
metals

Article

Characterization of the Microstructure, Mechanical
Properties, and Corrosion Resistance of
a Friction-Stir-Welded Joint of Hyper Duplex
Stainless Steel

Jianchun Li 1,2, Xinglong Liu 1, Guoping Li 2, Peide Han 1,* and Wei Liang 1

1 College of Materials Science and Engineering, Taiyuan University of Technology, Taiyuan 030024, China;
lijc02@tisco.com.cn (J.L.); imliuxl@163.com (X.L.); liangwky@126.com (W.L.)

2 Taiyuan Iron and Steel (Group) Company Ltd., Taiyuan 030003, China; ligp@tisco.com.cn
* Correspondence: hanpeide@tyut.edu.cn; Tel.: +86-351-6018398

Academic Editor: Robert Tuttle
Received: 10 January 2017; Accepted: 5 April 2017; Published: 13 April 2017

Abstract: This study investigates the microstructure, mechanical properties, and corrosion resistance
of a friction-stir-welded joint of the hyper duplex stainless steel SAF2707. Friction stir welding
(FSW) is performed at a tool rotation rate of 400 rpm and a welding speed of 100 mm/min.
The microstructure of the joints is examined using scanning electron microscopy and X-ray diffraction.
Tensile test and fractography are subsequently employed to evaluate the mechanical properties of the
joints. Results show that the grain size of the stir zone (SZ) is smaller than that of the base metal (BM).
Electron back-scattered diffraction analysis reveals that fine-equiaxed grains form in the SZ because
of the dynamic recrystallization during the FSW. These grains become increasingly pronounced in the
austenite phase. The tensile specimens consistently fail in the BM, implying that the welded joint is
an overmatch to the BM. Moreover, the welded joints consist of finer grains and thus display higher
tensile strength than their BMs. Potentiodynamic polarization curves and impedance spectroscopy
both demonstrate that the corrosion resistance of the SZ is superior to that of the base material.

Keywords: friction stir weld; hyper duplex stainless steel; microstructure; mechanical properties;
corrosion resistance

1. Introduction

Given the favorable combination of mechanical and corrosion properties and excellent weldability
of duplex stainless steels (DSSs), DSSs have become more attractive than austenitic and ferritic
stainless steels in terms of applications [1,2]. In the process of their development, super stainless
steels have been widely applied in environments characterized by relatively excessive corrosion and
high pressure. However, they exhibit incapacities because of the short service life in such areas as oil
exploration, which strives for deeper water over 2500 m and requires stronger corrosion resistant [3].
Thus, a new high-alloyed DSS demonstrating excellent corrosion resistance and enhanced strength
is necessary. SAF2707HD is a new type of DSS in the form of a hyper stainless steel developed by
Sandvik Corporation. It exhibits excellent performance in relevant test evaluations. The superior
corrosion resistance of DSSs extends their application to aggressive chloride environments, such as
hot tropical seawater, seabed piping systems, and deep wells [3,4]. The corrosion resistance of DSSs
is determined by the fraction of α, γ, and detrimental intermetallic phases, such as σ, which often
renders Cr- and Mo-depleted zones susceptible to high-rate dissolution [5–7]. Given their inherent
brittleness, these undesirable intermetallic phases, which easily form during hot rolling or welding,
often degrade the mechanical properties of DSSs [8,9].
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In most applications, selected construction materials must undergo a welding process. However,
problems can occur when welding DSSs [10]. For example, fusion welding may destroy the
favorable duplex microstructure of DSSs and produce coarse ferrite grains, intergranular brittle
and intergranular austenite phases in the weld metal and heat-affected zone [11]. In addition, high
ferrite content and coarse grains reduce the corrosion resistance and mechanical properties of welded
joints [12,13]. Moreover, σ phase in DSSs may precipitate during welding because of high Cr, Mo, and
N concentrations. Studies have shown that the holding time of precipitating 1% σ phase at the most
critical temperature is 134 s, whereas that for hyper DSS (HDSS) is 69 s [14,15].

