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ABSTRACT  

The corrosion resistance of a friction stir welded high nitrogen stainless 
steel joint was evaluated by immersion corrosion tests. The heavily 
corroded thermomechanically affected zone (TMAZ) was determined 
to be the weakest zone of the joint. The TMAZ, as a distinct transitional 
region with partial recrystallization, exhibited a non-uniform 
microstructure consisting of coarse and fine grains and an 
inhomogeneous strain distribution with high strain in fine grain regions. 
A higher corrosion rate was confirmed via electrochemical analyses, 
which was mainly attributed to the high defect density, galvanic 
corrosion and the formation of Cr-rich particles. 

INTRODUCTION 

High nitrogen stainless steel (HNS), as a promising engineering material, 
has gained more and more attention due to its favorable mechanical 
and corrosion properties. Nitrogen, as a powerful austenite-stabilizing 
element, can not only improve the strength and fracture toughness of 
HNS significantly, but also increase the pitting corrosion resistance of 
steel 1.  

The corrosion resistance of HNS could be affected by many factors. Fu 
et al. 2 investigated the effects of cold working and sensitization 

treatment on the corrosion resistance of HNS, and the results showed 
that the high defect density introduced by cold working led to a less 
protective passive film. Similarly, it was found that pits were formed 
along deformation bands 3. These results indicated that the corrosion 
resistance of HNS was affected by defect density, and highly related to 
the properties of passive film 4. Alternatively, Lee et al. 5 analyzed the 
precipitates in HNS during aging, and a sigma phase, M23C6, M6C, a chi 
phase, Cr2N and AlN could be detected in the aged HNS. These 
precipitates exerted significant effects, not only on the mechanical 
properties and formability, but also on corrosion resistance 6-8.  

Due to the high nitrogen content, the welding of HNS is a serious 
challenge 9, especially the welding of HNS thin sheets. Friction stir 
welding (FSW), as a solid-state joining method, is used to join low 
melting point materials due to its high joint efficiency, environmental 
friendliness and low residual stress and distortion 10-13. With the 
development of welding tools, recent efforts have been dedicated to 
the welding of high melting point metals, such as stainless steels 14-16.  

The properties of FSW stainless steel joints are very sensitive to heat 
input. It has been reported that the formation of sigma and 
intermetallic phases was observed in FSW austenitic stainless steel, 
leading to decreased corrosion resistance 17, 18. However, in the case of 
a lean duplex stainless steel and ferritic stainless steel, no decrease of 
corrosion resistance was observed in the FSW joints 19, 20. Therefore, to 
obtain FSW stainless steel joints with excellent corrosion resistance, 
the heat input, i.e., the welding parameters should be carefully 
controlled in order to prevent the formation of harmful phases. 
Furthermore, the FSW heat input should also be reduced for HNS to 
prevent the loss of nitrogen during welding 21-23.  

During FSW, significant microstructural changes occur, forming four 
zones: the nugget zone (NZ) with fine equiaxed grains, the heat 
affected zone (HAZ) with a similar microstructure to that of the base 
metal (BM), and the thermomechanically affected zone (TMAZ) with a 
deformed structure. Due to their outstanding corrosion resistance, 
stainless steels are often applied in harsh service environments. Thus, 
identifying the most susceptible zone to corrosion in welded joints is a 
very important part of evaluating the safety of the welded structure 24-

26.  

It should be noted that the TMAZ, as a narrow transition zone affected 
by both mechanical deformation and thermal cycling, might exhibit a 
special corrosion behavior. The high defect density and possible 
precipitation could make the TMAZ the weakest zone of the FSW joints, 
whereas the fusion line and HAZs are more vulnerable to corrosion in 
the joints of fusion welding 27-30. Unfortunately, the microstructural 
evolution and corrosion behavior of the TMAZ in the FSW HNS joint 
has received little attention, though defect-free joints of HNS have 
been achieved via FSW 15, 22, 31. 

