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Stainless steel (STS), which contains over 10.5 wt% chromium (Cr), forms a passive film in various envi-

ronments, providing superior corrosion resistance compared to conventional steels. However, exposure to

marine atmospheric conditions and prolonged high temperatures can compromise the protective function of

this passive film, leading to pitting corrosion. This study investigates the pitting behavior and corrosion

characteristics of STS304 specimens using salt spray testing (SST) and electrochemical analysis. SST was

conducted on both as-received STS304 specimens and those subjected to high-temperature exposure

(H_STS304), with cumulative exposure durations of 200, 300, 400, and 500 hours in 100-hour intervals.

Analysis of the 3D surface profiles revealed that the frequency and size of pitting corrosion increased with

longer salt spray exposure times, a trend that became more pronounced after high-temperature exposure.

Additionally, H_STS304 exhibited a less stable passive region during polarization tests and showed sig-

nificant potential fluctuations in open circuit potential (OCP) measurements.
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1. Introduction

Austenitic stainless steel, a Cr-Ni based alloy primarily

composed of chromium (Cr) and nickel (Ni), possesses

excellent corrosion resistance, mechanical strength, and

formability. Owing to these properties, stainless steel is

widely used in various industries such as chemical,

marine, and food processing industries [1-3]. Additionally,

its high thermal conductivity makes it a suitable material

for heat exchangers exposed to high-temperature and

high-humidity environments, including chemical process

piping and storage tanks [4,5].

However, the superior properties of STS 304 can degrade

when exposed to elevated temperatures. Particularly within

the sensitization range of 550 ~ 800 oC, chromium and

carbon in the alloy may form chromium carbides (Cr23C₆)

along grain boundaries, resulting in chromium depletion

[6-9]. This phenomenon is a major cause of corrosion

resistance degradation [10,11], leading to localized

corrosion forms such as intergranular corrosion (IGC),

intergranular stress corrosion cracking (IGSCC), and

pitting corrosion. When exposed to saline environments,

chloride ions (Cl⁻) can penetrate the metal surface, disrupt

the passive film, and promote pitting by forming metal

chlorides [12-15].

To mitigate localized corrosion, solution heat treatment

(SHT) is often applied to dissolve chromium-depleted

zones [16,17]. Furthermore, the addition of stabilizing

elements such as niobium (Nb) and titanium (Ti) has been

investigated to suppress carbide precipitation and improve

resistance to intergranular corrosion by preventing

chromium depletion at grain boundaries [18-20]. Recent

studies also aim to elucidate the influence of microstructural

changes induced by high-temperature exposure on

corrosion behavior and to quantitatively analyze the

relationship between microstructural stability and

corrosion resistance [21-23].

Although several studies have qualitatively investigated

the microstructural changes of STS 304 under high-
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temperature exposure and their effects on corrosion

behavior, quantitative assessments of localized corrosion

in chloride-containing environments remain limited

[24,25]. Some attempts have been made to analyze the

relationship between pit morphology and electrochemical

characteristics. However, systematic investigations that

incorporate thermal degradation effects are still lacking.

Therefore, further studies are required to quantitatively

establish the correlation between microstructural stability

and corrosion resistance of STS 304 after high-

temperature exposure. In this study, the localized

corrosion behavior of STS 304 after high-temperature

exposure was quantitatively investigated. To simulate

chloride-rich service environments, salt spray testing

(SST) was conducted, and pit morphology was

characterized using a 3D confocal laser scanning

microscope. Additionally, open circuit potential (OCP)

and polarization tests were performed to analyze the

correlation between electrochemical behavior and

corrosion resistance.

2. Experimental Methods

2.1 Specimen

The alloy specimens used in this study were austenitic

stainless steel STS 304, and their chemical composition

is presented in Table 1. The specimens were prepared in

the form of thin films with dimensions of 100 mm × 24 mm

and a thickness of 0.05 mm as shown in Fig. 1a. Surface

roughness analysis was performed using an AFM (NX10,

Park Systems, Korea) and a 3D confocal microscope (VK-

X3000, Keyence, Japan) at Gyeongkuk National Univer-

sity, and the average roughness (Ra) was measured to be

4–7 μm. Specimens that had been exposed to high

temperatures were designated as H_STS 304, while those

without such exposure were referred to as STS 304.

2.2 Salt Spray Test

To evaluate the corrosion resistance of the metal, a salt

spray test was conducted to simulate the corrosion

mechanism in a seawater-like environment. The appearance

of the specimens after testing is shown in Fig. 1b. The

test conditions were established based on relevant

standards, including ASTM B117, ISO 9227, and KS

D9502 [26]. The test was performed using a 5 wt% NaCl

aqueous solution under the conditions listed in Table 2.

The corrosion characteristics of the specimens were

evaluated at cumulative exposure times of 200, 300, 400,

and 500 hours.