Several welding methods have been used to address these problems. Among these methods,
friction stir welding (FSW) has recently attracted considerable attention. FSW is a solid-state technology
wherein a material is subjected to intense plastic deformation at an elevated temperature, thereby
generating fine and equiaxed recrystallized grains. The main advantages of FSW are solid-state
welding, absence of metal addition, and fast cooling. In addition, FSW prevents precipitation. Initially,
FSW is mainly used in metals with low-melting points, such as Al and Mg alloys, because the tools
used in FSW display limited capacities at high temperatures [16,17]. With the improvement in tools
used in FSW, the application of FSW is extended to materials with high melting points, such as steel
and titanium alloys. As a result, numerous investigations have been conducted on FSW of steels and
other alloys with high melting points.

Existing investigations report that only a few studies have explored the effect of FSW on the
microstructure, mechanical properties, and corrosion properties of DSSs [18–20]. Sato [18] has
demonstrated that FSW elicits the desirable mechanical properties of SAF2507; these properties
include defect-free weld and generation of fine and equiaxed recrystallized grains in the stir zone
(SZ). Saeid [19] has investigated the mechanism of the grain refinement of DSSs by using electron
backscattered diffraction (EBSD) and found that the mechanism is correlated with different mechanisms
of dynamic recrystallization. Furthermore, the corrosive behavior of lean DSSs subjected to FSW was
studied by Sarlak, who found that the resistance of DSSs to the local and pitting corrosion of weldments
is superior to that of base metals (BMs) [20].

Studies have shown that FSW considerably affects the mechanical properties and corrosion
resistance of DSSs during welding. However, to the best of our knowledge, studies on the welding
of HDSS using FSW are few. Studies on HDSS welding mainly focus on the influence of shielding
gases on corrosion resistance [21,22]. No systematic research has investigated the corrosion resistance
and mechanical properties of HDSS weldments. Therefore, in this study, HDSS is welded using FSW
to investigate the microstructure, mechanical properties, and resistance to corrosion of HDSSs that
underwent FSW.

2. Materials & Experiment

SAF2707HD was prepared using vacuum induction furnace and electro-slag remelting furnace.
Table 1 shows the chemical composition of SAF2707HD. The experimental steel was supplied in the
form of a cold rolled and annealed (1200 ◦C for 1 h) plate (150 mm × 100 mm × 3 mm). The plates were
ground to remove the oxide on the top and bottom surfaces to ensure the welding quality. Welding
was performed using an FSW machine (China FSW Center, Beijing, China) parallel to the rolling
direction at a welding speed of 100 mm/min and a tool rotation rate of 400 rpm. The welding tool was
made of tungsten-rhenium (W-RE) with a shoulder diameter of 20 mm and a tapered probe. The pin
was tapered from 8 mm at the shoulder to 4.5 mm with a length of 2.8 mm. Figure 1 presents the
schematic of the tool used in the FSW experiment. During the welding process, the tilt angle was 0◦

and downward force was controlled at 20 kN. An argon atmosphere around the tool was introduced
as shielding gas to prevent excessive surface oxidation. Figure 2 presents a typical surface morphology
diagram of SAF2707HD butt joint subjected to FSW. In this diagram, the welding surface is smooth,
and macroscopic cracks, air holes, and tunnel defects are absent along the welding line, indicating that
the welding parameter can produce sufficient heat input to ensure the flow of plastic materials.



Metals 2017, 7, 138 3 of 15

Table 1. Chemical composition of base material (wt. %).

Elements C N Si Mn Cr Ni Co Mo Cu Ce Fe

Content (wt. %) 0.02 0.47 0.42 1.00 27.07 6.71 0.99 4.66 0.85 0.03 Bal.
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Following FSW, a metallographic examination was conducted on a transverse section of the
welded joint via optical microscopy (OM) (Leica, Heerbrugg, Switzerland) and scanning electron
microscopy (SEM) (FEI, Hillsboro, OR, USA) equipped with an INCA energy dispersive X-ray
spectrometer system (EDX) (Oxford Instruments, Oxon, UK). The specimen for OM was chemically
etched with 25 g of KOH, 15 g of KSCN, and 100 mL of distilled water at a temperature of approximately
65 ◦C. Prior to EBSD, the specimen was electrolytically polished using 8 mL of perchloricacid, 5 mL
of glycerol, 100 mL of ethanol, 10 mL of 2-butoxy ethanol, and 15 mL of distilled water at room
temperature. Electrolytic polishing was performed at 30 V and at a 15 s storage time, respectively.
A Philips X-Ray diffractometer (Philips, Eindhoven, Netherlands) was used to identify the phase
formed on the surface of the SZ during the FSW.