In this study, the microstructural evolution and corrosion behavior of 
the TMAZ in a FSW joint of HNS were studied in detail. It was proven 
that the TMAZ was indeed more sensitive to corrosion compared to 
other zones and therefore was the weakest zone of the whole joint. 
The mechanism responsible for this weakening was analyzed and 
discussed in detail. 

Material and methods 

Materials and welding parameters   
Lab HNS sheets with a thickness of 1.8 mm and a chemical composition 

of Fe-18.4Cr-15.8Mn-2.2Mo-0.66N-0.04C, solution treated at 1100 C 
for 2 h, were used as the BM. In this study, low heat input welding 
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parameters were selected, in order to prevent the precipitation of 
harmful phases, however, if the heat input was too low, damage of the 
welding tool could occur. Therefore, FSW was performed at a rotation 
speed of 600 rpm and a transverse speed of 100 mm/min (the 
parameter will be abbreviated to 600-100 for simplicity). A W-Re alloy 
welding tool with an 11-mm-dia shoulder and a 1.6-mm-length 
cylindrical pin was selected for FSW (Fig. 1(a)). In order to avoid 
oxidation, an argon gas shield was used during the welding process. 

Immersion corrosion tests  
The cross-section of the joint was cut perpendicular to the welding 
direction for optical microscopy (OM) and scanning electron 
microscopy (SEM) observations, and the specimens were 
electrolytically etched in a 10% oxalic acid solution. Ferric chloride was 
used to evaluate the pitting corrosion resistance of the joint. Following 
Method A in the ASTM G48 standard, specimens were immersed in 6% 

FeCl3 solution (by mass), with a temperature of 50 ± 2 C, for 48 h. 
After the immersion test, the specimens were subjected to electrolytic 
etching to identify the different regions of the joint.  

Intergranular corrosion resistance was tested using a ferric sulfate-
sulfuric acid test in the ASTM A262-10 standard, the specimens were 
immersed in a boiling test solution for 24 and 60 h, respectively, in 
order to observe the evolution of corroded morphology of the TMAZ, 
and 3D surface microscopy (Keyence VHX-1000) was applied to 
examine the depth of corrosion.  

Electrochemical tests  
Due to the small area and complex microstructure of the TMAZ, the 
electrochemical test specimens were carefully prepared. The sampling 
method of the TMAZ specimens is illustrated in Fig. 1(b). Thin sheets 
parallel to the surface of the FSW joint were cut. After polishing and 
etching, the TMAZ was marked, as shown in Fig. 1(c) (~800 μm in 
width), then the other area of the specimens was sealed with the 
exposed area being 2.4 mm2. Electrochemical studies were carried out 
in a three-electrode cell using a Gamry Interface 1000 
potentiostat/galvanostat at room temperature. A saturated calomel 
electrode (SCE) was selected as the reference electrode, a platinum 
plate served as the counter electrode and thin sheets cut from 
different zones of the FSW joint as the working electrode. All 
electrochemical experiments were carried out in a 3.5 wt.% NaCl 
solution.  

Potentiodynamic polarization measurements were performed at a scan 
rate of 0.5 mV/s from -0.5 V with respect to the open-circuit potential 
to 1 V. The potentiostatic polarization test was conducted at 0.35 VSCE 
based on the passive range obtained from potentiodynamic 
polarization tests.  

Microstructural observation  
The electron backscattered diffraction (EBSD) specimens were 
prepared by electropolishing with a 10% perchloric acid and 90% 

ethanol solution at -30 C. Strain distribution map was calculated 
based on the misorientation within grains, the detailed description 
could be found in ref. 32. The transmission electron microscopy (TEM, 
FEI Tecnai G2 F20) specimens were prepared through twin-jet 
electropolishing with the same solution as for EBSD specimens. 

Results and discussion 

Macrostructure of FSW HNS joint   
The typical cross-sectional macrograph of the FSW joint is shown in Fig. 
2(a). A sound joint with no macro defects was obtained. In our 

previous work 33, the microstructural evolution of the NZ was studied. 
In the TMAZ (Fig. 2(b)), the grains were very inhomogeneous and 
exhibited a highly deformed microstructure. Coarse elongated grains 
were distributed along the boundary between the NZ and TMAZ, with 
fine grains filling between the coarse ones. Clearly, the microstructure 
of the TMAZ exhibited transitional characteristics between the HAZ 
and NZ. 

