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The corrosion behavior of 316L SS and 304 SS in an alkaline environment of lithium extraction from
salt-lake was investigated by using electrochemical measurements and immersion test. 316L SS exhibits
better corrosion resistance in comparison to 304SS, which is indicated by smaller passive current density
(ip), lower carrier densities (Np and Na), and greater passive film resistance (Ry), as well as higher charge
transfer resistance (Rct). The two stainless steels occur obvious intergranular corrosion, and severe
corrosion characteristics are presented inside the grain of 304 SS. The difference in the corrosion
behavior of the two stainless steels are related to chemical composition, grain size, number of twins,
oxide and passive film.
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1. INTRODUCTION

Austentitic stainless steels of 304 and 316L are widely used in the construction field, engineering
equipment, food industry, and medical instrument due to excellent corrosion resistance. [1-4]. For the
wide application of the two alloys, a large amount of literature have reported the corrosion behavior and
mechanism of 304 SS and 316L SS in a variety of service environments. Wang [5] investigated the
microbial corrosion behavior of 304 SS and 316 SS in an anaerobic oilfield environment. It was found
that the corrosion current density (icorr) of 304 SS was 101 times higher than that of 316L SS, and the
resistance of 3161 SS to microbial corrosion was higher compared with 304 SS. The influence of
chloride ion on the corrosion behavior of metals has been widely reported[6-8], and the related literature
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on 304 SS and 316 SS are as follows. Martins [9] found significant corrosion of 304 SS and 316 SS
helium water supply tubes due to the generation of chloride ions. Rokuro Nishimura [10] investigated
the effect of chloride ion on stress corrosion cracking (SCC) behavior of 304 and 316 SS in acidic
solution. The results showed that chloride ion acted as SCC promoter, and the SCC sensitivity increased
with increasing chloride ion concentration. Yao [11] investigated the influence of alkaline concrete pore
solution containing red mud (RM) and fly ash (FA), as well as chloride ion on the corrosion behavior of
304SS. During corrosion process, the negative charge in FA competes with Cl” for adsorption, and
thereby 304SS is more resistant to chloride ion. Through the analysis of previous research results, 304
SS and 316L SS have unique advantage in corrosion resistance under different environments.

The deterioration of the ecological environment caused by the use of fossil fuels has become one
of major problems for countries around the world [ 12-14]. The rapid development of new energy vehicles
and energy storage industry has gradually increased the demand for raw material lithium [15-17].
Currently, elemental lithium is mainly purified and processed from ores, seawater and salt-lake brines
[18-20]. Lithium extraction from ores causes huge energy loss and serious environmental pollution.
Seawater is inexhaustible, but the high production cost and complicated technology also hinder the
industry. Therefore, lithium extraction from salt-lake brines has become an important industrial
production method and has received increasing attention [19, 21]. The core of extraction is the separation
of alkaline earth metal ions such as Li, Ca, and Mg from brines in salt-lakes, and the main methods used
are extraction, electrodialysis, and precipitation [22-24]. At present, lithium extraction in alkaline media
is the focus of research. The lix54 and Cyanex 923 synergistic solvent extraction (SSX) system
developed by Pranolo et al [25] extracted 97% of the lithium from the chloride solution synthesized from
the salt-lake brines in an alkaline environment, with remarkable eparation. Zhang et al. [26] used 7
(HBTA) synergistically with tri-n-octylphosphine oxide (TOPO) to extract the alkaline brine synthesized
by HBTA-TOPO, which could extract 95.5% of Li. Equipments and containers may suffer severe
corrosion due to strongly alkaline environment during production or experimental processes,
accelerating the shortening of service life of equipment. However, the related reports on the corrosion
behavior of metals in Li-containing environment are rare. Therefore, to adapt to the excellent lithium
extraction technique, it is necessary to investigate the suitable materials to provide high protection for
lithtum extraction equipment. In this work, the corrosion behavior of 304 SS and 316L SS in a strong
alkali environment containing lithium was studied by a series of corrosion tests. The results can supply
a reference for the industry of lithium extraction.