Mechanical properties were investigated mainly through Vickers hardness and tensile tests.
The tensile test was conducted at ambient temperature on an Instron testing machine (Instron, Boston,
MA, USA). Vickers hardness test was performed using a LECO LM-700ATV hardness testing machine
(LECO, St. Joseph, UT, USA). The hardness profiles were measured along and perpendicular to the
mid-thickness of the joint with regular intervals of 0.5 mm at a load of 50 g for 15 s. The samples used
in the tensile test were the welded joints extracted from the weldments. Figure 3 shows the sizes of
tensile sample of the welded joints. The loading force was perpendicular to the direction of the welding
at a constant cross head speed of 1 mm/s. The tensile section fracture was observed through SEM.

A three-electrode electrochemical cell system was introduced to assess the electrochemical
corrosion of the BM and welded joints. A three-electrode system comprises a working electrode,
platinum (Pt) foil, and a saturated calomel electrode (SCE). A Pt electrode and SCE work as counter
and reference electrodes, respectively. All potentials quoted were related to SCE. The BM and weldment
acting as working electrodes were sealed with fastening screws and then combined with a seal ring to



Metals 2017, 7, 138 4 of 15

avoid crevice corrosion. The exposed electrode area was 1 cm2. All measurements were performed
three times to ensure their accuracy and repeatability. Potentiodynamic polarization curves were
obtained in 3.5 wt. % NaCl solution at 25 ◦C ± 1 ◦C at a scanning rate of 0.5 mV/s. The scanning
region was from −0.2 V to a certain current at which transpassivity occurred.

Electrochemical impedance spectroscopy (EIS) (Princeton Applied Research, Oak Ridge, TN,
USA) was conducted to evaluate the electrochemical behavior of the oxide film formed on the surface
of the stainless steel. Prior to all the experiments, the specimens were immersed in a test solution
for 30 min to reach a stationary condition. The scanning frequency region ranges from 0.1 mHz to
100,000 Hz. The measured EIS data was fitted with Zview 2.70 (Scribner Associates, Southern Pines,
NC, USA).
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3. Results and Discussion

3.1. Microstructural Evolution

Figure 4 shows a typical low-magnification overview of the different sections of SAF2707 welded
joint subjected to FSW. The joint without internal defects exhibits a high degree of community. In the
cross section (Figure 4a), the left and right sides of the joint center comprise the retreating side and
advancing side of the rotational tool, respectively. A welded joint can be divided into three zones: the
SZ, the thermo-mechanically affected zone (TMAZ), and the BM. Additionally, the figure shows that
the SZ is characteristic of a ring vortex, which is produced through the flow of materials driven by the
thread on the pin. A similar microstructural characterization is performed in related studies [24,25].
Based on the advancing and retreating sides of the working tool, the TMAZ located adjacent to the SZ
can be classified into TMAZ–AS and TMAZ–RS. As verified by other authors [18–20,24], no obvious
heat affected zone is observed because of the relatively low heat input..

Figure 4b shows the schematic of microstructure of the as-received BM. The BM exhibits
a microstructure of austenitic islands embedded in ferrite matrix. Figure 4c–f shows the microstructures
at different joint positions. As shown in Figure 4c, the SZ located in the joint center displays a stretched
and two-phase microstructure. Compared with BMs, the SZ contains more elongated and finer
austenitic islands. Similar to the typical microstructure of Al alloy and steel joints welded through
FSW [16,17,24–27], the average grain size is significantly finer in the SZ than in the BM because the SZ
experiences higher temperature and has undergone significantly plastic deformation. No significantly
grain coarsening and σ phase are observed across the welded joint. During FSW, the material hardly
melts because of the low peak temperature. These factors possibly account for the absence of grain
coarsening and σ phase across the welded joint. Moreover, the region in the SZ adjacent to the
TMAZ-AS (Figure 4d) consists of the finest equiaxed grains. As explained by Liu [26], the material lying
in the advancing side of the SZ is slightly displaced forward from its original position. The material is
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rotated using a pin tool and deposited at roughly the same location as its initial position. The material
flow of FSW suggests that the material on the advancing side of the SZ rotates and advances with the
tool, and the material on the retreating side is entrained, indicating a relatively small deformation [27].
This mechanism of material flow suggests that the material in the SZ at the advancing side undergoes
the most severe deformation and has a tendency to disrupt a duplex microstructure that produces the
finest grains.

