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Abstract: Arc welded 316 stainless steel coatings with flux-cored wires are very promising for marine
service environments due to their low cost, high efficiency, and satisfactory performance, while
they suffers from Cr dilution during the preparation process. Herein, based on the consideration of
increasing the Cr content and ensuring the same value of the Cr/Ni equivalence ratio (Creq/Nieq), 316-
modified flux-cored wires, 316F (19Cr-12Ni-3Mo) and 316G (22Cr-14Ni-3Mo), were designed under
the guidance of a Schaeffler diagram for the improvement of the electrochemical and mechanical
properties of 316 stainless steel coatings. The designed flux-cored wires were welded into a three-layer
cladding by the tungsten inert gas welding (TIG) process, and the microstructure, corrosion resistance,
and mechanical properties of the claddings were investigated. The results showed that 316F and
316G consist of γ-Fe (austenite) and a small portion of δ-Fe (ferrite) as the Creq/Nieq is approximately
1.5. However, due to the higher value of the equivalent Cr content (ECC), 316G has an additional
intermetallic phase (σ), which precipitates as a strengthening phase at grain boundaries, significantly
increasing the tensile and yield strength of 316G but reducing its plasticity. In addition, the corrosion
current density (icorr) and pitting potential (Eb) for 316G are 0.20447 µA·cm−2 and 0.634 V, respectively,
while the values for 316F are 0.32117 µA·cm−2 and 0.603 V, respectively, indicating that 316G has
better anti-corrosion performance.

Keywords: flux-cored wire; coatings; corrosion resistance; Cr element; Tungsten Inert Gas Welding

1. Introduction

Arc welded 316 stainless steel coatings are widely used in the remanufacturing and
repairing of piping and connections for nuclear power plants due to favorable corrosion
resistance and mechanical performance [1]. However, 316 stainless steel coatings exposed
to seawater are subjected to long-term attack by Cl− ions, which leads to severe corrosion.
Pitting is a localized form of corrosion, usually the start of stress corrosion cracking as well
as fatigue cracking [2,3], and is recognized as one of the most aggressive corrosion forms
in stainless steel. In addition, the fracture of piping and connections will lead to further
aggravation of corrosion, even failure [3]. Thus, the integrated improvement of the pitting
resistance and mechanical properties of 316 stainless steel is a meaningful endeavor.

It is well known that the excellent ability to resist corrosion and mechanical perfor-
mance of 316 stainless steel are related to its high Cr content [4]. Therefore, numerous
research studies have been carried out on Cr in 316 stainless steel to improve its corrosion
resistance. Jung et al. designed Mo-free stainless steel with high Cr concentrations, suggest-
ing that ultra-high levels of Cr can replace Mo to improve the pitting resistance of stainless
steel [5]. In recent research, the argument that the Cr/Ni equivalence ratio (Creq/Nieq) has a
decisive influence on the microstructure of stainless steel has received great attention [6–8].
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Jiang et al. designed four stainless steels with high Creq/Nieq (2.65~3.19), and their results
showed that the smaller the value of Creq/Nieq, the more homogeneous the microstructure
of the stainless steel in the range of 2.65~3.19 [6]. Hung et al. devised two gas-atomized
austenitic stainless-steel powders with different Cr contents (18Cr-14Ni-2.6Mo and 22Cr-
14Ni-2.5Mo) [7], which resulted in different values of Creq/Nieq (1.39 for the former and
1.66 for the latter). This study revealed that a higher value of Creq/Nieq is associated with
better pitting corrosion and higher values of both tensile and yield strength but also a
decline in plasticity. Similar conclusions were obtained in the study by Kim et al. [8], who
indicated that Creq/Nieq greatly influences the mechanical properties of stainless steel,
as it determines the value of equivalent Cr content (ECC), and in turn, it determines the
formation of the σ phase in austenitic stainless steel weldments. The σ phase, a hard and
brittle intermetallic phase, might reduce the toughness and ductility of stainless steel [9,10].
However, given that the presence of the σ phase is often accompanied by high tensile and
yield strengths, it can also be regarded as a strengthening phase.

Currently, research on 316-modified materials focuses on the following areas: stainless
steel powders applied to the laser powder bed fusion (LPBF) process [11,12], stainless steel
ingots applied to vacuum induction melting (VIM) [5,13–15], and stainless steel welding
wires applied to cladding processes [16–18]. Stainless steel powder has remarkable process-
ing capabilities and is widely used in manufacturing stainless steel components, precision
3D printing, and coating metal surfaces [19,20]. Nonetheless, its exorbitant expense renders
it unsuitable for large-scale part repairs [20,21]. Stainless steel materials used in melting and
casting are typically supplied in ingots, which are both cost effective and efficient, making
them widely used to manufacture a range of stainless steel parts [19,22]. Nevertheless,
applying melting and casting techniques for repairing old parts is not feasible. Therefore,
stainless steel wire is widely used in the remanufacturing and repairing of broken pipes
and connections due to its good formability, low cost, and high efficiency [23]. Solid wire is
a good choice for its satisfactory welding manufacturability. However, as the Cr content
increases, solid core wire shows an increase in tensile strength and a decrease in plasticity,
making the preparation process more difficult. Under such circumstances, flux-cored wires
constitute the best choice owing to the ease of regulating the chemical composition. In
addition, the welding wire is always accompanied by penetration of matrix elements during
the cladding process [24–26], which leads to dilution of the Cr element in the cladding
layer. An increase in the Cr content of flux-cored wires would be able to compensate for
Cr dilution during cladding, which in turn would decrease the Cr-depleted area in the
cladding layer.