2. EXPERIMENTAL

2.1. Material and solution

304 SS and 316L SS plates were cut into the samples with a dimension of 10 mm x10 mm x 3
mm and sequentially abraded from 320 to 2000 grit SiC paper. Subsequently, they were rinsed with
deionized water and alcohol, and then dried with cold air. The samples were soldered to the Cu wire and
packaged with epoxy resin, exposing only a measuring surface of 1 cm?. In this paper, 20g/L LiOH
solution was employed as the simulated environment of lithium extraction from a Chinese salt-lake
located in Northwest China.
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2.2. Microstructural analysis

The microstructure characteristics of 304 SS and 316L SS were analyzed detailly via scanning
electron microscope (SEM, FEI-quanta250), and energy dispersive X-ray spectroscopy (EDS). Before
the observation, the two stainless steels were etched with aqua regia.

2.3. Electrochemical tests

The electrochemical tests were performed via a CHI660e electrochemical workstation with a
conventional three-electrode system, in which 304 SS and 316L SS samples were the working electrode,
saturated calomel electrode (SCE) was acted as the reference electrode, and the Pt plate as the counter
electrode. The working electrode was immersed in the solution for 0.5h to ensure that a steady-state
value of corrosion potential was achieved before measurement. Potentiodynamic polarization test was
conducted at various solution temperatures of 35°C, 45°C and 55°C with a scan rate of 1 mV/s from -1
V 10 0.6 V. The EIS curve was measured under an interference signal of 10 mV with a frequency range
of 100 kHz ~10 mHz at open circuit potential. Before Mott-Schottky curve test, the surface passive films
were grown at a constant polarized potential of 0.32 V (vs.SCE) for 2h. Then, the Mott-Schottky curve
was tested at 1 kHz with a step length of 50 mV, and the potential scan range was from -1 to 0.4 V (vs.
SCE).

2.4. Immersion test

Immersion test was performed with polished 304 SS and 316L SS samples, which were
thoroughly washed, dried, and weighed. The two alloys were soaked in the test solution for 20 days.
After the test, the specimens were taken out for rust cleaning, drying, and weighing. Subsequently, the
average corrosion rates of 304 SS and 316L SS samples were calculated according to their weight loss
values before and after immersion test. Finally, the corrosion characteristics of the two alloys tested in
the simulated environment of lithium extraction from salt-lake were observed by SEM and
stereomicroscope.

The above tests were performed at 35°C except the potentiodynamic polarization test.

3. RESULTS AND DISCUSSION

3.1. Microstructure analysis

Fig. 1 illustrates the microstructure and EDS analysis of 304 SS and 316L SS. Both the two
stainless steels mainly consist of single-phase austenite structure. 304 SS exhibits smaller grain size in
comparison with 316L SS, and their average grain sizes are 10.37 um and 15.34 um, respectively. From
Fig. 1(a,c), it is clear that twins are observed in both 304 SS and 316L SS. Nevertheless, more twins are
presented in 304 SS. As compared to 316L SS, some white fine particles (such as the black dashed circle
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range) are randomly distributed on the surface of 304 SS in Fig. 1(a). And there are no obvious particles
existing in 316L SS.
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Figure 1. Microstructure and EDS result of 304 SS (a,b) and 316L SS (c,d)

Fig. 1(b,d) displays the EDS results of grain interior and grain boundary (GB) of 304 SS and 316L
SS, indicating that the contents of major alloying elements of Cr and Fe are approximately the same.
However, 316L SS has about 2% Mo, and more Ni content than those of 304 SS. Additionally, for the
two alloys, the Cr content at grain boundary is slightly lower than that in the internal of grain. This may
be due to the fact that the diffusion rate of Cr within the grain is less than that along the grain boundary
[27-28].

Further analysis of the white particles in Fig.1(a) was performed by EDS. As shown in Fig. 2,
white spherical particles distributed nearly GB regions are defined as oxides containing O, Al, Ti, C, Cr,
Co, Ni, Mn, Mg, Ca, and Fe.
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Figure 2. morphology (a) and EDS result (b) of oxide within 304 SS
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3.2. Electrochemical measurements