As shown in Figure 4e,f, the TMAZ–AS/SZ boundary is clearly sharper in the advancing side
than that on the retreating side. This result is consistent with previous findings [18,24]. The difference
between these boundaries can be attributed to the difference in shear stress between the advancing
and retreating sides of the working tool. The shear force of the advancing side of the tool induces
a larger plastic deformation than that induced in the retreating side. One study [18] has shown
that the advancing side experiences the most severe deformation because of the material flow
mechanism induced by the difference in plastic deformation around the pin tool during the FSW
process. The TMAZ microstructure is distorted, and its grains are re-oriented perpendicular to
the rotational direction of the tool. The asymmetry of FSW is evident in the TMAZ–AS and
TMAZ–RS microstructures.
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Figure 4. Optical microscopy of cross section of the joint (a); related microstructure (b) base metal
(BM); (c) stir zone (SZ); (d) stir zone—advancing side (SZ-AS); (e) thermo-mechanically affected
zone—advancing side (TMAZ-AS); (f) thermo-mechanically affected zone—retreating side (TMAZ-RS).

Figure 5 shows the backscatter electron (BSE) images of the SZ in different positions after
electrolytic polishing. The grain size distribution is inhomogeneous along the thickness direction of the
welded joint. The grain size decreases gradually from the top surface to the bottom of the welded joint.
The heat during welding process is generated by the friction between the rotating tool and material
interface, and the contact between the tool shoulder and the sample surface generates most of the heat;
thus, the maximum temperature should be observed near the top surface. Moreover, given that the
bottom of the testing plate comes in contact with the metal operating platform and that the rate of heat
dissipation is faster, the cooling rate near the bottom is higher than that at the top surface. Grain size
along the thickness direction may be attributed to the graded distribution of the peak temperature and
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to the varying cooling rates. The high peak temperature and slow cooling rate are regarded as being
indicative of the remarkable growth of grains near the top surface.
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Figure 6 shows the EBSD maps of the BM and SZ. The result of the EBSD analysis on the BM
reveals an austenite phase, which uses a higher number of grains (mostly twin boundaries) than the
ferrite phase. The average grain sizes of the austenite and ferrite phases are 9 and 9.5 µm, respectively.
The SZ displays fine and equiaxed grain microstructures. The average grain size of the austenite phase
in the SZ is approximately 1.6 µm, which is smaller than that in the ferrite phase (2.2 µm). The amounts
of twin grains are considerably lower than those of the BM, suggesting that the intense deformation
associated with FSW disintegrates the initial annealed microstructure of BMs. The duplex phase of the
SZ is finer than that of the BM. The grain size difference between the SZ and the BM, as observed in the
microstructure and EBSD maps, suggests that dynamic recrystallization (DRX) occurs in the austenite
and ferrite phases during FSW. As reported in related studies on the FSW, microstructures in the SZ
experiences severe deformation and high temperature; thus, DRX leads to fine grains [18–20,24–26].
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In the SZ, grain size in the austenite and ferrite phases slightly differ; that is, the austenite phase
is slightly more pronounced than the ferrite phase. The grain size of DRX is known to be associated
with the deformation and diffusion rate of atoms. During FSW, deformation mainly occurs in the
ferrite phase because it is considerably weak at high temperatures. Fang et al. have demonstrated
that, during the hot deformation of a new DSS containing high nitrogen content, the wedge crack
is nucleated at the interface between the ferrite and austenite phases and easily propagates toward
the ferrite phase; hence, the ferrite phase is softer than the austenite phase at high temperatures [28].
Consequently, great strain occurs in the ferrite phase and supplies additional energy for nucleation.
Moreover, the ferrite phase has a higher diffusion rate of atoms compared with the austenite phase
at high temperatures [28]. Both of them can produce a recrystallization process, which is followed
by grain growth in the ferrite phase. According to earlier studies, DRX, including continuous DRX
(CDRX), or discontinuous DRX (DDRX) may exist in the SZ during the FSW of DSSs [24–26,29,30].
High stacking fault energy (SFE) of the ferrite phase facilitates CDRX. By contrast, low SFE of the
austenite phase facilitates DDRX.