In this work, the 316-modified flux-cored wire, 316F (19Cr-12Ni-3Mo), was designed
with Creq/Nieq of 1.5 under the guidance of a Schaeffler diagram. Based on the consid-
eration of increasing the Cr content and ensuring the same value of Creq/Nieq, another
flux-cored wire, 316G (22Cr-14Ni-3Mo), was designed and applied in the TIG process. The
microstructure, corrosion resistance, and mechanical properties of 316F and 316G were
investigated. The results show that the microstructures of 316G and 316F are approximately
the same, while the higher value of ECC results in an additional intermetallic phase σ in
316G, which significantly increases its tensile and yield strength but reduces its plasticity.
On the other hand, the increased Cr content of 316G also improves its PREN, giving a more
stable passivation film and better electrochemical performance during corrosion. This work
provides a new idea for comprehensively improving the pitting resistance and mechanical
properties of arc welded 316 stainless steel coatings.

2. Results and Discussion
2.1. Microstructure and Physical Analysis

The XRD spectra for 316F and 316G are presented in Figure 1. In this figure, γ-Fe and
δ-Fe peaks of the same type were observed simultaneously in the two materials. However,
the intensity of some peaks showed variability between the different materials, which
may have been related to the different values of Creq and Nieq, as they determine the
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solidification pattern during the preparation of the coatings and the final microstructure.
The microstructure of 316F and 316G was composed of austenite and a small amount of
ferrite, as shown in Figure 2, which was consistent with the results of XRD analysis. The
δ-ferrite (δ-Fe) was predominantly dendritic and distributed in the γ-austenite matrix (γ-Fe)
in 316F, whereas it was dispersed δ-Fe in 316G, as shown in Figure 2d,e.
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The distribution and growth of the grains are shown schematically in Figure 3. In
addition to their similar microstructure, the growth directions and growth patterns of the
two materials showed good agreement. The grains grew in the direction of heat transfer
and showed an overall tendency to increase in size, which was due to the progressive
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deterioration of heat dissipation conditions during the cladding process [27]. On the other
hand, large columnar and equiaxed crystals were distributed in the center of the clad layer,
while small grains were distributed at the bottom and top. This could be attributed to the
interlayer cooling during the preparation of the cladding area [28].
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Figure 3. The distribution and growth of the grains.

It is worth noting that, although not mentioned in Equation (12), the σ phase appeared
in 316G. By contrast, it was not observed in 316F, as illustrated in Figure 4. The σ phase is
routinely found and given great attention in a large number of studies on stainless steel,
particularly in those with high contents of elements such as Cr, Ni, Mo, etc. [29–31].
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2.2. Electrochemical Corrosion Behavior
2.2.1. Electrochemical Impedance

Figure 5 shows the EIS data as Nyquist and Bode plots for 316F and 316G. The Nyquist
curves of all the samples showed an arc, indicating a capacitive metal/electrolyte inter-
face [32,33], while the impedance moduli were almost identical, as shown in Figure 5a,b.
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The frequency-phase distribution of all samples is presented in Figure 5c. The curves of
316F and 316G showed a plateau (−70~−80◦) over a wide frequency range (10−1~102 Hz),
suggesting the satisfactory capacitive behavior of the electrical double layer formed on the
alloy surface. Note that the surface of a stainless steel passivation film is two-layered, with
a thick and loosely textured outer layer and a thin but compact inner layer [34,35]. Hence,
the metal/electrolyte interface with a double-layer passive film is expressed by equivalent
electrical circuits with two constant phase elements, as depicted in Figure 5d. In this figure,
Re, Rf, and Rct reflect the resistance of the electrolyte, the passive film, and the charge trans-
fer, respectively. In addition, CPEf and CPEdl describe the electrochemical response of the
passive film and the electrical double layer at the metal/electrolyte interface, respectively.

Table 1 presents the fitting parameters of all EIS data. Parameter (γ) and exponent (n)
were applied to characterize CPEf and CPEdl. All samples showed an increasing trend from
Re to Rf, indicating that all samples were resistant to corrosion in 3.5 wt.% NaCl solution.

Table 1. Fitting parameters for EIS.

Specimen Re
(Ω·cm2)

Rf

(Ω·cm2)

CPEf Rct
(Ω·cm2)

CPEdl
Chi-Squareγ

(Ω−1·cm−2·s−n) n γ
(Ω−1·cm−2·s−n) n

316F 12.14 35.08 2.495 × 10−5 0.9806 2.31 × 105 2.93 × 10−5 0.8228 0.000331
316G 5.46 44.03 2.761 × 10−5 0.9720 2.33 × 105 2.48 × 10−5 0.8322 0.000617

To quantify the electrochemical properties of the passivation film, Equations (1) and (2)
were adopted to estimate the capacitance of the passivation film (Cpass) and the thickness of
the passivation film (δ), respectively, based on the work of Hirschorn et al. [36].

Cpass = γ1/nR(1−n)/n (1)
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δ = εε0/Cpass (2)

where ε is the dielectric constant and ε0 = 8.8542 × 10−14 F/cm is the permittivity under
vacuum. Note that, in this work, the corrosive medium was 3.5 wt.% NaCl and ε = 78 [37].

As shown in Table 2, the Cpass and δ values indicated that the passivation film of 316G
was thicker than that of 316F in 3.5 wt.% NaCl solution, and a thicker passivation film
generally represents better corrosion resistance as it decreases the penetration of Cl− ions.

Table 2. Values of Cpass and δ for all samples.

