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In this study, the corrosion mechanism of 316 stainless steel subjected to wet—dry cyclic accelerated
corrosion test in a simulated salt lake atmosphere under ultraviolet (UV) illumination was investigated.
The corrosion mechanism was investigated by analyzing the corrosion morphologies, corrosion
products, in-situ electrochemical impedance spectroscopy (EIS) with micro-distance electrodes and
Mott-Schottky measurements. The results revealed that UV illumination inhibited the corrosion rate of
the 316 stainless steel with an increase in the corrosion time. In addition, UV illumination had no
significant effect on the type of corrosion products but changed the relative amount of the corrosion
products. Furthermore, the corrosion process of the 316 stainless steel under UV illumination was
affected by the photovoltaic effect of the semiconductor corrosion products.
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1. INTRODUCTION

Atmospheric corrosion is an electrochemical process that occurs in metals and its surrounding
environment. Owing to the importance of atmospheric corrosion, tremendous attention have been
devoted to investigate the effect of environmental factors such as temperatue [1, 2], relative humidity [3,
4], time of wetness [5], and salt particles in the air [6, 7], on the atmospheric corrosion of metals. In
recent years, an increasing number of researchers have investigated the effects of ultraviolet (UV)
illumination on the atmospheric corrosion of metals. Previous studies have reported that UV illumination
has a significant effect on the atmospheric corrosion process of metals. For example, Song demonstrated
that UV illumination significantly affected the corrosion behavior of weathering steels in NaCl
atmosphere [8]. In addition, Liu revealed that the thickness of the rust layer of carbon steel increases, a
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large number of voids and cracks are formed, and the corrosion rate is significantly accelerated under
UV exposure [9]. Furthermore, Chen and Liang investigated the effect of UV illumination on the
atmospheric corrosion of silver, and found that UV illumination promoted the decomposition of oxygen,
accelerated the generation of silver oxide, and significantly accelerated the corrosion rate of silver [10,
11]. These studies attributed the promotion of the corrosion of metal by UV illumination to the
photovoltaic effect of the semiconducting corrosion products.

Generally, stainless steels exhibit higher corrosion resistance than several metals under
atmospheric conditions. The corrosion of stainless steel is performed as non-uinform corrosion, chloride-
induced pitting corrosion. Tremendous efforts have been devoted to investigate the effect of UV
illumination on the corrosion process of stainless steels in bulk solution. For example, Fujimoto revealed
that UV illumination inhibited the pitting corrosion of stainless steel [12]. In addition, Macdonaled
revealed that the pitting resistance of stainless steel was enhanced at low power densities but reduced at
high power densities [13]. However, the corrosion behavior of stainless steels in atmospheric
environment is relatively different from that in solution. Studies on the influence of UV illumination on
the corrosion behavior of stainless steels in atmospheric environment are rare. There are hundreds of salt
lakes in Northwest China, and the high rates of natural and high sea-salt deposition in these lakes
aggravate the atmospheric corrosion in this region. The environmental parameters in a salt lake
atmosphere are listed in Table 1. Moreover, the salt lake atmosphere remains more UV illumination than
marine atmosphere. Previous studies have reported that the corrosion of stainless steel in a salt lake
atmosphere is significantly different from that in a marine armosphere [14]. Therefore, it is important to
extensively investigatet the effect of UV illumination on the corrosion behavior of stainless steel in salt
lake atmosphere.

Table 1. Environmental conditions of the salt lake atmosphere

Average Average Average  Saline particles  Natural deposition
temperature rainfull evaporation (mg m day?) (g m? mouth™)

(°C year)  (mmyear?)  (mm year™) Soluble  Insoluble
17.5 38.3 3067 19.16 23.19 20.98