Identification of the weakest zone of the FSW joint 
by immersion corrosion tests  
The morphology of the corroded surface after the pitting immersion 
corrosion test is shown in Fig. 3. While the number of pits in the NZ 
decreased significantly, the distribution and size of the pits in the HAZ 
were similar to those in the BM. In the TMAZ, however, pits distributed 
along the boundary of the NZ could be clearly observed. Since the area 
of the TMAZ was relatively small, the distribution density of pits in the 
TMAZ was very high. It is worth stressing that a high density of pits was 
observed in the TMAZs of various FSW HNS joints with common 
welding parameters for HNS, such as 500-50 and 400-100 (Fig. 3(a) and 
(b)). The distribution of pits was very similar in these joints, therefore 
in this study, only the 600-100 joint (Fig. 3(c)) was subjected to 
detailed analyses. From the magnified microstructure (Fig. 3(d)) many 
small pits could be observed around the fine grains in the TMAZ. 

The pits in the homogeneous microstructure (the NZ and BM) were 
randomly distributed, however, in the TMAZ, the distribution of pits 
was highly related to the microstructure. The detailed pitting corrosion 
morphology of the TMAZ of the 600-100 joint is shown in Fig. 4(a). As 
can be clearly observed, small pits were found around fine grains, 
while few pits were observed around coarser ones, i.e., the fine grain 
region showed a higher tendency of pitting. Fig. 4(b) shows the 
corroded surface after immersion in a ferric sulfate-sulfuric acid 
solution for 24 h. The grain boundaries of coarse grains presented a 
ditch-like microstructure, while the fine grains were heavily corroded. 
However, the corroded morphology of fine grains in the TMAZ was 
different from that in the NZ, though the grain size was approximately 
the same. The fine grains in the NZ were evenly corroded and the 
corroded pits were relatively shallow, whereas the fine grains in the 
TMAZ evolved into deep pits. Clearly, the TMAZ showed different 
corrosion behavior. 

After the long-term intergranular corrosion test for 60 h, the TMAZ was 
heavily corroded and developed into deep ditches, as shown in Fig. 
5(a). Fig. 5(b) shows a 3D surface corrosion morphology around the 
TMAZ. The TMAZ exhibited the largest corrosion depth of ~100 µm. 
From the results of immersion tests, it was obvious that the TMAZ was 
more susceptible to corrosion. The microstructural difference between 
TMAZ, NZ and HAZ, or even between the fine grains and coarse grains 
within the TMAZ, could cause galvanic corrosion 34, 35, and the 
corrosion rate would be accelerated, leading to the ditch-like structure 
shown in Fig. 5(a). The heavily corroded TMAZ observed in Figs. 4(b) 
and 5 could have harmful effects on the mechanical properties of the 
joint due to the deep pits and thickness reduction. The welded 
structure when exposed in aggressive medium may fail at this special 
transitional zone. 

Electrochemical tests for different zones of FSW 
joint  
Potentiodynamic polarization diagrams are given in Fig. 6. A range of 
passivity beyond the open-circuit potential could be well observed in 
each curve. It should be noted that the curves of the BM and the NZ 
showed little difference, while the passive range of the TMAZ became 
significantly narrower. The values of the corrosion potentials Ecorr, 
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transpassive potentials Etr and passive current densities Ip were 
calculated from the curves and are presented in Table 1. It is clear that 
the TMAZ showed significantly higher Ip than the BM and NZ. The Etr of 
the TMAZ also decreased sharply compared to that of the BM and NZ. 
Thus, a higher corrosion rate and larger tendency for film dissolution 
were confirmed in the TMAZ.  

