating FSW Electromagnetic induction coil preheating Reduce tool wear, reduce tool debris incorpo-
ration, improve toughness

RSW Traditional RSW Control welding time, extrusion time, weld-
ing current, and holding time

Improve the strength

Change the shielding gas Suppress the heat is tonal
Changing electrode material Improve the strength

Double pulse RSW Apply current double pulse signal Equivalent to PWHT, improve the strength
Assisted by the external static magnetic field Refine grains, improve strength and elongation
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with the molten pool. The dispersion in the molten pool 
adds new nucleation points, increases the nucleation 
rate, and promotes the conversion of columnar crystals 
to equiaxed crystals [112]. But at the same time, ultra-
sonic vibration also has some shortcomings, such as 
the ultrasonic welding equipment is not stable enough, 
an external ultrasonic device is needed, and there is 
sometimes no continuous ultrasonic modulation, it is 
difficult to apply in actual production, and the weld is 
prone to collapse. It adopts magnetic control welding, 
which has a strong effect on grain refinement. First, 
according to the principle of electromagnetic induction, 
when a magnetic field is applied to the molten pool, 
the liquid metal in the molten pool can be regarded 
as a current-carrying conductor. Under the action of 
the applied alternating magnetic field, the electromag-
netic force will be generated, and the electromagnetic 
force will promote the liquid in the molten pool. The 
metal flows and stirs. The stirring process will break 
the dendrite growing in the molten pool. The broken 
dendrite will form many crystal nuclei, which increases 
the number of crystal nuclei and restricts the growth 
of crystal grains. In addition, stirring makes the tem-
perature distribution at the front of the solid–liquid 
interface consistent with obtaining a uniformly refined 
equiaxed crystal microstructure [113,114]. Secondly, 
the magnetic field has the effect of compressing the 
arc and increasing the arc pressure. The segregation 
of solutes in the liquid metal of the molten pool will 
cause a “neck” at the intersection of the crystal and 
the edge of the molten pool. The increase of arc pres-
sure can accelerate the convection of the molten pool 
and then wash the “neck,” causing the crystal grains 
to fall off the edge of the molten pool. The separated 
crystal grains follow the flow of the molten pool and 
are evenly dispersed in the molten pool. These crystal 
grains can be used as the original crystal nuclei of new 
crystal grains in the molten pool. In addition, electro-
magnetic stirring can reduce the temperature gradient 

of the molten pool metal at various positions, reduce 
the burning loss of metal elements in the molten pool, 
increase the heterogeneous nucleation of particles, and 
finally refine the crystal grains.

(4)	 Adopt high-energy beam methods such as LBW, PAW, 
and EBW to weld FSS, which can realize one-time 
autogenous welding of thick plates. Due to its concen-
trated energy density and fast welding cooling rate, the 
width and grain size of the HAZ can be reduced, and 
the strength and toughness of the joint can be improved. 
However, LBW is prone to stress and strain concentra-
tion during welding, and the weld is easy to sink, and 
the cracking rate during PAW welding is high. In addi-
tion, when the high-energy beam welding method is 
used, the WZ microstructure is symmetrically grown 
coarse columnar crystals, and the toughness of the weld 
is still severely lost compared with the BM, and the 
price is high.

(5)	 When using FSW and RSW, compared to fusion weld-
ing, pressure welding avoids unfavorable metallurgi-
cal reactions. FSW weld produces dynamic recrystal-
lization, the grains are refined, and HAZ grains do 
not grow significantly, but it is not suitable for thick 
plate welding. Tool wear during welding is likely to 
be incorporated into the weld, reducing the strength 
and toughness of the weld. The addition of an induc-
tion preheating device can reduce the wear of the tool, 
reduce the incorporation of tool fragments, and further 
improve the toughness of the welded joint. When using 
RSW welding, the microstructure and properties of the 
weld can also be improved by applying current pulses 
and auxiliary magnetic fields.