Fig. 3 exhibits the potentiodynamic polarization curves of 304 SSL and 316L SS in LiOH
solution. The similar passive characteristics imply that passive films are generated on the surfaces of
two alloys. This may be attributed to the fact that the two stainless steels have the similar elemental
composition (Fig. 1(b,d)) and they are covered with a passivation film containing chromium [29-30]. In
Fig. 3(d), as solution temperature increases, the ip values of the two alloys increase, and 316L SS exhibits
lower ip at various temperatures, compared with those of 304 SS. In general, the i, reflects the corrosion
rate of passivated metals. The larger i, means the greater dissolution rate of passive film [31-32]. Hence,
the corrosion resistance of 316L SS in LiOH solution is better than that of 304 SS. Furthermore, an
increased temperature decreases the passivity and corrosion resistance of the two metals indicated by the
change tendency of ip.
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Figure 3. Potentiodynamic polarization curves of 304 SS and 316L SS in a simulated alkaline
environment for lithium extraction at different temperatures: (a) 35°C; (b) 45°C; (c¢) 55°C; (d)
fitted ip values.
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The influence of temperature on the corrosion resistance of the two stainless steels is inversely
proportional, which can be analyzed from several respects. On the one hand, the dissolved oxygen
content decreases with the increase of temperature. When the oxygen content is lower than the critical
value, there is no enough oxygen to involve in the cathodic reaction, and the corrosion process is
inhibited [33]. On the other hand, the increase of temperature causes an increase in the defects inside the
passivation film. Additionally, the diffusion coefficient of the solution ions increases as the temperature
rises[34]. The penetration ability of harmful ions to the passivation film is enhanced, thus it is more
likely to generate pitting corrosion and deterioration of corrosion resistance of the two alloys at higher
temperature.

The Nyquist and Bode plots for 304 SS and 316L SS tested in LiOH solution are presented in
Fig. 4. In Fig. 4a, two curves present incomplete capacitive characteristics. 316L SS exhibits the larger
radius of capacitive arc. The difference in the charge transfer between the two phases of
electrolyte/electrode causes different arc radius [35]. The larger the radius, the better the corrosion
resistance is. In Fig. 4(b), it is observed that the impedance modulus of 316L SS is greater than that of
304 SS in the low-frequency range (0.01 Hz < f <1 Hz). Combining with the curves in Fig.3, the above
characteristics imply that the resistance of the metal to polarization is influenced by the performance of
passive film [36]. Thus, 316L SS has superior passive film property. Moreover, the phase angle of 316L
SSis larger than that of 304 SS in the medium frequency range with a maximum value of 84° as displayed
in Fig 4(c). The larger phase angle reflects the stronger protection of the passive film [37]. In summary,
a more stable and high protective passive film is produced on the 316L SS, which improves its anti-
corrosion property. This is consistent with the results of potentiodynamic polarization curve.

To intuitively compare the corrosion resistance of 304 SS and 316L SS, the measured EIS data
was further fitted and analyzed using an equivalent circuit (Fig. 5). In the equivalent circuit diagram, Rs
is the solution resistance; Rf is the passive film resistance; Rt is the charge transfer resistance
(solution/substrate); Qr denotes the passive film capacitance, and Qa is the non-ideal electric double
layer capacitance. The corresponding fitted values for each component are presented in Table 1. A
significant difference between 304 SS and 316L SS is emerged. Obviously, the Rf and R¢t of 316L SS are
greater, with the R¢t value of 316L SS being an order of magnitude more than 304 SS. Furthermore,
316L SS possesses the lower Q. Generally, the larger Rf and smaller Qs indicate the less defects in the
dense passive film [38]. Additionally, the reciprocal magnitude of Rct (1/Rct) can characterize the
corrosion rate. The greater the 1/Rc, the larger the corrosion rate is [39]. Hence, 316L SS exhibits better
anti-corrosion performance.
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Figure 4. EIS curves of 304 SS and 316L SS in a simulated alkaline environment for lithium extraction
at 35°C: (a) Nyquist plots; (b, ¢) Bode plots.
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Figure 5. Equivalent circuit for fitting EIS data.