Specimen 316F 316G

Cpass/F·cm−2 4.43 × 10−5 3.49 × 10−5

δ/nm 1.559 1.985

2.2.2. Potentiodynamic Polarization

The pitting corrosion resistance and the electrochemical process of all specimens were
comparatively investigated by potentiodynamics, and the polarization curves of all samples
are exhibited in Figure 6a,b. The anode region of 316G exhibited a nearly constant current
density within the working electrode potential range of 0.2~0.5 VSCE. While in the same
potential range, the current density in the anodic region of 316F was characterized by a
slow increase from 1.28 × 10−6 A·cm−2 to 3.01 × 10−6 A·cm−2. Based on the variation of
anodic current density, it can be inferred that 316G exhibited greater stability within the
above potential range.
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Metastable pitting [38,39] occurred at the end of the passive region for both 316F and
316G. The value of the pitting potential (Eb) of 316G was 0.634V, which was slightly higher
than that of 316F, as shown in Figure 6b. This could be attributed to the higher value of the
pitting resistance equivalent number (PREN) [40] of 316G, as it is an important factor in
measuring the resistance of stainless steel to pitting corrosion. The value of PREN can be
calculated by Equation (3). The formula indicates that the pitting corrosion resistance of
stainless steel is significantly influenced by elements such as Cr, Mo, and N. Therefore, it
can be inferred that the higher pitting potential of 316G in this work was due to its higher
Cr content.

PREN = Cr + 3.3Mo + 16N (%) (3)

The magnitude of the corrosion rate can be reflected by the corrosion current density
(icorr) and the corrosion potential (Ecorr). The two parameters (icorr and Ecorr) can be extrap-
olated by Tafel extrapolation, and they were compared with those of several austenitic
stainless steels, such as 316 and 316L stainless steels, for different processes and conditions,
or their modified stainless steels in the existing research, as shown in Figure 6c [1,41–45].
The comparison showed that the stainless steel designed in this work had a lower value of
icorr and a higher value of Ecorr, indicating better electrochemical performance.

The values of icorr, Ecorr, and Eb for all specimens are presented in Table 3. Both
values of icorr and Ecorr were in the order of 316F > 316G. This demonstrated that 316G
boasted the lowest corrosion rate. In addition, the higher value of Eb indicated better pitting
resistance for 316G. The conclusion that can be drawn from the above discussion is that
316G possessed the best comprehensive corrosion resistance in this work.

Table 3. Values of icorr, Ecorr, Eb, and PREN for all specimens.

Specimen icorr/µA·cm−2 Ecorr/V Eb/V PREN

316F 0.32117 −0.0499 0.603 28.9%
316G 0.20447 −0.0833 0.634 31.9%

2.2.3. Corrosion Morphology and Corrosion Mechanism

The corrosion morphologies of all specimens are presented in Figure 7. Large areas of
minor corrosion (reticulated corrosion zones) and pitting were scattered over the surface of
316G, as shown in Figure 7a. To illustrate the corrosion process of 316G, different degrees
of surface corrosion are shown in Figure 7b,c. The reticulated corrosion zones consisted
of numerous corrosion crevices of varying depths and a small number of micropores
and corrosion products (shown in Figure 7b). As corrosion progressed, the crevices and
micropores on the surface of the reticulated corrosion area expanded and fused, eventually
forming a severe pitting zone containing many deep micropores and corrosion products
(shown in Figure 7c). In the case of 316F, the minor corrosion zones and pitting were more
intensive than in 316G, as shown in Figure 7d,e. In addition, the minor corrosion zones
of 316F were flocculent, according to Figure 7f, which were wider and deeper than the
corrosion crevices in the reticulated corrosion area of 316G. The difference in corrosion
resistance between 316F and 316G was reflected to some extent in the corrosion surface,
indicating that deeper research and discussion must revolve around the corrosion principles
of stainless steel in 3.5 wt.% NaCl.
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Figure 7. (a) Corrosion morphology with pitting and reticulated corrosion areas of 316G. (b) The
reticulated corrosion areas of 316G. (c) Pitting area on the surface of 316G. (d) Corrosion morphol-
ogy with pitting and reticulated corrosion areas of 316F. (e) The flocculent corrosion areas of 316F.
(f) Pitting area on the surface of 316F.

The passivated stainless steel surfaces in 3.5 wt.% solution are illustrated in Figure 8a.
Substantial amounts of free Cl− ions are dispersed in the solution, while the metal cation M+

(mainly Cr3+, Fe2+, Ni2+) is mainly distributed near the passivation film on the stainless steel
surface. The Cl− ions and the metal cation M+ are stable at the beginning of passivation.
As the corrosion potential increases, many electrons in the stainless steel migrate toward
the working electrode (i.e., the cathode of stainless steel), causing its negative potential [46].
By contrast, the passivation film shows a positive potential, leading to many Cl− ions
arriving and launching an attack [47,48]. The passivation film is continuously eroded
due to the enrichment of Cl− ions, and metal elements such as Cr, Fe, Ni, etc. on the
passivation film enter the solution in the ionic state. Meanwhile, active metal atoms
lose their electrons and enter the passivation film, which is called the reparation of the
passivation film [47]. The reactions occurring at the passivation film during this process are
shown in Equations (4)–(8).

Cr → Cr3++3e− (4)

Fe → Fe2++2e− (5)

Ni → Ni2++2e− (6)

O2+2H2O + 4e− → 4(OH)− (7)

M2++H2O → M(OH)++H+ (8)
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of 316G. (d) Corrosion of passivation film surface of 316F.

The “demand” of the passivation film for metal cations depends on the corrosion
potential, while the “supply capability” of the stainless steel for metal cations depends
on the elemental content. Given that the chemical element content of stainless steel is
constant, the relationship between “demand” and “supply capability” is determined by the
magnitude of the corrosion potential. In this work, as the corrosion potential increased from
0 V to 1.5 V, the relationship between “demand” and “supply capability” went through the
following three stages:

(1) When the “demand” is less than the “supply capability,” the potential difference
between the cathode and the anode of stainless steel is stable, thus the corrosion
current density remains almost constant. In the present work, this result was validated
in the polarization curves for corrosion potentials of 0.3~0.43 V, as shown in Figure 6b.