Because the corrosion process is an electrochemical process, the real-time detection technology
of atmospheric corrosion based on electrochemical analysis has received significant attention in recent
years. These technologies include atmospheric corrosion monitors (ACM) [15, 16] and Kelvin probes
[17, 18]. However, some factors limit the further application of these methods: some are unsuitable for
for practical field monitoring, while others only provide the severity of the degree of corrosion but cannot
provide direct information on the prevailing electrochemical processes. In contrast, in-situ
electrochemical impedance spectroscopy (EIS) technique is a non-destructive method for investigating
the atmospheric corrosion of metals, and have been successfully applied to provide real-time and direct
information on the corrosion behavior of metals [19-22].
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In this study, the corrosion behavior of 316 stainless steel (316 SS) subjected to a simulated salt
lake atmosphere, where relative humidity and temperature are controlled according to actual atmosphere,
has been studied by in situ electrochemical impedance spectroscopy (EIS) with micro-distance
electrodes and Mott-Schottky measurements, and the corrosion morphology and product composition of
316 stainless steel were also characterized. Furthermore, the influence of UV illumination on the
corrosion mechanism was discussed. The combined results were used to elucidate the effect of UV
illumination on the corrosion behavior of the 316 SS in a salt lake atmosphere.

2. EXPERIMENTAL

2.1 Sample preparation and electrode preparation

In this study, 316 SS with an elemental composition (in mass%) of 10.7% Ni, 16.8% Cr, 2.2%
Mo, 1.28% Mn, 0.04% N, 0.3% Si, 0,04% C, 0.26P, 0.002%S and Fe balance, was used as the test
material. Plate specimens with a dimension of 50 mm x 25 mm x 3 mm were cut from the test sample
and used for the corrosion morphology and product composition analysis. In addition, plate specimens
with a dimension of 10 mm x 10 mm x 3 mm were cut from the test sample, and used for the EIS
analysis. To facilitate the collection of electrical signals, comb shaped micro-distance electrodes were
prepared from the 316 SS plates according to previous studies [23]. The plates were separated by a thin
insulation layer, after which they were embedded in epoxy. The distance between the two plates was
limited to approximately 60 um. Subesquently, the micro-distance electrodes were grounded with a 2000
# grade emery paper, after which they were stored in a desiccator at least 24 h, and then subjected to the
wet - dry cyclic corrosion test.

2.2 Wet—dry cyclic accelerated test

To investigate the effects of UV illumination on the corrosion behavior of 316SS exposed to a
simulated salt lake environment, the Weiss-Voetsch temperature and climatic test system was employed
for the wet—dry cyclic corrosion test. The samples used for wet—dry cyclic corrosion test were divided
into two layers in the the test chamber: the upper layer was exposed to UV illumination, and the lower
layer was not exposed to UV illumination. The two layers were separated by a radiation-proof material.
A 15 W quartz UV lamp, which generated UV illumination in the spectral range of 290-400 nm, was
used as the light source. The UV intensity of the exposed sample surface was 2.4 W/m?, as measured by
a UVAB light meter (Tenmars-TM213) [24].

The wet—dry cyclic corrosion test was conduted for a total of 60 d, and included the following
steps within 48 h: (1) coating the samples surface with 20 uL/cm? of 0.1 mol/L MgCl; (simulating a salt
lake atmosphere) and oven drying at 40 °C, (2) wetting the samples in a test box set at 30 °C and 80%
relative humidity for 60 min, with the UV light source turned off, (3) drying the samples in a box
maintained at 30 °C and 20% relative humidity for 120 min, with the UV light source turned on, and (4)
repeating steps (2) and (3) 15 times.
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2.3 Electrochemical measurements

Electrochemical tests, including the in-situ EIS and Mott-Schottky test were conducted to
investigate the effect of illumination on the corrosion behavior of the 316 SS in a simulated salt lake
atmosphere. Owing to the possible incertitude of the corrosion measurements, three parallel samples
were used for all electrochemical measurements in each group. For the in-situ EIS experiments, the test
frequency was set between 100 kHz to 10 mHz, and the scanning frequency during the test was always
carried out from high to low frequency. The measured EIS data were fitted using a commercial software
“Zsimpwin”. In addition, the semiconductor properties of the passive film were evaluated by Mott-
Schottky tests. A traditional three-electrode glass cell (i.e., the exposed sample, a platinum plate, and a
saturated calomel electrode (SCE) were used as the working electrode, counter electrode and reference
electrode, respectively) was used for Mott-Schottky measurements at room temperature. Prior to the
Mott-Schottky tests, a 1800 s open-current potential (OCP) test was carried out and a stable OCP value
was obtained. To avoid the interference of frequency with capacitance, a frequency of 1000 Hz was
selected [25]. The Mott-Schottky diagram was measured in the potential (Vsce) range from -0.6 - 0.3
Vsck, at a potential step of 20 mV.