Table 1. The fitted electrochemical parameters for EIS data tested in a simulated alkaline environment
for lithium extraction at 35°C.

ss Rs Qs Ry Qui Ret
(Q-cm?) (10°Qts".cm?) (10*Q-cm?) (1051 s".cm) (10*Q-cm?)
304 SS 3.316 4.663 1.538 2.562 3.642

316L SS 4.797 3.660 3.673 1.393 17.470
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The semiconductor properties of passive films grown on 304 SS and 316L SS were investigated
by the Mott-Schottky curve. The relationship between the space charge capacitance (C) and the applied

electrode potential (E) can be expressed by Formula 1 [40].
2

st E—Ep =) 1)

c? — gggeN

The positive and negative slopes of the Mott-Schottky curve correspond to the "+" and "-" signs
in the above formula, indicating the n-type or p-type semiconductor characteristics of passive film. The
donor (Np) and acceptor (Na) densities were obtained from the slopes of the curves. In addition, ¢ is the
dielectric constant (15.6) [41], o is the vacuum dielectric constant (8.854 x 102 F-m™), e is the electron
charge (1.602189 x 102° C), N denotes the carrier density, K represents the Boltzmann constant (1.38 x
1022 J-K™), and T denotes the absolute temperature. E is the applied electrode potential and Es, is the
flat-band potential.
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Figure 6. Mott-Schottky plots (a), carrier density (b), and thickness of passive films (c) produced on the
two stainless steels at a passive potential of 0.32 V for 2 h.

Fig. 6(a) exhibits the Mott-Schottky curves of 304 SS and 306L SS, and the two curves exhibit
similar shapes. In the whole potential range, the curves can be divided into two segments. As the voltage
increases, the composition and structure of the passive film changes, which can be reflected by the
variation in the slope of the curve. The Np and Na are the structural defects within the crystals, and the
degree of defects in the passive film can be reflected by their values [42]. Fig. 6(b) exhibits the Np and
Na values of 304 SS and 316L SS. According to the histogram, it is found that the Np and Na values of
316L SS are smaller in comparison with 304 SS, which indicates that the passive film of 316L SS is
denser, which can prevent harmful ions from passing through the passive film and avoid the solution



Int. J. Electrochem. Sci., 17 (2022) Article Number: 2212111 9

directly contact with the substrate, resulting in the lower pitting sensitivity [43-44]. The passive film
thickness (d) was calculated by Formula 2.

_ Zsso(E—Efb—g)/e 1/
d=| oD 172 )

Fig. 6(c) shows the difference in the thickness of passive films of the two stainless steels. For
304 SS, the thinner passive film is easy to dissolve and rupture, hence its protection is weaker than 316L

SS.

3.3. Immersion test

Fig. 8 displays the corrosion characteristics of 304 SS and 316L SS immersed in LiOH solution
for 20 days. In Fig. 8, significant intergranular corrosion occurs in both 304 SS and 316 L SS. On the
surface of corroded 304 SS, large-sized corrosion pits appear and dense pinhole pits are distributed at
their bottom. A great amount of pits with different sizes are generated around GB regions. Moreover,
severe pitting characteristics are observed in the interior of grains. Some pits gradually fuse and develop
into larger size one. Compared to 304 SS, 316L SS exhibits a slighter corrosion status, with less small
pits occurred inside of grains. Fig. 7 shows the average corrosion rates of 304 SS and 316L SS, with 304
SS showing a significantly higher corrosion rate, which corresponds to the corrosion morphologies of
the two alloys after immersion shown in Fig. 8.
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Figure 7. Corrosion rates of 304 SS and 316L SS immersed in a simulated alkaline environment for
lithium extraction at 35°C for 20 days

Differences in microstructure can affect the corrosion resistance of alloys. It is well known that
GB possesses irregular atomic arrangement, high dislocation density, and uneven element distribution.
In addition, many defects and impurities are easily aggregated at GB areas [45]. Thus, the high
electrochemical activity of GBs results in the preferential destruction of passive film located at these
regions, and the direct contact of harmful ions in solution with GB through defects of passive film leads
to the occurrence of intergranular corrosion. By comparing the amount of twins in Fig. 1(a,c), more twins
are presented in 304 SS. The twin regions are susceptible to corrosion due to high atomic energy and
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electrochemical activity [46]. In addition, many literature have reported that large grain size can promote
the anti-corrosion property of metals[47-48]. Therefore, 316L SS exhibits superior corrosion resistance.