Fig. 7 shows the current-time transients of HNS in 3.5 wt.% NaCl. Each 
current transient represents the initiation, temporary propagation and 
repassivation of an unstable micropit 36, 37. The current densities 
decreased rapidly in the first stage, indicating the nucleation and 
growth of the passive film. A further increase in time led to a more 
stable current density, which was the result of the balance of passive 
film growth and dissolution. The curve of the TMAZ showed major 
differences compared to that of the BM and the NZ. It took much more 
time for the TMAZ to achieve a steady current density, and numerous 
current transients could be clearly observed. All these evidences 
indicated that a less protective passive film was formed in the TMAZ. 

The TMAZ, as a transition zone affected by both welding thermal cycle 
and deformation, might respond differently to corrosion media. The 
current response with time can be described by the following formula 
38: 

𝑖(𝑡) = 10−(𝑈+𝑘 lg 𝑡)                                                                                       (1) 

where i(t) represents the current density, U is a constant, t is time and 
k is the slope of the double-log plot for potentiostatic polarization.  

k is usually considered to be related to the compactness of the passive 
film 39-41, k = -1 indicates the formation of a compact, highly protective 
passive film, while k = -0.5 represents that the passive film is porous 
and less protective. Fig. 8 shows the double-log plots of current density 
vs. time of different zones of the FSW joint. The slopes of the BM and 

the NZ were -0.913±0.011 and -0.833±0.004, respectively, while the 

slope of the TMAZ was -0.762±0.012. Clearly, the passive film in the 

TMAZ was less compact, therefore, the corrosion resistance was 
decreased. During immersion, the rate of local dissolution and 
repassivation of the passive film mainly determined the corrosion 
resistance of the material. Therefore, the long-term corrosion behavior 
was highly related to the repassivation behavior. The cBV value, as an 
important parameter of repassivation rate, could be calculated via the 
following formula 42, 43: 

log𝑖(𝑡) = log𝐴 +
𝑐𝐵𝑉

𝑄(𝑡)
                                                                                 (2) 

where A and B are constant parameters, V is the potential drop across 
the film, Q(t) is the charged density which is the integration of the 
current density with time, and c is zFρ/2.3M. For zFρ/2.3M, z is the 
number of electrons transferred for a metal ion, F is the Faraday 
constant, q is the density of oxide films, and M is the molecular mass of 
oxide film. 

Fig. 9 shows the logi(t) versus 1/Q(t) plot, the cBV value of the TMAZ 

was 0.0158±0.0012, which was significantly larger than those of the 

NZ and BM (0.0072±0.0003 and 0.0107±0.0001, respectively). 

Therefore, the repassivation rate of the TMAZ was significantly lower, 
leading to inferior corrosion resistance in long-term corrosion 
resistance tests. 

Microstructural characterization of TMAZ  
In order to investigate the reasons for the inferior corrosion resistance 
in the TMAZ, detailed microstructure examinations of the TMAZ were 

conducted. EBSD maps of the TMAZ are presented in Fig. 10. A typical 
deformed microstructure could be observed in Fig. 10(a), and a high 
density of low angle grain boundaries (LAGBs, <15°, white line) 
distributed in this transitional region indicates that severe deformation 
occurred around the welding tool during FSW. It should be noted that 
in the coarse grain regions, the LAGB distribution was inhomogeneous 
within the grains. The LAGBs developed mainly in the neighborhoods 
of the original grain boundaries, and arranged as roughly parallel bands 
along the longitudinal direction of these coarse grains. In the regions 
with small-sized grains, however, the distribution of LAGBs was 
relatively homogeneous, and sub-grain boundaries could be well 
observed within these grains (Fig. 10(b)).  

There are several interesting phenomena that could help with 
understanding the dynamic recrystallization process in the TMAZ. As 
shown in Fig. 10(b), some discontinuous high angle grain boundaries 

(HAGBs, ≥15, black line) were formed inside the grains; it could be 
explained by accumulated misorientation, which was the mechanism 
of continuous dynamic recrystallization (CDRX). On the other hand, 
local bulge phenomenon also existed in some grains, and this indicates 
that discontinuous dynamic recrystallization (DDRX) also occurred 
during FSW in the TMAZ.  

