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The sensitization characteristics of 310S stainless steel that was aged at 500 to 900 °C for less than 60 

min were investigated by using a double-loop electrochemical potentiokinetic reactivation test (DL-

EPR), scanning electron microscopy (SEM) and energy dispersive analysis (EDS). The 310S stainless 

steel was almost unsensitized after the aging treatments at 600 and 900 °C and was seriously sensitized 

at 700 and 750 °C. With the increase in aging time from 10 to 60 min, the degree of sensitization changed 

very slightly after aging at 600 and 900 °C and noticeably enlarged after aging at 700 and 800 °C. The 

precipitation of carbides during the short-term aging process led to Cr depletion at the grain boundary 

and then sensitized the 310S specimens. 
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1. INTRODUCTION 

 

Currently, electric water heaters are among the most common household appliances. Water-

storage type electric water heaters are widely used in daily life due to their low energy consumption and 

because their characteristics are unaffected by weather 1. 310S austenitic stainless steel exhibits good 

high temperature performances and resistance to corrosion due to its high chromium content 2 and is 

often used as a heating pipe for electric water heaters. However, when electric water heaters are used in  

regions with poor water quality, internal components, such as heating pipes produced with stainless 

steels, are prone to corrosion failure in hot tap water environments [3-5]. 

Stainless steel is sensitized during manufacturing processes, such as welding and annealing 

treatments in the temperature range of 450 to 900 °C, and the susceptibility to intergranular corrosion 

must be increased [6-15]. The sensitization mechanisms of stainless steel are mainly related to Cr 

depletion and the segregation of impurities at the grain boundary. The Cr depletion theory is widely 
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accepted in practice [16-19]. Due to the supersaturated state in stainless steel, some C atoms combine 

with metal atoms such as Cr and Fe to form (Cr, Fe)23C6 carbide during the cooling stage after the 

solution treatment. The precipitation of carbides at the grain boundaries causes in the formation of a Cr-

depleted zone [20,21]. Qian 22 observed the Cr-depletion and C-rich zone at the interface between the 

M23C6 carbides and the matrix, which are mainly responsible for the intergranular corrosion of 310S 

stainless steel at the grain boundaries. Tavares 23 used the double-loop electrochemical potentiokinetic 

reactivation test (DL-EPR) [24-31] to calculate the sensitization degree (Ir/Ia value) of 310S stainless 

steel after aging at 600 to 800 °C for 4 to 210 h. The Ir/Ia value increases with aging time for 600 °C but 

generally reaches a maximum value after a period of aging time (≥ 4 h) for the processes above 650 °C. 

For the 4 h aging process, the 750 °C temperature may produce the largest Ir/Ia value. The reports [23,32] 

indicate that prolonged thermal aging contributes to the microstructure instability being self-healed by 

eliminating the Cr-depletion zone through extensive diffusion of Cr from the matrix. The influence of 

heat treatment on the sensitization of stainless steel is usually represented by the time-temperature-

sensitization (TTS) curve. The TTS curve shows the sensitized and nonsensitized regions [33,34], in 

which the sensitization temperature within the shortest time can be determined. Based on the 

intergranular corrosion test results, Parvathavarthini 33 constructed TTS diagrams of the 304 and 316 

stainless steels with different degrees of cold work that ranged from 0 to 25%. The nose temperatures of 

304 and 316 stainless steels were 650 and 750 °C, respectively. Dománková 34 obtained the TTS curve 

of 316 stainless steel through an oxalic etching experiment. The fastest sensitization occurred at a nose 

tip temperature of 800 °C for approximately 20 min.  

The 310S stainless steel heating pipe is subjected to high-temperature treatments such as brazing 

and solution annealing in the manufacturing process. During the cooling process, the heating pipe 

remains in the sensitization temperature range for a short time. However, the short-term aging effect on 

the sensitization characteristics of 310S stainless steel is still unclear. In this paper, the sensitization 

behavior of 310S stainless steel was studied after short-term aging at 500 to 900 °C. The main purpose 

of the study was to provide fundamental information for the manufacture and application of electric 

heating tubes. 

 

 

 

2. EXPERIMENTAL 

2.1 Specimen preparation  

A commercial 310S austenitic stainless steel strip with a thickness of approximately 0.4 mm was 

used as the test material. Table 1 lists the chemical composition of the strip. The steel strips were cut 

into 10 mm × 10 mm specimens through wire cutting. A solid solution treatment was conducted for all 

specimens at 1070 °C for 30 min and then the specimens were quenched in water. Subsequently, the 

aging treatments of the specimens were carried out at 500 to 900 °C for 10 to 60 min (water quenching). 
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Table 1. Chemical composition (wt.%) of the 310S austenitic stainless steel 

 

C Mn P Si Cr Ni Mo N Ti Al Fe 

0.04 1.21 0.02 0.74 23.9 19.0 0.01 0.18 0.01 0.02 Bal.   