(2) The passivation film becomes unstable when the “demand” approaches the “supply
capability,” as illustrated on the left half of Figure 8b. The voltage between two poles of
stainless steel increases and drops instantaneously as the passivation film is penetrated
or repaired, which results in a steep increase in the magnitude of the corrosion current
density. This phenomenon is described as metastable pitting, which corresponds to
the polarization curves in Figure 6b with corrosion potentials of 0.5~0.62 V.
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(3) When the “demand” exceeds the “supply capability,” the passivation film will be
completely punctured, and the stainless steel enters the pitting phase, as shown in
the right half of Figure 8b. Thenceforth, even a small increase in corrosion potential
will bring about a surge in corrosion current density, which was reflected in the
polarization curves after 0.62 V in the present work (shown in Figure 6a).

Theoretically, the “supply capacity” can be interpreted as the ability of stainless steel
to maintain a constant voltage at the cathode and anode and is ultimately related to the
ability of its elements to gain or lose electrons. It can be seen from Equations (4)–(6) that Cr
must lose 3 electrons to change from an atom to an ion, suggesting a greater ability to gain
or lose electrons than Fe and Ni. In addition, Cr is the main element that constitutes and
potentiates the passivation film of stainless steel. As a result, Cr plays the most important
role from the formation of the passivation film to its breakdown.

Consequently, although both metastable pitting and steady pitting occurred in the
corrosion process of 316F and 316G (shown in Figure 8c,d), the higher Cr content brought
316G smaller corrosion zones, slighter corrosion pits, and a higher value of pitting potential
than 316F (shown in Figures 6b and 7).

2.3. Mechanical Properties

Stress–strain curves for all specimens are shown in Figure 9a to investigate the tensile
properties of 316F and 316G. According to the curves, all specimens underwent elastic
deformation, plastic deformation, and fracture stages. The tensile strength and yield
strengths of 316G were 770.3 MPa and 496.8 MPa, respectively, while the values of 316F
were 726.8 MPa and 458.2 MPa, respectively. The result that 316G had higher strength could
be attributed to the formation of the σ-Fe phase near grain boundaries, which provided
a better strengthening effect than the δ-Fe phase [44]. However, 316G showed poorer
plasticity than 316F, as more σ-Fe phase was produced. σ-Fe phase formation in austenitic
stainless steel can be predicted through ECC [8], and the values of ECC316F (22.893) and
ECC316G (25.361) were calculated using Equation (9).

ECC = Cr + 0.31Mn + 1.76Mo + 0.97W + 2.02V + 1.58Si
+2.44Ti + 1.7Nb + 1.22Ta − 0.266Ni − 0.177Co(%)

(9)
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The fracture surface morphologies of 316F and 316G are presented in Figure 9b. Nu-
merous dimples were observed in the tensile fractures of all specimens, indicating that the
failure mechanism for 316F and 316G was a ductile fracture. In addition, 316F had signifi-
cantly larger dimples than 316G, which corresponded precisely with its good plasticity.

3. Experiment
3.1. Material Modification

In this study, 316F (19Cr-12Ni-3Mo) with Creq/Nieq of 1.5 was designed by introducing
a small amount of ferrite into 316 stainless steel under the guidance of a Schaeffler dia-
gram [7]. This is advantageous for stainless steel because pure austenite is highly sensitive
to solidification cracking, and the addition of small amounts of ferrite has proven effective
in reducing the susceptibility of the cladding metal to thermal cracking [49]. Further, 316G
(22Cr-14Ni-3Mo) was designed based on the consideration of increasing the Cr content and
ensuring the same Creq/Nieq. The chemical components of 316F, 316G, and conventional
316 stainless steel are provided in Table 4.

Table 4. The chemical composition of all materials (%).

Materials C Si Mn Cr Ni Mo P S Nb Fe

316G 0.08 0.75 2 22 14 3 ≤0.2 ≤0.25 0 Bal.
316F 0.08 0.75 2 19 12 3 ≤0.2 ≤0.25 0 Bal.
316 ≤0.08 ≤1 ≤2 16~18 10~14 2~3 ≤0.045 ≤0.03 0 Bal.

With the chemical composition of 316F and 316G, the values of Creq and Nieq could be
calculated by the Schaeffler formula (Equations (10) and (11)) [8], which are summarized in
Table 5.

Creq= Cr + Mo + 1.5Si + 0.5Nb(%) (10)

Nieq= Ni + 30C + 0.5Mn(%) (11)

Table 5. Values of Creq, Nieq, and Creq/Nieq for all samples.

Specimen Creq Nieq Creq/Nieq

316F 23.13 15.4 1.5019
316G 26.13 17.4 1.5017

The Creq/Nieq value of 1.5 suggested that the solidification mode of 316F and 316G
was FA [8], i.e., it followed the solidification process as shown in Equation (12).

L → (L + δ) → (L + δ+ γ) → (γ+ δ) (12)

where L is the liquid, δ is delta-ferrite, and γ is austenite. With Equation (12), δ ferrite
is generated first by liquid phase transformation, followed by γ austenite. This mode
of solidification ensures that the microstructure of the cladding layer consists of mostly
austenite and a small portion of ferrite.
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The Schaeffler diagram for 316F and 316G was obtained from Table 5 and is shown in
Figure 10. As estimated in this figure, the expected microstructure of 316F and 316G was
predominantly austenitic (>90%), with small amounts of ferrite (5~10%). Note that as many
of the key elements (such as Cr, Ni, and Mo) were depleted as the matrix elements were
penetrated during preparation of the coatings, the real microstructure might differ from the
expected one. However, the depletion was minimal, as the specimens used for testing in
this work were sampled in the third layer of the coatings.
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3.2. Sample Preparation

The preparation process of 316F and 316G is shown in Figure 11a. The alloy wire
forming and manufacturing equipment was obtained from Changsha Jilin Machinery
Equipment Co. (Changsha, China). The strip used to prepare flux-cored wires was annealed
430 stainless steel with a size of 11 mm × 0.3 mm, which was cleaned before entering the
forming machine. The powder used to prepare flux-cored wires was 80 mesh, purchased
from Jinzhou Sihai Metal Company Limited (Jinzhou, China) and mechanically mixed and
dried before use. After preparation, 316G and 316F were welded into three-layer cladding
by an Inverter Pulse Tungsten Inert Gas (TIG) Welding System chased from Shandong Autai
Electric Co. (Jinan, China)with the same cladding process parameters. The Q345 steel with
dimensions of 100 mm × 200 mm × 10 mm was selected as the substrate. The experimental
sketch of TIG and the cladding surface of all materials are shown in Figures 11b and 11c,
respectively. The cladding process parameters are summarized in Table 6.