During the welding process, the temperature in the NZ was relatively 
high, thus complete recrystallization took place, leading to an equiaxed 
grain microstructure (Fig. 10(c)). The TMAZ, on the other hand, 
exhibited a partially recrystallized microstructure due to the lower 
temperature and insufficient deformation. The necklace-like 
microstructure with fine grains and coarse grains in the TMAZ could be 
attributed to the CDRX and DDRX, and the newly formed fine grains 
also contained some substructures, which might be associated with the 
high cooling rate of FSW.  

The strain contouring map of the TMAZ shows that high strain was 
concentrated in fine grain regions (Fig. 10(d)). It should be emphasized 
that the corrosion morphologies obtained in Figs. 4(a) and (b) show 
that, the fine grain regions, i.e., the strain concentration regions, had a 
greater tendency of pitting. These high stress regions could be 
potential pitting sites due to their low barrier energy. Meanwhile, the 
high defect density could lead to an increase in free energy. All of 
these factors exerted a detrimental effect on the stability of the 
passive film 44, thereby reducing the corrosion resistance of the TMAZ, 
which is consistent with previous works 2, 3. Zhang et al. 45 also found 
that with increasing applied stress, the corrosion resistance decreased 
significantly.  

Fig. 11(a) shows the typical morphology of fine grains in the TMAZ. 
Sub-grains could be clearly observed. It can be deduced that dynamic 
recovery occurred in the initial stages of the welding process. The 
dislocations were gradually absorbed by the sub-grain boundaries and 
developed into a network or wall structure. As a result, the dislocation 
density within grains was significantly decreased, and the 
misorientation of the LAGBs increased with the absorption of 
dislocations, resulting in the transformation from LAGBs to HAGBs, as 
observed in Fig. 10(b). Alternatively, due to the severe deformation, 
the defect density increased significantly and deformation twins were 
formed (Fig. 11(b)) within some grains in the TMAZ, and these high 
defect density regions could become potential sites for corrosion.  

At some grain boundaries of the TMAZ, a newly formed secondary 
phase was observed. As shown in Fig. 11(c), precipitated particle with a 
size of ~200 nm was found in grain boundary junctions. Via the 
selected area diffraction pattern, the precipitation was identified as 
the χ (chi) phase, which had a BCC structure and a chemical formula of 
Cr12Fe36Mo10. The formation of this Cr- and Mo-containing phase 
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would lead to a decrease in the corrosion resistance due to the 
appearance of a Cr- and Mo-depleted zone, as observed in Fig. 11(d), 
and the reduction of Cr and Mo could also result in a less protective 
passive film.  

The χ phase is considered a metastable phase precipitated before the σ 
(sigma) phase, and the σ phase could seriously deteriorate the 
corrosion resistance of stainless steel. In our study, no σ phase was 
detected in the TMAZ or the NZ, attributed to the high cooling rate of 
FSW. It has been reported that the precipitation of Cr2N could be 
detected in the HNS during thermal cycling 8, 21, 46 and Cr2N have 
harmful effects on the corrosion resistance. However, in this study, no 
Cr2N phase was observed, which should also be attributed to the high 
cooling rate during the welding of 2 mm thick sheets. 

It was previously reported that it usually took hours for χ phase to 
precipitate 5. In this study, however, the formation of χ phase was 
significantly accelerated in the TMAZ, attributed to the following two 
factors. First, intense plastic deformation accelerated the diffusion of 
elements 47, thereby accelerating the precipitation of the χ phase 
particles. Second, the size of the χ phase particles was very fine, 
resulting in less time taken for precipitation. The fine and small 
amount of χ phase had harmful effects on the corrosion resistance of 
the TMAZ, but the high defect density was the main reason of the 
TMAZ being the weakest zone to corrosion. 

The corrosion behavior of the TMAZ is illustrated in Fig. 12. Partial 
dynamic recrystallization in this transitional zone led to a more 
inhomogeneous microstructure. Further plastic deformation in the 
TMAZ generated some fine grains with high defect density 
(represented by the black grains in Fig. 12). These high energy grains 
could become the pitting location during immersion corrosion tests. 
High strain concentration in the TMAZ resulted in the decrease of 
corrosion resistance. Moreover, the Cr-rich χ phase was detected in 
the TMAZ, which also had harmful effects on the corrosion resistance 
of the TMAZ. Clearly, the FSW joint showed different corrosion 
behaviors compared to traditional fusion welded joint. The TMAZ, as 
an inhomogeneous transitional zone in the FSW joint, was confirmed 
to be the weakest zone to corrosion. 