 

2.2 Double-loop electrochemical potentiokinetic reactivation (DL-EPR) test 

The DL-EPR test was performed with a three-electrode system. The saturated calomel electrode 

(SCE), platinum plate, and specimen were used as the reference electrode, auxiliary electrode, and 

working electrode, respectively, on a Princeton PMC1000 electrochemical workstation. The test solution 

was 2 mol L-1 H2SO4 + 0.05 mol L-1 KSCN solution at 30 ± 1 °C. For the electrochemical measurements, 

each specimen was successively ground with 1000 grit SiC paper, welded to a copper wire, and mounted 

in epoxy resin leaving 1 cm2 working area. Prior to each experiment, the working surface is ground with 

2000 grit SiC paper, polished with a 1.0 μm diamond polishing agent and cleaned with alcohol and 

distilled water. Before the DL-EPR test, the specimen was immersed in the electrolyte for 10 min to 

obtain a nearly steady corrosion state. According to the International Standard ISO 12732:2008, the 

anodic polarization was conducted from the corrosion potential and returned at 300 mV versus SCE with 

a scanning rate of 1.667 mV s-1. The electrochemical measurement is repeated at least three times for 

each type of specimen to confirm its reproducibility. 

 

2.3 Microscopic microstructure and surface characterization 

To observe the precipitation phase that was formed during the aging treatment, the specimens 

were electrolytically etched in a 10 wt.% oxalic acid solution. The intergranular precipitation phase and 

the specimen surface after the DL-EPR test were analyzed using a Gemini300 scanning electron 

microscope (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS). 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Effect of the aging temperature on the degree of sensitization  

Fig.1 shows the typical DL-EPR curves for the specimens after the solid solution treatment and 

isothermal aging were performed at 500 to 900 °C for 60 min. With increasing electrode potential, the 

anodic current density in each DL-EPR curve gradually increases, and an activation peak appears at 

approximately -0.1 VSCE. Subsequently, the current density gradually decreases, indicating that the 

specimen enters the passivation zone and forms a passive film on the surfaces. During the reverse 

scanning process, with the continuous decrease in electrode potential to approximately -0.2 VSCE, the 

passive film dissolves at weak areas such as the grain boundary and Cr-depletion zone, resulting in the 

formation of a reactivation peak 36. The aging treatment has an insignificant influence on the current 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 22097 

  

4 

density of the activation peak, with a value of approximately 149 mA cm-2, which is similar to the results 

in the literature [22,36]. The current density of reactivation peak is approximately 15 μA cm-2 for the 

solutionized specimen and noticeably increases from approximately 24 to 54 mA cm-2 with changing the 

aging temperature from 500 to 700 C but greatly decreases to approximately 61 μA cm-2 with further 

increases in the aging temperature from 700 to 900 C. 

 

 

  
 

Figure 1. Typical DL-EPR curves in 2 mol L-1 H2SO4 + 0.05 mol L-1 KSCN solution at 30 °C for the 

310S specimens that were solutionized and aged at different temperatures for 60 min. Scan rate 

1.667 mV s-1 

 

 

The degree of sensitization (DOS) of the 310S stainless steel can be calculated with the following 

equation 35:  

DOS =
𝐼𝑟

𝐼𝑎
 × 100%                                              (1) 

where Ia and Ir are the current densities of the activation peak and reactivation peak in the DL-

EPR curve, respectively. Fig. 2 shows the DOS values of 310S specimens that were aged at various 

temperatures for 60 min. The DOS value is approximately 0.011 ± 0.001% for the solutionized 

specimens. In comparison with the solution treatment, the aging treatment at 500 °C has a very slight 

influence on the DOS value which is approximately 0.015 ± 0.001 %. By changing the aging temperature 

to 600 and 650 °C, the DOS values gently increase to 0.75 ± 0.084 % and 1.01 ± 0.212%, respectively. 

For the aging treatments at 700 and 750 °C, the DOS values increase markedly to 33.13 ± 0.964% and 

27.81 ± 1.16%, respectively, which are much higher than in the other cases. With a further increase in 

the aging temperature to 800 and 900 °C, the DOS values drop to 2.95 ± 0.195% and 0.04 ± 0.004%, 
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respectively. The DOS values are at the same level for the solution treatment and the aging treatments 

at 500 and 900 °C. 