2.4 Characterization of corrosion products

The two-dimensional (2D) and three-dimensional (3D) surface morphologies of the corrosion
samples were recorded using a stereomicroscope (Zeiss Stemi 508) and non-contact laser scanning
confocal microscope (LSCM, Zeiss LSM-700). The surface roughness was also recorded using LSCM.
The composition of the corrosion products was analyzed by X-ray photoelectron spectroscopy (XPS,
ESCALAB250) with Al Ka excitation (hv=1,486.6 eV). The X-ray source and the analyzer pass energy
were 50.0 eV. The current of the measured sample during the experiment was 2 mA, and the
bombardment area was 2 mm x 2 mm. The binding energy was calibrated using standard carbon
contamination (284.6 eV). The XPS data were processed using software of XPSPEAK 4.1 softare.

3. RESULTS AND DISCUSSTION

3.1. Electrochemical impedance spectroscopy measurements

EIS is an effective technique for investigaintg the corrosion behaviors of materials because it can
provide non-destructive estimation of the corrosion rate and determine the mechanisms of the interface
processes related to corrosion [23]. In this study, in-situ EIS analysis was carried out to directly
investigate the corrosion process of 316 SS using specially micro-distance electrodes. Fig. 3a and b show
the Nyquist diagrams of the 316 SS in simulated salt lake atmosphere with and without UV illumination
at different corrosion times.

Fig. 3c shows the equivalent circuit constructed to fit the EIS results. In the equivalent circuit, Rs
is the resistance of solution; Qr and Ry are used to describe the dielectric properties of the corrosion
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product layer; and Qu and Rt represent the charge transfer process. Previous studies have reported that
although the corrosion rate can be calculated from the polarization resistance (Rp), the correlation
between the charge transfer resistance Rct and the corrosion rate is more accurate than that of Rp because
Rt depends only on the faradaic processes of the charge transfer controlled corrosion. In addition, when
the impedance response is more than the one time constant, the calculation of the corrosion rate using
Rp results in an incorrect result [26,27]. In this study, the corrosion rate of the 316 SS exposed to the salt
lake atmosphere was characterized using the reciprocal of the charge transfer resistance, Rct. Fig. 3d
shows the trend in the change of the reciprocal of Ret with respect to the corrosion time. Obviously, the
1/Rct value of the 316 SS under UV illumination was less than that without UV illumination, indicating
that UV illumination inhibited the corrosion of 316 SS exposed to a simulated salt lake atmosphere. In
previous studies, photoinhibition of nickel pitting corrosion was observed by S. Lenhart for the first time
[28]. Next, P. Schmuki and H. Bohni reported that UV illumination resulted in a significant increase in
pitting resistance of pure iron [29]. Subsequently, S. Fujimoto found that UV can promote a selective
enrichment of Cr in passive film and suppress pitting corrosion on stainless steel [12]. In these reports,
the inhibition of stainless steel pitting under UV illumination is consistent with the results obtained in
salt lake atmosphere. However, the mechanism of UV illumination on the pitting corrosion of stainless
steel has not been solved.
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Figure 3. In-situ EIS results of 316 SS after different corrosion times: (a) Nyquist diagrams, without UV
illumination, (b) Nyquist diagrams, with UV illumination, (c) Equivalent circuits and (d)
Reciprocal of Ret.