Table 6. The cladding process parameters.

Cladding
Manner

Cladding
Current

/A

Cladding
Voltage

/V

Cladding Rate
/mm·s−1

Shielding Gas Rate
/L·min−1

TIG 200 18 2.5 15
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3.3. Microstructure Characterization

All specimens were taken from the top layer of the melt, as shown in Figure 2d. The
metallographic specimens were polished successively with 400#, 800#, 1500#, and 2000#
metallographic sandpaper. All specimens were polished to a mirror finish by a P-1000
polisher and then ultrasonically cleaned and dried. The polished metallographic specimens
were etched with FeCl3: HCl: C2H5OH solution in a volume ratio of 5:2:99 (volume ratio)
for 15 s. The metallographic structure was observed using an IE500M optical microscope
manufactured by Ningbo Sunyu Instruments Co. (Ningbo, China). The phase compositions
of 316F and 316G were examined using an X-ray diffractometer utilizing Cu-Kα rays as the
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radiation source at an operational voltage of 400 kV and a current of 400 mA. Data were
collected for 2θ = 30◦ to 80◦ at a scan rate of 5◦/min. The experimental data were then
analyzed by MDI-Jade 6.0 to determine the phase composition of the alloy.

3.4. Electrochemical Test

Electrochemical tests were carried out in 3.5 wt.% NaCl using the Solartron 1470E
electrochemical workstation obtained from Solartron Analytical (Farnborough, UK). Elec-
trochemical samples with the size of 10 mm × 10 mm × 2 mm were used as the working
electrode. A platinum sheet electrode was adopted as the auxiliary electrode, and a satu-
rated potassium chloride/glyceryl electrode (SCE) was utilized as the reference electrode.
Constant potential polarization (−0.8 VSCE for 10 min), open circuit voltage (OCP) test (1 h),
electrochemical impedance spectroscopy (EIS) testing (10−2~106 Hz with an amplitude
of 10 mV), and dynamic potential scanning polarization testing (−0.25~1.5 VSCE) were
performed in sequence. All electrochemical samples were taken from the top layer of
the melt and ground to 2000# grade, and the electrochemical tests were carried out at
room temperature.

3.5. Mechanical Properties Test

Tensile tests were performed using a CMT5105GL electronic universal tensile machine
manufactured by Zhuhai SUST Electrical Equipment Co., Ltd. (Zhuhai, China) with a
strain rate of 5 × 10−3 s−1 at room temperature. Three tensile tests were performed for
each sample and the results were averaged to ensure accuracy.

4. Conclusions

In this work, two 316-modified flux-cored wires, 316F (19Cr-12Ni-3Mo) and 316G
(22Cr-14Ni-3Mo), were prepared and applied in the tungsten inert gas welding process.
The Creq/Nieq value of 316F and 316G was set as 1.5 to obtain an adequate microstructure
(predominantly austenite and a small portion of ferrite), and the main conclusions are
as follows:

(1) 316G exhibits better corrosion resistance than 316F based on conducted potentiody-
namic polarization testing and corrosion morphology observation, which is mainly
manifested in lower corrosion current density (icorr), higher pitting potential (Eb), and
milder corrosion morphology.

(2) The passivation process of stainless steel is essentially a change in the “supply” and
“demand” of metal cations. The element Cr shows excellent ability to gain and lose
electrons during corrosion, which is conducive to protecting the passivation film from
being punctured, thus improving the corrosion resistance of stainless steel.

(3) 316F exhibits a tensile strength of 726.8 MPa and a yield strength of 458.2 MPa, along
with an exceptionally high elongation of 52.5%. However, as the EEC is boosted with
elevated Cr, the hard phase σ-Fe is formed as a reinforcing phase in 316G, contributing
to its higher tensile (770.3 MPa) and yield (496.8 MPa) strengths while reducing its
plasticity (42.3%).

Author Contributions: Conceptualization, L.Y.; Methodology, P.Z.; Validation, H.J.; Resources, L.Y.,
J.L. and Z.C.; Data curation, H.J.; Writing—original draft, H.J.; Writing—review & editing, P.Z. and
H.J.; Supervision, P.Z., L.Y. and Y.T.; Project administration, Y.T.; Funding acquisition, Y.T. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No.
92166105 and 52005053), the Science and Technology Innovation Program of Hunan Province
(No. 2021RC3096), the Natural Science Foundation of Hunan Province (No. 2024JJ7608 and No.
2023JJ30038), and the Scientific Research Foundation of Hunan Provincial Education Department (No.
23B0325 and No. 23A0264).

Institutional Review Board Statement: Not applicable.