 

 
 

Figure 2. Degree of sensitization (DOS) obtained on the basis of DL-EPR tests for 310S specimens that 

were aged at 500 to 900 °C for 60 min 

 

 

Fig. 3 shows the surface morphologies of the specimens after the DL-EPR test. The specimens 

with the solution treatment and the aging treatments at 500 and 600 °C have similar corrosion surface 

features, as shown for a typical specimen in Fig. 3(a) for aging at 600 °C. The equiaxed austenite grains 

and the step structure can be clearly observed on the surfaces according to Standard ASTM-A262, but 

there is no corrosion ditch at the grain boundaries. After aging at 700 °C in Fig. 3(b) and 750 °C (not 

provided here), severe intergranular corrosion occurs on the specimen surfaces. The grains are 

surrounded by corrosion ditches, which are the serious ditch structures according to Standard ASTM-

A262. For the specimen that was aged at 800 °C and are shown in Fig. 3(c), the corroded specimen 

surface displays a dual structure with steps and some discontinuous ditches or small pits at the grain 

boundaries, but no one grain was completely surrounded by the ditches. The specimens that were aged 

at 650 °C present corrosion features similar to those observed in Fig. 3(c). As the aging temperature 

increases to 900 °C, the specimen surface shows very slight traces of corrosion at the grain boundaries 

in Fig. 3(d). 

According to above observation and the suggested correlation of the DOS value with 

sensitization in the International Standard ISO 12732:2008, it can be concluded that, after 60 min of 

aging treatment, the 310S stainless steel was almost not sensitized at temperatures 500, 600 and 900 °C, 

slightly sensitized at 650 and 800 °C, and seriously sensitized at 700 and 750 °C. The aging at 700 °C 

results in the highest degree of sensitization in comparison with those at other temperatures. 
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Figure 3. SEM micrographs of surface corrosion morphologies after the DL-EPR test for the 310S 

specimens that were aged at different temperatures for 60 min: (a) 600 °C, (b) 700 °C, (c) 800 

°C and (d) 900 °C.  

 

 

3.2 Effect of aging time on the degree of sensitization  

The aging time is an important factor that influences the sensitization of 310S stainless steel. Fig. 

4 provides the DOS values of the specimens that were aged at 500 to 900 °C for different times. The 

DOS values insignificantly change with aging time and are very small (i.e., less than 0.8%) for the 500, 

600 and 900 °C processes. In particular, the 500 and 900 °C treatments resulted in DOS values of less 

than 0.1%. These values are indicative of the unsensitized states for the specimens aged at the three 

temperatures. Furthermore, with increasing aging time from 10 to 60 min, the DOS value slightly 

increases from approximately 0.019% to 0.75% for aging at 600 °C, but decreases from approximately 

0.081% to 0.038% for aging at 900 °C. However, the DOS values greatly increase with the aging time 

for the 700 and 800 °C specimens, especially for the 700 °C treatment which causes the enlargement 

from 2.40 ± 0.11% to 33.13 ± 0.96%, which are both larger than the critical value of 1% for the 

occurrence of sensitization according to Standard ISO 12732:2008. These results indicate that a 

noticeable increase in the sensitization degree occurs with aging time under the two aging temperature 

conditions. This is related to the diffusion replenishment rate of Cr at the grain boundary slower than the 

Cr loss rate caused by carbide precipitation during the short-time aging treatment within 60 min. The 

gradual increase of DOS value with aging time for the treatments at 600, 700 and 800 °C was also 

observed on the duplex stainless steels 2507, which is attributed to the precipitation of intergranular 
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second phase at the grain boundaries [37-38]. However, the DOS value for 310S stainless steel may 

reach the maxima after aging at 700 and 750 °C for 4 h [23]. The variation of DOS value with time at 

900 °C reflects that aging for10 min is sufficient for Cr diffusion from the grain to the grain boundary. 

The recovery of Cr content in the depletion zone enhances the intergranular corrosion resistance. This is 

similar to the sensitization evolution of type 430 stainless steel aged at 800 °C [39]. 