Figure 8. Corrosion morphologies of 304 SS and 316L SS immersed in a simulated alkaline environment
for lithium extraction at 35°C for 20 days: (a,b) 304 SS; (c,d) 316L SS

As shown in Fig. 2, it is found that oxides containing C and Cr are located near the grain
boundaries of 304 SS. The formation of oxides causes the Cr content at the grain boundaries (Fig. 1(b,d))
to be slightly lower than that in the grain interior. This phenomenon has been mentioned in the following
studies. Meng [49] calculated that the diffusion energy of Cr element at grain boundaries is 162-252
kJ/mol, while its diffusion energy inside the grains is 540 kJ/mol, and confirmed that elemental Cr more
readily precipitates on GB regions and forms carbides or oxides. The appearance of Cr-depleted grain
boundaries causes a decrease in the homogeneity and stability of the passive film grown on the surface
of alloys. Furthermore, Kondo, Tsisar, and Kimura et al [50-52] verified that the precipitated carbides
positively contributed to the selective dissolution of the substrate adjoining the GB. Consequently, Cr
depletion at GBs is one of the main causes of intergranular corrosion.
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Figure 9. Corrosion morphologies of 304 SS and 316L SS immersed in a simulated alkaline environment
for lithium extraction at 35°C for 20 days: (al,b1) 2D and 3D of 304 SS; (a2,b2) 2D and 3D of
316L SS; (c1,c2) the corresponding data.

Fig. 9 illustrates the two/three-dimensional corrosion morphologies of the two stainless steels
immersed in LiOH solution for 20 days, which shows obvious intergranular corrosion characteristics.
Fig. 9 (c1,c2) reveals the height variation of the section where the straight lines located in Fig.9 (al,a2).
By comparing with 316L SS, 304 SS exhibits the distinct depth change, with some larger and deeper
corrosion pits. Known from the above results, 316L SS possesses better anti-corrosion resistance in
comparison to 304SS.
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Except for the grain size and the amount of twins, the difference in the corrosion behavior of the
two stainless steels is also attributed to different contents of Mo and Ni in their matrix. The related
reports pointed out that Mo improved the compactness of passivation film and inhibited the occurrence
of pitting [53-54]. Wu [55] found that Ni combined with anions in solution while enriching passivation
film, preventing harmful ions from penetrating passivation film. Thus, by contrast with 304 SS, higher
contents of Mo and Ni increase the anti-corrosion resistance of 316L SS. Additionally, according to the
EDS results in Fig. 1, the pitting resistance equivalent number (PREN = wt.% Cr + 3.3-wt.% Mo + 16-
wt.% N) was calculated to explain the difference in the susceptibility to pitting corrosion [56]. The larger
the PREN, the higher the pitting resistance is [57]. In this text, the PREN value of 316L SS (24.73) is
nobler than that of 304 SS (17.95). In addition, for 304 SS, the presence of oxides near grain boundaries
accelerates the occurrence of pitting corrosion. Due to different corrosion potentials between the oxide
and the matrix, the oxide may act as the cathode and the matrix serves as the anode, which induces local
micro-galvanic corrosion. The electrochemical stability near the oxide is disrupted, increasing the
susceptibility to pitting corrosion [58]. Meanwhile, the physical properties of oxide and matrix are
different, hence, the internal stresses generated by the formation of oxides causes lattice distortion of the
grains [59], decreasing the pitting resistance of 304 SS. The smaller grain size of 304 SS means a higher
percentage of grain boundaries. The high activity of GBs leads to poorer stability of the passivation film
in their vicinity. As the percentage of GB increases, the pitting-sensitive areas increase, thus pitting is
more likely to occur inside the grain regions close to the GBs. Consequently, severe corrosion
characteristics are exhibited inside the grains of 304 SS.

4. CONCLUSIONS

The corrosion behavior of 316L SS and 304 SS in an alkaline environment of lithium extraction
from salt-lake was studied, and the main conclusions are as follows:

1. In LiOH solution, 316L SS possesses better anti-corrosion resistance in comparison to
304SS.

2. Polarization curves reveal that the increasing solution temperature reduces the passivity
and corrosion resistance of the two alloys.

3. The two stainless steels exhibit obvious intergranular corrosion, and severe corrosion
characteristics are presented inside the grains of 304 SS. The difference in the corrosion behavior of the
two stainless steels are related to chemical composition, grain size, number of twins, oxide and passive
film.
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