2.3 Electrochemical Corrosion Test

To investigate the electrochemical characteristics,

anodic polarization tests and open circuit potential (OCP)

measurements were performed. Each specimen was

prepared by attaching a shielded copper wire to the

Table 1. Chemical composition of Stainless steel 304 (wt%)

Composition C Si Mn P S Cr Ni Fe

wt% 0.08 1 2 0.045 0.03 18-20 8-10.5 Bal.

Fig. 1. The specimen (a) before and (b) after the salt spray test

Table 2. Conditions of the cyclic salt spray test

Step Mode Time

1 35 oC, 5 wt% NaCl spray, 35% RH 2 hours

2 70 oC, 30% RH (Dry condition) 2 hours

3 50 oC, 95% RH (Humid condition) 2 hours

One cycle (Step 1 + Step 2 + Step 3) 6 hours

Total test time: 200, 300, 400, 500 hours
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backside using carbon tape and embedding it in epoxy

resin, exposing only a 0.25 cm2 surface area. A 5 wt%

NaCl aqueous solution (40.4 g of NaCl in 800 mL of

distilled water) was used as an electrolyte. A saturated

calomel electrode (SCE) served as the reference electrode,

and a high-density graphite rod was used as the counter

electrode. The configuration of the three-electrode system

is shown in Fig. 2. The solution temperature was maintained

at room temperature (25 ± 1 oC), and dissolved oxygen was

removed by purging with N2 gas at a flow rate of 250 mL/

min for 30 minutes. The polarization test was carried out

by applying a potential sweep from -200 mV relative to

the corrosion potential at a scan rate of 3.333 mV/s, and

the test was terminated upon reaching the pitting potential.

The OCP test was conducted for 20 hours under open

circuit conditions to monitor the variation in corrosion

potential. Both tests were performed under identical conditions

using a multichannel electrochemical workstation (ZIVE

MP1, WonATech, Korea).

2.4 Measurement of 3D surface profile

To quantitatively analyze the pit morphology of STS

304 and H_STS 304 specimens as a function of salt spray

exposure time, the pit depth and width were measured

using a 3D confocal laser scanning microscope (VK-

X3000, Keyence, Japan). Four specimens were prepared

for each exposure duration. From each specimen, 10

representative pits were randomly selected from the

central region, resulting in a total of 40 measurement

points per time condition. These pit dimensions were

quantitatively analyzed and subsequently used for

statistical comparison. As the edge regions of specimens

during salt spray testing are known to promote solution

accumulation [27,28], measurements were performed

primarily in the central region, at least 1 cm inward from

the edges, to minimize distortion.

3. Results and Discussion

Fig. 3 shows the polarization curves of STS 304 and

H_STS 304 specimens in a 5 wt% NaCl solution. The

experiment was terminated upon reaching the pitting

potential. Both specimens exhibited the typical active-

passive transition behavior of austenitic stainless steel,

with the formation of a passive region beyond a certain

potential. Table 3 summarizes the corrosion potential

(Ecorr) and pitting potential (Epit) obtained using the Tafel

extrapolation method. H_STS 304 exhibited a lower Ecorr

of -0.265 VSCE and Epit of 0.148 VSCE, compared to -0.211

VSCE and 0.222 VSCE, respectively, for STS 304. This

corresponds to reductions of 0.054 VSCE and 0.074 VSCE.

These results suggest a decrease in the overall corrosion

resistance of the H_STS 304 specimen [29,30].

Additionally, the H_STS 304 specimen exhibited a

gradual increase in current density within the same

potential range of the passive region, and the overall

Fig. 2. Schematic illustration of the three-electrode electrochemical
measurement system

Fig. 3. Anodic polarization curves of STS 304 and H_STS
304 in 5 wt% NaCl solution

Table 3. Comparison of Ecorr and Epit for STS 304 and
H_STS 304 in 5 wt% NaCl solution

Specimen Ecorr, V (SCE) Epit, V (SCE)

STS 304 -0.211 0.222

H_STS 304 -0.265 0.148
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passive potential range was relatively narrower than that

of STS 304.

Fig. 4 shows the open circuit potential (OCP)

measurements of STS 304 and H_STS 304 specimens in

a 5 wt% NaCl solution over a period of 20 hours.

Immediately after the start of the measurement, both

specimens exhibited a sharp ennoblement in potential,

which is attributed to the rapid formation of a passive

film [31]. The potential of STS 304 stabilized around

-0.222 VSCE, with a maximum potential of -0.156 VSCE.

In contrast, the H_STS 304 specimen exhibited a more

noble maximum potential of -0.086 VSCE compared to

STS 304, suggesting apparently higher corrosion

resistance in the electrolyte environment. However, its

potential failed to stabilize and exhibited repeated

irregular fluctuations. These results indicate that the

passive film formed on the surface of the H_STS 304

specimen was less stable. The potential oscillations are

presumed to be caused by non-uniform formation of the

passive film, or by the repeated processes of local

breakdown and re-passivation [32,33]. This phenomenon

has been widely reported to occur within the temperature

range of 550 ~ 800 oC, and the high-temperature exposure

condition in this study is suggested to have contributed

to such behavior [34].