(6)	 The hybrid welding method has the advantages of 
improving the welding quality, increasing the welding 
speed, and increasing the penetration depth. On the one 
hand, the two welding methods combined can make up 
for each other's shortcomings. On the other hand, one 
of the welding methods may also have a preheating 
effect on the base material and improve the utilization 

Table 2   (continued)

Methods of welding Improvement method Purpose of improvement

Hybrid Welding Laser-GMAW hybrid welding Hybrid welding of Laser welding and MIG 
welding

Increase the welding speed, increase the pen-
etration, reduce the width of the HAZ, reduce 
cracking and porosity, and refined grains

Laser + GMAW + P Laser + Pulsed Gas Metal Arc Welding 
GMAW

Increase welding speed, reduce heat input, 
reduce HAZ, increase penetration, increase 
the bridging ability

Plasma and TIG hybrid weld PAW + TIG Refine grains, improve toughness

Hybrid Friction Stir Welding GTAW + FSW Increase welding speed, improve material flow, 
reduce tool wear, reduce tool debris mixing, 
improve toughness
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rate of heat source energy. However, the microstructure 
of the hybrid welding device is relatively complicated, 
and the mechanism of action between the heat sources 
is not yet precise. At present, the relevant research 
mostly stays in the experiment and numerical simu-
lation stage, and it will take some time to be used in 
actual production.

With the development of industry and the needs of enter-
prises, the welding of FSS in the future will develop into 
thick plates, low consumables, high efficiency, and high 
quality. Adjusting the welding parameters based on the tra-
ditional welding method is not enough to meet such require-
ments. Among the improved welding methods, scholars 
have researched deep penetration welding and grain refine-
ment, but the two seem to be contradictory. The reason is 
that deep penetration welding will inevitably bring about 
a considerable heat input, resulting in coarse grains in the 
HAZ. Although some high-energy beam autogenous weld-
ing methods can obtain a very narrow HAZ, the weld micro-
structure is symmetrically grown columnar crystals. These 
reasons will lead to a severe decline in the toughness of the 
welded joint. Therefore, improving the joint performance of 
thick plate high-efficiency autogenous welding has brought 
new issues to researchers.

In recent years, scholars have conducted a lot of research 
on welding methods of superimposed external fields, such 
as superimposed electric fields, magnetic fields, and ultra-
sonic. One of the documents pointed out [59] that the cou-
pling of high-frequency electric pulses, magnetic pulses, and 
electromagnetic pulses all have a compressive effect on the 
arc, which can increase the arc energy density and increase 
the weld penetration. At the same time, both electric and 
magnetic pulses have a stirring effect on the liquid metal 
in the molten pool, which can change the mass and heat 
transfer processes in the molten pool metal crystallization 
process, refine the weld microstructure, improve the weld 
appearance, and reduce weld defects, improve the mechani-
cal properties of the weld. Almost every welding method can 
enhance the quality of welding under appropriate electric 
and magnetic field parameters. Therefore, studying the influ-
ence of electric and magnetic fields on the welding process 
of FSS is of great significance to the realization of deep pen-
etration, low consumables, high efficiency, and high quality 
welding of FSS.

4 � Conclusion

FSS has superior performance, low cost, and broad applica-
tion prospects. However, during welding, especially under 
high-efficiency welding conditions, the grain size of the WZ 
and the HAZ grows seriously, resulting in a serious decrease 

in the strength and toughness of the welded joint. The exist-
ing welding methods have certain limitations. The improved 
method has an excellent effect on increasing the penetration 
depth or improving the weld performance. Among these 
methods, the use of electric and magnetic pulses is more 
widespread, which can change the motion law of the arc and 
molten pool, and refine the crystal grains. In addition, high-
frequency electric and magnetic pulses will compress the arc 
and make the arc energy density more concentrated, improve 
the penetration rate. With the advancement of science and 
technology, the future of FSS welding will develop towards 
thick plates, high efficiency, and high quality. Therefore, it 
is possible to consider applying high-frequency electric and 
magnetic fields to achieve high-efficiency and high-quality 
welding of FSS.
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