Based on a simple mode of heat generation during FSW described by Schmidt [31], maximum
heat is generated in interfaces of shoulder and plate. SAF2707HD is a high-alloyed steel, and the
precipitation rate of the σ phase is generally fast. XRD was used to identify the different phases
based on their locations in the XRD pattern. Additionally, XRD was used to clearly understand
whether σ phase occurs on SZ. Figure 7 shows the XRD profile of the SZ surface. The ferrite and
austenite phases are readily observed in the XRD pattern, and their corresponding diffraction peaks
are marked. The σ phase was not formed during the FSW process, or its amount is so low that it
cannot be detected via XRD. Although the introduction of high strain and DRX can promote a mutual
diffusion of alloying elements [32], the time for nucleation of the σ phase is insufficient because of a
short welding thermal cycle.
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During solid-state transition, austenite formation in the fusion zone of DSSs depends on cooling
rate. Followed by a fully ferrite phase, nucleation of the austenite phase preferentially lies in the
grain boundaries of the ferrite grains during the weld cooling cycle. Previous evidence demonstrates
that using high-heat inputs and slow cooling rates during the GTA process produce microstructures
containing considerable amounts of various forms of the austenite phase, such as grain boundary
austenite and secondary austenite [33]. In the present study, microstructural characterization shows
that the intergranular austenite phase is absent in all regions across the weld. In addition, these regions
contained a microstructure consisting of a ferrite matrix with austenite islands. As shown in Figure 7,
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the XRD spectra of the BM and the SZ consist of ferrite and austenite phases. The intensities of the
α phase diffraction peak (110) and γ phase diffraction peak (111) in the SZ and the BM are nearly
equal, implying that the ratio of the ferrite/austenite phase of the SZ is close to that of the BM. Overall,
the ratio of the ferrite/austenite phase in the SZ is similar to that in the BM, as revealed by related
studies [18,24]. The similarity of the ratios of the ferrite/austenite phase between SZ and BM indicates
that the peak temperature is below the transition temperature between austenite and ferrite during
FSW of DSSs.

3.2. Mechanical Characterization

Figure 8 shows the hardness values, as a function of the distance from the weld center, across the
joint. The maximum hardness with minimal fluctuation lies in the SZ. Compared with the BM, the SZ
shows a smaller fluctuation. BMs contain large grains, and the hardness of its ferrite and austenite
phases differs. Thus, fluctuation in the BM is greater than that of the SZ. As the distance from the SZ
increases, the hardness values gradually decrease. The difference in hardness between the BM to the
TMAZ ranges from 303 HV to 355 HV. The main mechanism of this remarkable welding technique
involves fine grains occurring in the SZ as a result of DRX without changes in proper phase balance.
Moreover, as indicated by the microstructure of the SZ, the σ phase precipitation has not occurred.
Hence, as explained by Hajian [34], the dominant mode toward an increase in hardness in the SZ is
related to grain refinement, according to the fine-grain strengthening theory. Similarly, the values of
hardness gradually decrease from the bottom to the surface of the weld joint (shown in Figure 9).
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Figure 10a,b shows the stress–strain curves and transverse tensile properties of the BM and FSW
HDSS weld joint. The experimental result shows that the 0.2% offset yield and ultimate tensile strength
of the weld metal overmatch those of the BM, consistent with the Vickers hardness results. According
to fine-grain strengthening theory, the elevated strength of the weldment relative to that of the BM is
consistent with the results of microstructural observation. As reported by Esmailzadeh [30], owing to
the presence of fine grains in SZs, the strength of welded SZ joints is more elevated than that of BMs.
Fine grains accompanied by additional grain boundaries inhibit dislocation motion, thereby increasing
the strength. The failure is consistently located in the BM and far from the FSW joint (Figure 11),
indicating that the BM is weaker than the FSW joint. The tensile test results show that FSW produces
defect-free HDSS welds. However, elongation of the FSW joint is 30%, which is lower than that of the
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BM, and their difference is 6%. Li [35] explained that severe plastic deformation in the SZ reduces
ductility because of high-density dislocations generated in the SZ. Plastic deformation mainly occurs
on the base metal, implying that the strength of the weldments is influenced by the FSW joint.
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Figure 12a,b shows the optical micrograph of the tensile surface and SEM morphology of the
weldment fracture surface. The phase appearing reddish brown in the OM is the ferrite phase (α) and
the phase appearing white is the austenite phase (γ). The typical EDX results of dual phases are shown
in Figure 12c,d, respectively. Crack initiation apparently occurred in the interface of the ferrite and
austenite phases. The cracks propagated toward the austenite phase, which is softer than the ferrite
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phase at room temperature as a result of the low SFE. The SEM morphology of the weldment fracture
surface is characterized by a dimple with a microvoid, a feature of a ductile fracture. However, size
distribution of the dimple is inhomogeneous, which corresponds to low elongation [35].