3.2. Mott-Schottky measurements

Fig. 4a. shows the Mott-Schottky plots of the 316 SS in simulated salt lake atmosphere with and
without UV illumination after 10 and 60 d. Positive slopes were observed in the potential range from
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—0.6-0.3 Vsce, wWhich could be attributed to the n-type semi-conductive passivation film. The Mott-
Schottky equation for n-type semiconductors can be expressed as [30]:

=2 (£-E —k—T) )
egpeNp FB ¢

where g0 is the dielectric constant of the free space (8.85x 1014 F/cm), ¢ is the dielectric constant
of the passive film, e is the electron charge (1.602 x 107%° C), k is the Boltzman constant (1.38 x 1072
J/IK), and Np is the carrier density of the passive film. Erg and T are the flat band potential and the
absolute temperature, respectively. kT/e is approximately 25 mV at room temperature, which is
negligible. The carrier density value, Np, of the 316 SS under UV illumination was calculated using the
slope of the Mott-Schottky plots after linear fitting, and Np is the expressed as follows:

dc2 2
Ksiope = dE ggpeNp (2)
2 dcr_,
D= @( dE ) 3)

Fig. 4b shows the Np results of the 316 SS with and without UV illumination after 10 and 60 d.
Several researchers [31-33] have reported that Np reflects the conductivity of passive film: a lower Np
implies a higher film resistance, indicating the good protection of the passive film; A higher Np value
indicates that the passive film is more susceptive to pitting. In this study, the Np value under UV
illumination was low, indicating that the passive film exhibited good corrosion resistance. This indicates
that UV illumination inhibited the corrosion rate of the 316 SS exposed to a simulated salt lake
atmosphere.
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Figure 4. (a) Mott-Schottky plots of 316SS with UV illumination and without UV illumination after 10
and 60 days, (b) the values of carrier density Np

3.3. Morphologies analysis of corrosion products

The surface macro-morphologies of the 316 SS with and without UV illumination after 10 d and
60 d were observed using a stereomicroscope. A few yellow rust layers were observed on the surface of
the 316 SS exposed for 10 d without UV illumination (Fig. 5a). With an increase in the corroison time,
the corrosion of the 316 SS aggravated and the yellow rust layer gradually covered the surface of the
316 SS (Fig. 5b). In contrast, under UV illumination, no rust layer was observed on the surface of the
316 SS after 10 d, and only a small amount of yellow rust layer appeared on the surface of the 316 SS
after 60 d (Fig. 5¢c and d). In addition, naked white pits were formed on the surface of the 316 SS under
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UV illumination or not. These pit morphologies were affected by the amount of MgCl», the changes of
internal resistance between the anode and cathode area, and the ionic conductivity and diffusivity in
highly concentrated solutions. These pit morphologies are consistent with our previous reports [34].
Macro-morphologies observation provides the most intuitive information on the degree of corrosion of
the sample surface.

Figure 5. Stereomicroscope photos of the surface of 316 SS without (a and b) and with (c and d) UV
illumination conditions: (a) and (c),10 days, (b) and (d) 60 days.

LSCM simultaneously provides information on the surface morphology and roughness
information of the rust layer surface. Fig. 6 shows the 3D images and surface roughness values of the
316 SS with and without UV illumination. All the results were obtained for the same parameter and the
area size The change in the image color can reflect the degree of corrosion of the sample surface. A
green color indicates that the corrosion is close to the substrate of the stainless steels. With an increase
in the corrosion products, the color gradually changed to green, yellow, orange and red sequentially. In
addition, the surface roughness (Ra) measurements revealed that the Ra value of the 316 SS without UV
illumination was approximately 0.359 um after 10 d (Fig. 6a). After 60 d, the Ra value of the sample
without UV illumination was approximately 0.754 um (Fig. 6b). In contrast, the Ra values of the surface
of the 316 SS under UV illumination after 10 and 60 d were 0.183 um and 0.265 um, respectively, which
were signifitly lower than those without UV illumination (Fig. 6¢ and d). The aforedescribed results
indicate that the corrosion of the 316 SS without UV illumination was severe compared to that with UV
illumination. These results indicate that UV illumination significantly inhibited the corrosion of the 316
SS in a simulated salt lake atmosphere.
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Figure 6. LSCM photos and 3D surface roughness values of the surface of 316 SS without (a and b) and
with (c and d) UV illumination conditions: (a) and (c),10 days, (b) and (d) 60 days.