 

 
 

Figure 4. DOS values of the 310S specimens obtained on the basis of DL-EPR tests as a function of 

aging time at different temperatures from 500 to 900 °C 

 

 

Fig. 5 shows the typical SEM micrographs of the corrosion morphologies after the DL-EPR test 

for the 310S specimens that were aged at 700 °C with different times from 10 to 40 min. Fig. 3(b) shows 

the SEM morphology for the aging time of 60 min. After aging for 10 min in Fig. 5(a), there are shallow 

steps between the grains and some discontinuous ditches and small pits at the grain boundaries, which 

is a dual structure according to Standard ASTM-A262. After aging for 20 min, as shown in Fig. 5(b), 

some continuous corrosion grooves form between the grains but do not surround the grains. After aging 

for 30 min and longer times in Fig. 5(c, d) and Fig. 3(b), the corrosion becomes more serious. The 

corrosion ditches gradually surrounded the grains on the specimen surfaces. These results confirm that 

sensitization takes place for the 310S stainless steel after aging at 700 °C for 10 min and is markedly 

enhanced with aging time. 
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Figure 5. SEM micrographs of surface corrosion morphologies after the DL-EPR test of the specimens 

that were aged at 700 °C for different times. (a) 10 min, (b) 20 min, (c) 30 min and (d) 40 min. 

 

3.3 XRD analysis 

Fig. 6 shows the XRD patterns of the specimens after the solid solution treatment and the aging 

at 700 °C for 60 min. Both curves present the same response peaks. This indicates that the new phases, 

such as the precipitates formed in the aging process, cannot be detected by the XRD analysis. The 

contents of the second phases must be very small in the specimens after they are aged at 700 °C for 60 

min despite the appearance of relatively high DOS values. 

 

3.4 Precipitation of carbide 

The relatively high free energy at the grain boundary of the material provides the driving force 

for the solid phase transformation reaction of the second phase precipitation [40]. The 310S specimens 

that were aged at 700 °C for 10, 30 and 60 min and 800 and 900 °C for 60 min, were electrolytically 

etched at 4.5 V in the 10 wt.% oxalic acid solution to observe the precipitates. Fig. 7 shows the grain 

boundary morphologies of these etched specimens. 
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Figure 6. XRD patterns of the specimens after the solution treatment and aging at 700 °C for 60 min 

 

 
 

Figure 7. Grain boundary morphologies of the 310S specimens that were aged at 700 °C for (a) 10 min, 

(b) 30 min and (c) 60 min and at (d) 800 °C and (e) 900 °C for 60 min. (etched at 4.5V in 10 

wt.% oxalic acid solution) 
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It is very difficult to find any precipitates at the grain boundaries in the specimen that were aged 

at 700 °C for 10 min, as shown in Fig. 7(a). For a longer aging time of 30 min in Fig. 7(b), there are 

some small precipitates at the grain boundaries of the aged specimen. After aging at 700 °C for 60 min, 

as shown in Fig. 7(c), the grain boundaries are serrated, and many large precipitates form around the 

grain boundaries. For the higher aging temperatures at 800 and 900 °C for 60 min, the size of the 

precipitated phase becomes relatively larger, as shown in Fig. 7(d, e). Table 2 lists the element contents 

that were detected by EDS analysis at the three positions marked in Fig. 7(c-e). C and Cr are significantly 

enriched in the precipitates. According to the literature [22,23,41-43], these precipitates are mainly the 

Cr-rich M23C6 carbide phase. 

 

 

Table 2. EDS results for element content (wt.%) at the positions marked in Figure 7. 

 

Position C Cr Mn Fe Ni 

1 9.48 26.76 1.01 46.15 16.6 

2 10.32 38.16 1.31 37.76 12.44 

3 13.86 26.1 1.28 43.17 15.59 

 

 

It is apparent that the carbide phase is preferentially precipitated at the grain boundary after the 

aging of 310S stainless steel. The growth of the M23C6 phase is mainly controlled by the diffusion rate 

of Cr atoms inside the grains. According to the literature [44,45], the diffusion coefficient D of Cr can 

be calculated by the following equation: 

𝐷 = 𝐷0exp (
−𝑄

𝑅𝑇
)                                                 (2) 

where D0 is a constant and Q is the activation energy of Cr diffusion. The size of the M23C6 phase 

(r) can be calculated according to Zener’s empirical relation as follows [45]: 

𝑟 = 𝛽√𝐷𝑡                                                       (3) 

where β is a constant and t is the aging time. Equation (3) indicates that the carbides may grow 

with the extension of aging time at a given temperature. Thus, it is seen in Fig. 7(b, c) that the carbide 

size becomes slightly larger as the aging time is extended from 30 to 60 min at 700 °C. At the same time, 

these two equations mean that the higher aging temperature facilitates carbide growth due to the larger 

D value, i.e., the faster Cr diffusion rate. This is responsible for the increase of carbide size with changing 

aging temperature from 700 to 900 °C, as shown in Fig. 7(c-e). 