Molecules 2024, 29, 1785 15 of 16

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Gu, Y.; Xu, Y.; Shi, Y.; Feng, C.; Volodymyr, K.J.S.; Technology, C. Corrosion resistance of 316 stainless steel in a simulated

pressurized water reactor improved by laser cladding with chromium. Surf. Coat. Technol. 2022, 441, 128534. [CrossRef]
2. Mukahiwa, K.; Scenini, F.; Burke, M.G.; Platts, N.; Tice, D.; Stairmand, J.J.C.S. Corrosion fatigue and microstructural characterisa-

tion of Type 316 austenitic stainless steels tested in PWR primary water. Corros. Sci. 2018, 131, 57–70. [CrossRef]
3. Zinkle, S.J.; Was, G.J. Materials challenges in nuclear energy. Acta Mater. 2013, 61, 735–758. [CrossRef]
4. Wang, S.; Hu, Y.; Fang, K.; Zhang, W.; Wang, X. Effect of surface machining on the corrosion behaviour of 316 austenitic stainless

steel in simulated PWR water. Corros. Sci. 2017, 126, 104–120. [CrossRef]
5. Jung, K.; Ahn, S.; Kim, Y.; Oh, S.; Ryu, W.-H.; Kwon, H. Alloy design employing high Cr concentrations for Mo-free stainless

steels with enhanced corrosion resistance. Corros. Sci. 2018, 140, 61–72. [CrossRef]
6. Jiang, Y.; Tan, H.; Wang, Z.; Hong, J.; Jiang, L.; Li, J. Influence of Cr-eq/Ni-eq on pitting corrosion resistance and mechanical

properties of UNS S32304 duplex stainless steel welded joints. Corros. Sci. 2013, 70, 252–259. [CrossRef]
7. Hung, T.-S.; Chen, T.-C.; Chen, H.-Y.; Tsay, L.-W. The effects of Cr and Ni equivalents on the microstructure and corrosion

resistance of austenitic stainless steels fabricated by laser powder bed fusion. J. Manuf. Process. 2023, 90, 69–79. [CrossRef]
8. Kim, Y.H.; Lee, D.J.; Byun, J.C.; Jung, K.H.; Kim, J.I.; Lee, H.J.; Shin, Y.T.; Kim, S.H.; Lee, H.W. The effect of sigma phases formation

depending on Cr/Ni equivalent ratio in AISI 316L weldments. Mater. Des. 2011, 32, 330–336. [CrossRef]
9. Barcik, J. Mechanism of σ-phase precipitation in Cr–Ni austenitic steels. Mater. Sci. Technol. 1988, 4, 5–15. [CrossRef]
10. Villanueva, D.M.E.; Junior, F.C.P.; Plaut, R.L.; Padilha, A.F. Comparative study on sigma phase precipitation of three types of

stainless steels: Austenitic, superferritic and duplex. Mater. Sci. Technol. 2006, 22, 1098–1104. [CrossRef]
11. Que, Z.; Chang, L.; Saario, T.; Bojinov, M. Localised electrochemical processes on laser powder bed fused 316 stainless steel with

various heat treatments in high-temperature water. Addit. Manuf. 2022, 60, 103205. [CrossRef]
12. Zhang, X.; Yang, D.; Jia, Y.; Wang, G.; Prashanth, K.G. Microstructure evolution and tensile property of high entropy alloy particle

reinforced 316 L stainless steel matrix composites fabricated by laser powder bed fusion. J. Alloys Compd. 2023, 965, 171430.
[CrossRef]

13. Kim, D.W.; Ryu, W.S.; Hong, J.H.; Choi, S.K. Effect of nitrogen on high temperature low cycle fatigue behaviors in type 316L
stainless steel. J. Nucl. Mater. 1998, 254, 226–233. [CrossRef]

14. Ha, H.-Y.; Seo, W.-G.; Park, J.Y.; Lee, T.-H.; Kim, S. Influences of Mo on stress corrosion cracking susceptibility of newly developed
FeCrMnNiNC-based lean austenitic stainless steels. Mater. Charact. 2016, 119, 200–208. [CrossRef]

15. Li, X.; Gao, M.; Li, H.; Xing, W.; Zhang, L.; Shu, L.; Zhao, X.; Ma, Y.; Liu, K. Effect of residual hydrogen content on the tensile
properties and crack propagation behavior of a type 316 stainless steel. Int. J. Hydrogen Energy 2019, 44, 25054–25063.

16. Yao, Y.; Chen, A.; Wang, F.; Jiang, H.; Li, G.; Cui, J. Mechanical properties and joining mechanisms of magnetic pulse welding
joints of additively manufactured 316L and conventional AA5052 aluminum alloy. J. Mater. Res. Technol. 2023, 26, 6146–6161.
[CrossRef]

17. Vora, J.; Parmar, H.; Chaudhari, R.; Khanna, S.; Doshi, M.; Patel, V. Experimental investigations on mechanical properties of
multi-layered structure fabricated by GMAW-based WAAM of SS316L. J. Mater. Res. Technol. 2022, 20, 2748–2757. [CrossRef]

18. Guo, S.; Xu, J.; Gu, J.; Peng, Y.; Zhou, Q.; Wang, K. Effect of cellular structure on the mechanical properties of 316L stainless steel
fabricated by EBF3. J. Mater. Res. Technol. 2023, 25, 5469–5482. [CrossRef]

19. Nazir, A.; Gokcekaya, O.; Billah, K.M.M.; Ertugrul, O.; Jiang, J.; Sun, J.; Hussain, S. Multi-material additive manufacturing: A
systematic review of design, properties, applications, challenges, and 3D Printing of materials and cellular metamaterials. Mater.
Des. 2023, 226, 111661. [CrossRef]

20. Mostafaei, A.; Elliott, A.M.; Barnes, J.E.; Li, F.; Tan, W.; Cramer, C.L.; Nandwana, P.; Chmielus, M. Binder jet 3D printing—Process
parameters, materials, properties, modeling, and challenges. Prog. Mater. Sci. 2021, 119, 100707. [CrossRef]

21. Mostafaei, A.; Zhao, C.; He, Y.; Ghiaasiaan, S.R.; Shi, B.; Shao, S.; Shamsaei, N.; Wu, Z.; Kouraytem, N.; Sun, T.; et al. Defects and
anomalies in powder bed fusion metal additive manufacturing. Curr. Opin. Solid State Mater. Sci. 2022, 26, 100974.