Although overall corrosion severity can be assessed by

measuring the weight loss caused by localized pitting, it
Fig. 4. Open circuit potential (OCP) curves of STS 304 and
H_STS 304 in 5 wt% NaCl solution

Fig. 5. Comparison of pit depth and width evolution in STS 304 and H_STS 304 after salt spray testing; (a) STS 304 depth; (b)
STS 304 width; (c) H_STS 304 depth; (d) H_STS 304 width
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is inherently difficult to quantitatively evaluate the

distribution and severity of damage due to the localized

nature of pitting corrosion. Therefore, in this study, the

pit depth and width of STS 304 and H_STS 304 specimens

were quantitatively measured using a 3D confocal laser

scanning microscope as a function of salt spray exposure

time. The analysis was conducted by categorizing the

specimens into four groups for each material, corresponding

to exposure durations of 200, 300, 400, and 500 hours.

The measured pit depths and widths were visualized using

box plots, and 3D surface images were additionally

employed to enhance the understanding of pit distribution

characteristics.

Fig. 5 presents the statistical distribution of pit depth

and width over time. The box represents the interquartile

range from the 25th to 75th percentiles, the internal

horizontal line indicates the median, the whiskers extend

from the 10th to 90th percentiles, and the red symbols

denote the mean value. The average values of pit size

according to exposure time are summarized in Table 4,

and linear trendlines were added to clarify the progression

trend. The results showed a gradual increase in both pit

depth and width over time for both specimen types. In

particular, the H_STS 304 specimens exhibited larger

average pit sizes and a broader distribution in both the

box and whisker ranges, indicating greater variability in

pit dimensions. This suggests that pitting did not occur

uniformly across the surface and that microstructural

changes due to high-temperature exposure may have

caused differences in local corrosion susceptibility. This

phenomenon is likely caused by the precipitation of

chromium carbides (Cr23C6) during prolonged exposure

and slow cooling below the solution treatment

temperature. This leads to chromium depletion near grain

boundaries, which increases susceptibility to localized

corrosion [34]. The slope of the trendlines quantitatively

Table 4. Average pit width (μm) and depth (μm) with corresponding trendline slopes for STS 304 and H_STS 304 after salt
spray exposure at 200, 300, 400 and 500 hours

Spray Time

Specimen
200 hours 300 hours 400 hours 500 hours Slope

STS 304
Width 22.0 21.9 27.3 33.4 0.040

Depth 2.6 2.8 3.4 6.1 0.011

H_STS 304
Width 22.0 26.7 36.2 45.7 0.081

Depth 5.8 7.6 9.9 12.4 0.022

Fig. 6. Time-dependent 3D surface morphology of STS 304 and H_STS 304 specimens after the salt spray test: (a), (e) 200
hours, (b), (f) 300 hours, (c), (g) 400 hours, and (d), (h) 500 hours
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represents the time-dependent rate of pit size increase and

serves as an indicator for comparing localized corrosion

progression between specimens. According to Table 4,

the slope for pit width and depth in H_STS 304 was

0.081 μm/hour and 0.022 μm/hour, respectively. In

contrast, STS 304 exhibited lower rates, with slopes of

0.040 μm/hour for width and 0.011 μm/hour for depth.

These results indicate that pitting progressed more rapidly

and severely in the heat-exposed specimens under identical

exposure conditions. Therefore, the slope of the trendline

can serve as a quantitative indicator of localized corrosion

susceptibility. It also provides a practical metric for

evaluating corrosion resistance degradation caused by

high-temperature exposure.

Fig. 6 visually displays the pit morphology and

distribution observed on the specimen surfaces using a

3D confocal laser scanning microscope. Compared to STS

304, the H_STS 304 specimens showed larger and more

irregular pits distributed across a wider area. The localized

concentration of pits observed in certain regions

corresponds well with the broader variation and non-

uniform distribution trends indicated in Fig. 4. These

results suggest that the passive film was not uniformly

maintained across the surface but instead experienced

localized degradation. The 3D image analysis supports

the non-uniform nature of localized corrosion revealed by

the quantitative data.

4. Conclusions

In conclusion, the corrosion resistance of STS 304

austenitic stainless steel was shown to deteriorate

following heat treatment, as confirmed by electrochemical

polarization and salt spray tests. The H_STS 304

specimens exhibited lower corrosion potential (Ecorr) and

pitting potential (Epit), along with unstable open-circuit

potential (OCP) behavior, indicating reduced passive film

stability. Three-dimensional surface profiling indicated

that the H_STS 304 specimens had larger average pit sizes

and greater variation in pit morphology, suggesting more

severe and uneven localized corrosion. These findings

align with previous studies attributing corrosion

degradation to grain boundary sensitization caused by

Cr23C6 precipitation. Therefore, components such as heat

exchanger materials exposed to marine environments at

elevated temperatures can exhibit significant susceptibility

to corrosion depending on the applied heat treatment

conditions.
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