The carbide precipitation must consume a large amount of Cr elements. Due to the large atomic 

radius of Cr, the diffusion rate of Cr is much lower than that of C. This means that the Cr consumption 

at the grain boundary cannot be replenished in a timely manner by the diffusion of Cr from the grain and 

then inevitably results in forming the Cr-depletion zone along the grain boundary [46,47]. Preferential 

corrosion may occur along the Cr-depletion zones at the grain boundaries [48-51]. This is the main 

reason for the appearance of corrosion ditches in Figs. 3, 5, and 7, i.e., the occurrence of sensitization in 
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the 310S stainless steel. It is clear that the Cr concentration plays an important role in the sensitizing 

process at the grain boundary, which is related to the aging time as follows [44]: 

CCr = C0exp (- k
t

 tmax 
)                                            (4) 

where k is a constant, t is the aging time, tmax is the time to achieve complete sensitization at a 

given temperature, C0 is the original concentration of Cr, and CCr is the concentration of Cr after aging 

for t time. For the relatively low aging temperatures, the diffusion rate of C atoms is too slow to aggregate 

with Cr atoms at the grain boundaries and form the Cr-depletion zone. This must be the main reason for 

the insignificant changes in the DOS value with aging time at 500 °C. Under aging temperatures of 600 

to 800 °C, the formation of Cr depletion at the grain boundary is controlled by the Cr diffusion process 

[20]. The Cr atoms in the grain cannot diffuse to the grain boundary in a timely manner. Equation (4) 

shows that the concentration CCr gradually decreases with aging time t at a given temperature before 

reaching complete sensitization. This is mainly responsible for the higher DOS values that are observed 

after the longer aging treatments at 600 to 800 °C, as seen in Fig. 4. Moreover, it is speculated that the 

greatest diffusion rate difference between C and Cr atoms may appear at the aging temperature 

approximately 700 °C, which results in the most serious Cr depletion at the grain boundary and then 

produces the highest DOS values in comparison with those of the other aging temperatures. A high 

correlation is well known to exist between the DOS value and the width of the Cr-depletion zone [52]. 

According to the literature [41], the wider the Cr-depletion zone is, the higher the DOS value. As the 

aging temperature changes to 800 °C, the difference in diffusion rate between Cr and C atoms may 

decrease. The Cr atoms in the crystals more easily diffuse to the grain boundaries, which greatly 

accelerates the healing of the Cr-depletion zone induced by carbide precipitation [23]. When the aging 

temperature increases to 900 °C, the solubility of C atoms and the diffusion rate of Cr atoms become 

noticeably higher, which may result in a very small tmax value. The Cr atoms in the grains rapidly 

replenish to the grain boundaries with aging time, which inhibits the depletion of Cr at the grain 

boundaries. As a result, the DOS value is very small and decreases slightly with aging time. 

 

 

 

4. CONCLUSIONS 

The sensitization characteristics of 310S stainless steel were studied after aging the steel at 500 

to 900 °C for 10 to 60 min. The main conclusions are as follows: 

(1) After the aging treatments are performed for 60 min, 310S stainless steel exhibits very low 

DOS values for the aging temperatures of 500 and 900 °C, which are similar to those for the solution 

treatment. The DOS value becomes slightly higher with the aging temperature of 600 °C but is still less 

than 1%. Almost no sensitization occurs for the aging temperatures of 500, 600 and 900 °C. The aging 

temperatures of 650 and 800 °C result in a slight sensitization for 310S stainless steel with DOS values 

in the range of 1% to 3%. Under aging temperatures of 700 and 750 °C, serious sensitization is observed 

in 310S stainless steel with much higher DOS values of approximately 28% to 33%. The highest 

sensitization degree appears at the aging temperature of 700 °C. 
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(2) With the increase in aging time from 10 to 60 min, the DOS values are very small (i.e., less 

than 0.8%) and very slight changes are observed under aging temperatures of 500, 600 and 900 °C. 

However, the DOS values are higher than the critical value of sensitization and have marked 

enlargements under aging temperatures of 700 and 800 °C. 

(3) Some small carbides appear at the grain boundaries after aging for 30 min at 700 °C and 

become larger with increasing the aging time to 60 min or the aging temperature. The carbide 

precipitation results in Cr depletion at the grain boundary, and this depletion is the main factor 

responsible for the sensitization of 310S stainless steel. 
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