3.4. Composition of corrosion products

It is well known that the composition and evolution of corrosion products are closely related to
the subsequent corrosion behavior of metals. Because only a small amount of corrosion products was
deposited on the 316 SS surface, X-ray diffraction (XRD) analysis can not obtain the evolution
information of the composition of the corrosion products as a function of corrosion time [35,36]. Thus,
in this study, XPS was used to examine the composition of the corrosion products to understand the
evolution of corrosion products as a function of the corrosion time. Fig. 7 shows the XPS spectra showing
the composition of the corrosion products of the 316 SS with and without UV illumination after 10 and
60 d, particularly for the Fe 2p2s3, Cr 2p2s3 core-level spectra. In the Fe 2p23 spectrum, four corrosion
product components were observed: Fe(l1) oxide-Feox?*, Fe(Il1) oxide- Feo *, Fe(lll) hydroxide- Fenyd
and LDH- Fey, with binding energies of 709.4, 710.7, 711.7 and 714.3 eV, respectively. In addition, as
shown in the Cr2pass spectrum, Cr was present as Cr (I11) oxide-Cro>*, Cr (111) hydroxide-Crhya and Cr
(V1) oxide-Cro®* at binding energies of 576.4, 577.4 and 578.8 eV, respectively. In addition, the
exposure to UV illumination had no effect on the composition of the corrosion products of the 316 SS
in salt lake atmosphere with respect to exposure time.
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Figure 7. Effect of UV illumination on the corrosion product composition of 316 SS in salt lake
atmosphere after 10 and 60 days.

The relative amount of [hydroxide] and [oxide] in the primary Cr and Fe compounds contained
in the corrosion products are shown in Fig. 8. UV illumination had no significant effect on the type of
corrosion products, however, had a significant effect on their relative amount. The relative amount of
Fenya under UV illumination was lower than that without UV illumination after 10 d, indicating that UV
illumination inhibited the formation of Fenyg. However, the relative amounts of Feo®" and Feo’* after
10 and 60 d under UV illumination were slightly higher than those without UV illumination. In addition,
UV illumination affected the relative amounts of Cr compounds. The relative amounts of Cro®" and
Crnyq after 10 d under UV illumination were higher than those without UV illumination. In addition, the
relative amount of Cro®" increased significantly after 60 d, whereas the relative amount of Crayg under
UV illumination was significantly lower than that without UV illumination. However, the relative
amounts of Cre,®* under UV illumination were lower than those without UV illumination. These results
indicate that UV illumination promoted the formation of Cro®* and inhibited the formation of Crhy.
Previous studies have reported that Cr20s film is dense and usually exhibits superior protection, whereas
Cr (OH)s film is loose, and exhibits weak protection [37,38]. Thus, the high Cr.O3 content in the passive
film with an increase in corrosion time is favorable for improving the corrosion resistance of the 316 SS.
Therefore, with an increase in the corrosion time, the corrosion rate of the 316 SS under UV illumination
decreased (in Fig. 3d), which could be attributed to the increased protection of the corrosion products.
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Figure 8. Effect of UV illumination on the relative amount of Fe/Cr-containing corrosion products after
10 and 60 days.

3.5. Corrosion mechanism

Fig. 9 shows the schematic illustratin of a model explaining the interaction mechnism between
photons and semiconductor corrosion products such as n-type FeOOH and p-type Cr203, under UV
illumination, which is similar to the model suggested by Gerischer and Burleigh [39,40]. The left part of
the model represents the 316 stainless steel, the middle part represents FeOOH and Cr20s3, and the right
side is the thin liquid film of MgCl.. The lower part on the potential scale is positive, and the upper part
is the negative potential.