Metals 2017, 7, 138  10 of 15 

 

Figure 12a,b shows the optical micrograph of the tensile surface and SEM morphology of the 
weldment fracture surface. The phase appearing reddish brown in the OM is the ferrite phase (α) 
and the phase appearing white is the austenite phase (γ). The typical EDX results of dual phases are 
shown in Figure 12c,d, respectively. Crack initiation apparently occurred in the interface of the 
ferrite and austenite phases. The cracks propagated toward the austenite phase, which is softer than 
the ferrite phase at room temperature as a result of the low SFE. The SEM morphology of the 
weldment fracture surface is characterized by a dimple with a microvoid, a feature of a ductile 
fracture. However, size distribution of the dimple is inhomogeneous, which corresponds to low 
elongation [35].  

 
Figure 12. (a) Optical micrograph of the tensile surface;(b)SEM morphology of the weldment 
fracture surfaces; (c) EDX of the austenite phase; (d) EDX of the ferrite phase. 

Figure 12. (a) Optical micrograph of the tensile surface; (b) SEM morphology of the weldment fracture
surfaces; (c) EDX of the austenite phase; (d) EDX of the ferrite phase.

3.3. Corrosion Resistance

The effect of FSW on corrosion resistance of the SZ was investigated in a 3.5% NaCl solution at
25 ◦C ± 1 ◦C (Figure 13). The polarization curves of the BM and the SZ appear to have similar shapes
and contain a wide passive region around 1.2 V. The pitting potentials of the BM and the SZ are 0.95 and
0.98 Vsce, respectively. The difference in corrosion resistance between the pitting potential (Epit) and
passive current density (ipass) is positive. That is, the SZ displays a greater corrosion resistance than
the BM. In addition, the magnitude of variation in corrosion potential (Ecorr) corresponds to the pitting
potential. Along with the mechanism of the FSW, fine grains are generated in the SZ. A large number
of grain boundaries exhibit active positions susceptible to corrosion. They also supply ionic conduction
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channels contributing to anodic reactions. Ralston [36] has demonstrated that materials with fine
grain structures are expected to be more corrosion resistant. The improved corrosion resistance can be
attributed to the fine grains in the SZ; that is, an increase in the grain boundary density surface acting
as diffusion paths of atoms facilitates passive film growth. Similar results have been reported [20,37].
As reported by LvJinlong [37], fine grains strengthen the stability and uniformity and improve the
corrosion resistance of passive films of 2205 duplex stainless steels. Another study has demonstrated
that the fine grains achieved by FSW increases the corrosion resistance of DSSs [20].
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The electrochemical properties of the passive film were evaluated via EIS, a technique for accessing
relaxation phenomena. Figure 14a shows the typical Nyquist plots of base and weld metals in 3.5%
NaCl. Two successive depressed semicircles appear in the Nyquist plot. The diameter of the capacitive
semicircle in the Nyquist diagrams is correlated with corrosion resistance. Thus, the numerical size of
the charge transfer resistance of the passive film is reflected [38]. The weldment has a larger impedance
diameter than the BM, indicating superior corrosion resistance of the former. Figure 14b shows the
corresponding Bode plots of the BM and the SZ. Two well-defined time constants are observed in the
two Bode-phase formats. This observation indicates that a passive film has formed on the 2707 HDSS
surface and it consists of a bilayer structure. As reported [37,38], a passive film, including its active or
passive region, cannot be ideally homogeneous.Metals 2017, 7, 138  12 of 15 
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An equivalent circuit (EC) has been proposed to be used to interpret the interface phenomenon
between an electrode and a sample [37–39]. The maximal phase angle value in both Bode-phase
plots is lower than 90◦. Such behavior can be attributed to the deviation from the ideal capacitor
behavior. Therefore, constant phase elements (CPEs) instead of a pure capacitance are used in EC to
describe the frequency-independent phase shift betweenalternating potential and its current response.
The corresponding impedance of a CPE is defined by the expression ZCPE = Z0(jw)n. n, which is a CPE
exponent, describes the deviation from the ideal capacitance. When n = 1, the CPE represents an ideal
capacitance. For 0.5 < n < 1, n decreases with the increase in capacitance dispersion. When n = 0.5,
the CPE symbolizes a Warburg impedance characteristic of diffusion.