Conclusions 
In this work, the microstructure and corrosion resistance of the TMAZ 
in the FSW joint of HNS were studied in detail. The main conclusions 
could be summarized as follows: 

❖ The TMAZ, as a transitional region with partial dynamic 
recrystallization, exhibited a necklace microstructure with an 
inhomogeneous grain size distribution. 

❖ A high defect density and strain concentration were detected in 
the fine grain regions of the TMAZ. Fine Cr-rich particles of χ 
phase were found in this transitional region. 

❖ A high density of pits and deep etched ditches were observed in 
the TMAZ after immersion corrosion tests, indicating that the 
TMAZ was the weakest zone to corrosion of the FSW joint. 

❖ A higher corrosion rate in the TMAZ was confirmed by 
electrochemical tests, significant lower repassivation rate of the 
TMAZ led to serious corrosion in long term immersion corrosion 
test. The inferior corrosion resistance of the TMAZ was attributed 
to high defect density, galvanic corrosion and χ phase 
precipitation. 
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Fig. 1. (a) Schematic diagram of tool for friction stir welding, (b) 
schematic diagram of specimen preparation for electrochemical tests 
and (c) microstructure of electrochemical test specimen. 
 

 
Fig. 2. (a) Cross section of FSW HNS joint and (b) highly deformed 
microstructure of TMAZ (magnified view of Fig. 1 as pointed out by 
arrow). 
 

 
Fig. 3. Cross-sectional macrostructure of FSW HNS joints after ferric 

chloride pitting test at 50 C for 48 h and electrolytically etching: (a) 
500-50, (b) 500-100, (c) 500-150, (d) 400-100, (e) 600-100. 
 

 
Fig. 4. (a) Magnified view of TMAZ in FSW HNS joint after pitting test 
for 48 h and (b) magnified TMAZ after ferric sulfate-sulfuric acid 
intergranular corrosion test for 24 h. 
 

 
Fig. 5. (a) Corrosion morphology of FSW HNS joint after 60 h 
intergranular corrosion test and (b) 3D surface corrosion morphology 
around TMAZ. 
 

 
Fig. 6. Potentiodynamic polarization curves of different zones of FSW 
HNS joint in a 3.5% NaCl solution. 
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Fig. 7. Current-time transients of different zones of FSW HNS joint. 
 

 
Fig. 8. Double-log plots of current time curves for different zones of 
FSW HNS joint. 
 

 
Fig. 9. logi(t) versus 1/Q(t) plot of FSW HNS joint. 
 

 
Fig. 10. EBSD maps of (a) TMAZ, (b) a magnified view of selected area 
in (a), (c) NZ and (d) strain distribution in TMAZ for FSW HNS joint 
(LAGBs and HAGBs are presented by white and black lines, 
respectively). 
 

 
Fig. 11. TEM micrographs of TMAZ in FSW HNS joint showing (a) fine 
grains with a typical dynamic recovery microstructure, (b) highly 
deformed microstructure with deformed twins with inserted selected 
area diffraction (SAD) pattern, (c) chi phase particle with inserted SAD 
pattern and (d) element content profiles of chi phase. 
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Fig. 12. Illustration of corrosion behavior of TMAZ. 
 
 

Table 1. Electrochemical parameters of polarization curves for different 
zones of FSW HNS joint. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 
Ecorr (VSCE) Etr (VSCE) Ip (A·cm-2) 

BM -0.28 ±  0.085 1.01 ±  0.120 2.47E-6 ±  4.9E-7 

NZ -0.29 ±  0.014 0.92 ±  0.021 2.55E-6 ±  6.6E-7 

TMAZ -0.25 ±  0.106 0.56 ±  0.049 3.80E-5 ±  7.5E-6 
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