FeOOH is a representative n-type semiconductor corrosion products, with conduction band (CB)
and valence band (VB) potentials of 0.58 and 3.18 V (vs. SHE), respectively, The CB potential of
FeOOH lies slightly above its Fermi level. Moreover, the redox potential of O2/H,0 is 1.229 (vs. SHE),
which is more positive than the Fermi level of FeOOH [8,41]. When FeOOH is covered with a thin
liquid film of MgCl, the Fermi level of FeEOOH moves toward a positive direction to reach an
equilibrium value. Thus, the new Fermi level of FeOOH was located between the original Fermi level
of FeOOH and the redox potential of O2/H,O. Consequently, the energy band of FeOOH at FeOOH /
MgCl. solution interface shifts downward. In contrast, the Fermi level of the p-type semiconductor,
Cr203, (CB-0.57 V, VB-2.93 V) lies slightly below its VB potential [42]. When Cr20s3 is covered with a
thin liquid film of MgCl., the Fermi level of Cr20O3 will shift toward a negative direction to achieve an
equilibrium value. Consequently, the energy band of Cr.Oz in the Cr.03 / MgCl; solution interface shifts
upward. The positions of the Fermi level, CB potential and VB potential of FeOOH and Cr,03, formed
on the 316 SS surface covered with a thin liquid film of MgCl; are also shown in Fig. 9.
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The edge of the light absorption bands of FeOOH and Cr20sz are 477 nm and 354nm, respectively.
Consequently, under UV illumination, the corrosion products respond to the UV illumination to generate
photogenerated electron-hole pairs. The corrosion mechanism of FeOOH and Cr,03 on the 316 SS
followed opposite trend. In addition, there may be a competition between the corrosion mechanism of
FeOOH and Cr20s. The electrons stored in the VB of FeOOH are excited into the CB, thus leaving holes
in the VB, which leads to the separation of photogenerated electron-hole paris. Consequently, The
electrons in the CB will flow down to the interface of MgCl; electrolyte, thus accelerating the oxygen
reduction reactions. Meanwhile, the positive holes left in the VB flow into the 316 SS, and the holes
capture the electrons generated during the anodic dissolution process of 316 SS and accelerated its
atmospheric corrosion process. In contrast, the photogenerated electrons of Cr.Os move to the surface
of the 316 SS under UV illumination, thus providing cathodic protection for the 316 SS substrate.
Consequently, the anodic dissolution of the 316 SS surface was prohibited. The corrosion tendency of
the 316 SS under UV light illumination mainly depended on the relative content of Fe and Cr
compounds. These results indicate that the relative amount of Cr.Os increased gradually with an increase
in the corrosion time, and the corrosion rate the 316 SS exposed to a simulated salt lake atmosphere was
inhibited by UV illumination.

Potential ’
‘ Photons

Stainless steel

______________ == Ep 0,— OH
gap
e 093 g‘/
3.18 MgCl, electrolyte
VB h+v\
+

Figure 9. Schematic illustration of the interaction between photons and n-type FEOOH. p-tyte Cr.O3
semiconductors covered with MgCl: electrolyte under UV illumination.

5. CONCLUSION

In summary, the inhibitory effect of UV illumination on the atmospheric corrosion rate of 316
SS exposed to a simulated salt lake atmosphere was investigated. The corrosion rate was quantitatively
characterized by the charge transfer resistance (Rct), which was measured using in-situ EIS techniques.
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The results revealed that UV illumination had no significant effect on the type of corrosion products but
changed the relative amount of corrosion products, thus affecting the subsequent corrosion behavior of
the 316 SS. In addition, UV illumination had a significant effect on the corrosion of the 316 SS in a salt
lake atmosphere, which could be mainly attributed to the photovoltaic effect of the semiconducting
corrosion products. Among them, the n-type semiconductor (such as FeOOH) and p-type semiconductor
(such as Cr203) corrosion products had opposite effects on the corrosion process of the 316 SS under
UV illumination.
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