Figure 15 shows the EC proposed to model the electrode/sample interface. This circuit contains
two time constants that match well the experimental results. Rs is the resistance of the solution.
Q1 represents the capacitive behavior of the passive film resulting from the formation of the ionic paths
across the passive film, and constitutes the first time constant laid at a high frequency coupled with a
resistance R1. R1 is the ionic diffusion resistance of the outer passive film. The second time constant is
located in the low frequency region comprising Q2 and R2. Q2 symbolizes the capacitive behavior of a
finite-length passive film, and R2 is the diffusion resistance. Dispersion constant n consistently lies
between 0.5 and 1.
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Table 2 shows the corresponding fitting results. The film on the stainless steels consists of a
two-layer oxide film, and these layers are denoted as R1 and R2 [40,41]. The quantitative values of R1

and R2 of the SZ are higher than those of the BM. This result suggests that the oxide film that formed
on the surface of the SZ is more homogeneous and resistant than that formed on the surface of the BM.
LvJinlong [37] demonstrated that the oxide film on the ultrafine grained DSS 2205 consists mainly of
Cr2O3 and Fe2O3, whereas the coarse grain comprises FeO and Cr(OH)3, which are less protective than
Cr2O3 and Fe2O3. EIS test results confirm that the BM exhibits relatively poor corrosion performance
compared with the weldment. These results are consistent with the potentiodynamic polarization
curve test results. Meanwhile, BM has far lower R1 value than the SZ, indicating that the outer passive
film of the former is defective and characterized by large porosities and active regions. The corrosion
resistance of passive films is mainly governed by the inner passive film, and this role has been proven
by the numerical difference between R1 and R2. As mentioned by ČrtomirDonik [41], the dominance
of the inner passive film of DSS 2205 can be attributed to the presence of chromium oxide between the
surface oxide and bulk material at all temperatures.

Table 2. The EIS fitting results of the BM and SZ.

Area Rs (Ω·cm2) Q1 (uF·cm−2) R1 (kΩ·cm2) n1 R2 (kΩ·cm2) Q2 (uF·cm−2) n2

BM 30.53 19.10 0.51 0.98 262.50 16.50 0.77
SZ 27.61 29.25 47.35 0.94 304.50 12.94 0.84
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4. Conclusions

This work investigates the microstructure, mechanical properties, and corrosion resistance of the
FSW joint. The main conclusions drawn based on the experimental results are as follows:

(1) A high-quality FSW joint without deleterious phases is obtained by rapidly cooling the samples.
The welded joint microstructure contains fine equiaxed grains in the SZ. The grains are
exceptionally pronounced in the austenite phase.

(2) Failure of the tensile specimens is consistently located in the BM zone, suggesting that the welded
joint overly matches the BM. Owing to their fine grains, the welded joints display a higher tensile
strength than their BMs.

(3) In the potentiodynamic polarization and impedance spectroscopy tests in NaCl solution, all SZs
exhibit corrosion resistance superior to that of the BM.
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