22. Golgovici, F.; Tudose, A.E.; Diniasi, D.; Nartita, R.; Fulger, M.; Demetrescu, I. Aspects of Applied Chemistry Related to Future
Goals of Safety and Efficiency in Materials Development for Nuclear Energy. Molecules 2023, 28, 874. [CrossRef] [PubMed]

23. Kanishka, K.; Acherjee, B. A systematic review of additive manufacturing-based remanufacturing techniques for component
repair and restoration. J. Manuf. Process. 2023, 89, 220–283. [CrossRef]

24. Kucita, P.; Wang, S.; Li, W.; Cook, R.; Starink, M. The effects of substrate dilution on the microstructure and wear resistance of
PTA Cu-Al-Fe aluminium bronze coatings. Wear 2019, 440, 203102. [CrossRef]

25. Zhang, B.; Wang, H.; Zhang, S.; He, B. Optimization of the dilution parameters to improve wear resistance of laser cladding
15-5PH steel coating on U75V pearlitic steel. Surf. Coat. Technol. 2023, 465, 129571. [CrossRef]

https://doi.org/10.1016/j.surfcoat.2022.128534
https://doi.org/10.1016/j.corsci.2017.10.022
https://doi.org/10.1016/j.actamat.2012.11.004
https://doi.org/10.1016/j.corsci.2017.06.019
https://doi.org/10.1016/j.corsci.2018.06.021
https://doi.org/10.1016/j.corsci.2013.01.037
https://doi.org/10.1016/j.jmapro.2023.01.081
https://doi.org/10.1016/j.matdes.2010.06.044
https://doi.org/10.1179/mst.1988.4.1.5
https://doi.org/10.1179/174328406X109230
https://doi.org/10.1016/j.addma.2022.103205
https://doi.org/10.1016/j.jallcom.2023.171430
https://doi.org/10.1016/S0022-3115(97)00360-7
https://doi.org/10.1016/j.matchar.2016.08.006
https://doi.org/10.1016/j.jmrt.2023.09.008
https://doi.org/10.1016/j.jmrt.2022.08.074
https://doi.org/10.1016/j.jmrt.2023.07.024
https://doi.org/10.1016/j.matdes.2023.111661
https://doi.org/10.1016/j.pmatsci.2020.100707
https://doi.org/10.3390/molecules28020874
https://www.ncbi.nlm.nih.gov/pubmed/36677931
https://doi.org/10.1016/j.jmapro.2023.01.034
https://doi.org/10.1016/j.wear.2019.203102
https://doi.org/10.1016/j.surfcoat.2023.129571


Molecules 2024, 29, 1785 16 of 16

26. Zhong, J.; Hou, B.; Zhang, W.; Zhang, S.; Zhao, Y.; Zhao, C.; Li, W. High Hardness, Excellent Hydrophobicity, and Favorable
Corrosion Resistance of Plasma-Sprayed FeCrMoSi Amorphous Coatings on 304 Stainless Steel. Molecules 2023, 28, 6718.
[CrossRef]

27. David, S.; Vitek, J. Correlation between solidification parameters and weld microstructures. Int. Mater. Rev. 1989, 34, 213–245.
[CrossRef]

28. Hwang, S.; Oh, W.-J.; Kim, D.-H.; Kim, J.G.; Oh, J.S.; Nam, T.-H.; Kim, C.-S.; Lee, T. Optimizing interlayer cooling for SUS316L
thin wall fabricated by directed energy deposition. J. Mater. Res. Technol. 2023, 23, 5239–5245. [CrossRef]

29. Tseng, C.C.; Shen, Y.; Thompson, S.W.; Mataya, M.C.; Krauss, G. Fracture and the formation of sigma phase, M23C6, and austenite
from delta-ferrite in an AlSl 304L stainless steel. Metall. Mater. Trans. A 1994, 25, 1147–1158. [CrossRef]

30. Marin, R.; Combeau, H.; Zollinger, J.; Dehmas, M.; Lhenry-Robert, L. σ-Phase Formation in Super Austenitic Stainless Steel
During Directional Solidification and Subsequent Phase Transformations. Metall. Mater. Trans. A 2020, 51, 3526–3534. [CrossRef]

31. Lescur, A.; Stergar, E.; Lim, J.; Hertelé, S.; Petrov, R.H. Microstructural investigation and identification of intermetallic σ-phase in
solution annealed 316L-type austenitic stainless steel. Mater. Charact. 2021, 182, 111524. [CrossRef]

32. Wu, M.; Jiang, F. Preparation, interface properties and corrosion behavior of nano-modified MAO ceramic film on 5B70 Al alloy.
J. Alloys Compd. 2023, 967, 171829. [CrossRef]

33. Gharouel, S.; Béguin, F. Revisiting the performance of electrical double-layer capacitors implementing a sodium perchlorate
water-in-salt electrolyte. Electrochim. Acta 2023, 450, 142212. [CrossRef]

34. Wang, Y.; Xiao, W.; Ma, K.; Dai, C.; Wang, D.; Wang, J.; Pan, F. Towards development of anticorrosive CaCO3-coated passive layer
on Mg alloy with ultrasound-assisted electrodeposition. Corros. Sci. 2023, 224, 111546. [CrossRef]

35. da Cunha Belo, M.; Walls, M.; Hakiki, N.; Corset, J.; Picquenard, E.; Sagon, G.; Noel, D. Composition, structure and properties of
the oxide films formed on the stainless steel 316L in a primary type PWR environment. Corros. Sci. 1998, 40, 447–463. [CrossRef]

36. Hirschorn, B.; Orazem, M.E.; Tribollet, B.; Vivier, V.; Frateur, I.; Musiani, M. Determination of effective capacitance and film
thickness from constant-phase-element parameters. Electrochim. Acta 2010, 55, 6218–6227. [CrossRef]

37. Quiones, A.O.; Bhuiyan, L.B.; Abbas, Z.; Outhwaite, C.W. Influence of concentration and temperature dependent dielectric
constants on the thermodynamics of electrolytes. J. Mol. Liq. 2023, 371, 121119. [CrossRef]

38. Tang, Y.; Zuo, Y.; Wang, J.; Zhao, X.; Niu, B.; Lin, B. The metastable pitting potential and its relation to the pitting potential for
four materials in chloride solutions. Corros. Sci. 2014, 80, 111–119. [CrossRef]

39. Zhang, Z.; Zhao, Z.; Li, X.; Wang, L.; Liu, B.; Bai, P. Effect of heat treatments on metastable pitting of 316L stainless steel fabricated
by selective laser melting. J. Mater. Res. Technol. 2022, 21, 1903–1914. [CrossRef]

40. Verma, J.; Taiwade, R.V. Dissimilar welding behavior of 22% Cr series stainless steel with 316L and its corrosion resistance in
modified aggressive environment. J. Manuf. Process. 2016, 24, 1–10. [CrossRef]

41. Javidi, M.; Haghshenas, S.M.S.; Shariat, M.H. CO2 corrosion behavior of sensitized 304 and 316 austenitic stainless steels in
3.5 wt.% NaCl solution and presence of H2S. Corros. Sci. 2020, 163, 108230. [CrossRef]

42. Yang, C.; Jiang, X.; Zhang, W.; Wang, X. Enhancing stress corrosion cracking resistance of machined surface via surface mechanical
grinding treatment for AISI 316 L stainless steel. Mater. Charact. 2022, 194, 112493. [CrossRef]

43. Niu, D.; Zhang, C.; Sui, X.; Lu, X.; Zhang, X.; Wang, C.; Hao, J.; Shi, Z. Microstructure, mechanical properties and tribo-corrosion
mechanism of (CrNbTiAlVMo)xN1−x coated 316 L stainless steel in 3.5 wt.% NaCl solution. Tribol. Int. 2022, 173, 107638.
[CrossRef]

44. Chen, X.; Li, J.; Cheng, X.; Wang, H.; Huang, Z. Effect of heat treatment on microstructure, mechanical and corrosion properties of
austenitic stainless steel 316L using arc additive manufacturing. Mater. Sci. Eng. A 2018, 715, 307–314. [CrossRef]

45. Ralls, A.M.; Daroonparvar, M.; Sikdar, S.; Rahman, M.H.; Monwar, M.; Watson, K.; Kay, C.M.; Menezes, P.L. Tribological and
corrosion behavior of high pressure cold sprayed duplex 316 L stainless steel. Tribol. Int. 2022, 169, 107471. [CrossRef]

46. Li, X.; Sun, W.; Zheng, Y.; Long, C.; Wang, Q. New Strategy for the Design of Anti-Corrosion Coatings in Bipolar Plates Based on
Hybrid Organic–Inorganic Layers. Molecules 2023, 28, 3279. [CrossRef]

47. Chen, M.; Yang, K.; Wang, Z.; Zhao, K.; Wu, E.; Shi, J.; Qi, H.; Sun, G. Corrosion performance of NV E690 steel and 316L stainless
steel coating fabricated by underwater direct metal deposition. Corros. Sci. 2023, 219, 111232. [CrossRef]

48. Xu, L.; Wu, P.; Zhu, X.; Zhao, G.; Ren, X.; Wei, Q.; Xie, L. Structural characteristics and chloride intrusion mechanism of passive
film. Corros. Sci. 2022, 207, 110563. [CrossRef]

49. Srinivasan, G.; Bhaduri, A.; Shankar, V.; Raj, B. Evaluation of hot cracking susceptibility of some austenitic stainless steels and a
nickel-base alloy. Weld. World 2008, 52, 4–17. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/molecules28186718
https://doi.org/10.1179/imr.1989.34.1.213
https://doi.org/10.1016/j.jmrt.2023.02.145
https://doi.org/10.1007/BF02652290
https://doi.org/10.1007/s11661-020-05794-1
https://doi.org/10.1016/j.matchar.2021.111524
https://doi.org/10.1016/j.jallcom.2023.171829
https://doi.org/10.1016/j.electacta.2023.142212
https://doi.org/10.1016/j.corsci.2023.111546
https://doi.org/10.1016/S0010-938X(97)00158-3
https://doi.org/10.1016/j.electacta.2009.10.065
https://doi.org/10.1016/j.molliq.2022.121119
https://doi.org/10.1016/j.corsci.2013.11.015
https://doi.org/10.1016/j.jmrt.2022.10.039
https://doi.org/10.1016/j.jmapro.2016.07.001
https://doi.org/10.1016/j.corsci.2019.108230
https://doi.org/10.1016/j.matchar.2022.112493
https://doi.org/10.1016/j.triboint.2022.107638
https://doi.org/10.1016/j.msea.2017.10.002
https://doi.org/10.1016/j.triboint.2022.107471
https://doi.org/10.3390/molecules28073279
https://doi.org/10.1016/j.corsci.2023.111232
https://doi.org/10.1016/j.corsci.2022.110563
https://doi.org/10.1007/BF03266647

	Introduction 
	Results and Discussion 
	Microstructure and Physical Analysis 
	Electrochemical Corrosion Behavior 
	Electrochemical Impedance 
	Potentiodynamic Polarization 
	Corrosion Morphology and Corrosion Mechanism 

	Mechanical Properties 

	Experiment 
	Material Modification 
	Sample Preparation 
	Microstructure Characterization 
	Electrochemical Test 
	Mechanical Properties Test 

	Conclusions 
	References

