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Abstract

The development of the new generation of concentrated solar power (CSP) plants
requires improvements in the thermal energy storage systems, and corrosion pro-
duced is one of the main challenges to control since this can affect the costs of
the electrical generation. Electrochemical impedance spectroscopy (EIS) has been
applied in this research as a corrosion monitoring technique, comparing the results
with conventional gravimetric corrosion tests. Gravimetric and electrochemical tests
were conducted using AISI 304 stainless steel immersed in a ternary salt mixture
composed of 57 wt% KNO; + 13 wt% NaNO; +30 wt% LiNO; at 550 °C for 1000 h.
The corrosion rate obtained using gravimetric and electrochemical tests was 7.8 pm/
year and 5.7 pm/year, respectively. According to the results obtained in this research,
EIS techniques could be a feasible option to control corrosion in CSP plants and
reduce operational risks during the molten salt thermal-electricity conversion.

Keywords Thermal energy storage - Electrochemical impedance spectroscopy -
Corrosion monitoring - Lithium nitrate - Concentrated solar power

Introduction

Over the last few years, renewable energies have become widespread throughout the
world. This has allowed different technologies to play an important role in applied
research [1]. In this sense, most of the applications related to the use of solar energy
have been studied and analyzed depending on the type of application and technology

[2].
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In this direction, concentrated solar power (CSP) technology concentrates and
stores solar energy in the form of heat, using low-cost materials that are chemically
stable over decades of use. Thus, CSP with thermal energy storage (TES) leads to an
efficient package in the supply of renewable energy and, at the same time, provides
significant capacity, reliability and dispatchability to the electricity grid, allowing
a further increase in the use of this technology in electricity generation through
renewable source systems [3-5].

Molten salts have been applied as heat transfer fluid (HTF) in concentrated solar
power (CSP) plants [6], reaching excellent results in conventional power generation
plants. The use of molten salts such as HTF and thermal storage material at the same
time has allowed the proper use in the adaptation of different typical components
of a thermal plant as heat exchangers, so that their use makes the solar field work at
proper operating temperatures allowing the heat transfer fluids to fulfill the objective
of transmitting the thermal energy to the rest of the system. However, molten salts
solidify at relatively high temperatures, such is the case of solar salt where its solidi-
fication temperature is 220 °C [7, 8]. This means that special care must be taken
to ensure that the molten salt does not solidify in the solar field pipes during cer-
tain times. Therefore, the routine operation of protection against the solidification of
the molten salt should be carried out through different pieces of external equipment
such as electrical resistance and electrical tracing that allow the optimal operation of
a solar thermal plant with a molten salt storage system [9—11].

The fluid that is currently used as TES material in commercial CSP plants is
a binary mixture composed of 60 wt% NaNO,—40 wt% KNO; (solar salt), which
has allowed the construction of several commercial plants that can store up to
15 h of energy [12, 13]. Among the most important characteristics and proper-
ties that should be emphasized in a TES fluid with the potential to be used as
a heat storage material are density, specific heat, viscosity, thermal stability,
among others. Henriquez et al. [14] proposed a ternary mixture of nitrates with
a composition of 30%LiNO;-13%NaNO;-57%KNO; (% in weight, respectively);
this mixture allowed excellent working ranges and outstanding thermal prop-
erties with respect to the solar salt. Bradshaw et al. [15] were among the first
authors to report on LiNOs, highlighting its adequate characteristics to improve
the operating temperature range, although the main problem associated with
lithium nitrate is its price. In fact, lithium nitrate is more expensive than potas-
sium, calcium and sodium nitrate, so the cost is one of the main reasons why
lithium salts have not been used in any commercial application so far, as well
as AgNO; and CsNOj; nitrates. Wang et al. [16] established a eutectic composi-
tion of 25.9 wt% LiNO;+20.6 wt% NaNO; +54.1 wt% KNOj; and concluded that
the thermal stability depends only on LiNOj; since this component later becomes
unstable and thermally decomposes to form Li,O and Li,0,, where the other two
components remain unchanged. Olivares et al. [17] studied the thermal behav-
ior of the mixture composed of 30 wt% LiNO;+ 18 wt% NaNO;+ 52 wt% KNO,
using DSC/TGA and determined that the melting points obtained using different
covering atmospheres such as argon, nitrogen and oxygen were 121 °C, 122 °C
and 120 °C, respectively. Therefore, this parameter is not influenced by the cov-
ering atmosphere used. Mohammad et al. [18] determined the melting point of
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the mixture of 29.63 wt% LiNO;+ 13.23 wt% NaNO;+57.14 wt% KNOj; experi-
mentally and through computer simulations obtained the values of 122.8 °C and
120.84 °C, respectively. According to the arguments mentioned, the ternary mix-
ture 30 wt% LiNO;+57 wt% KNO; + 13 wt% NaNO; presents excellent physico-
chemical properties. Table 1 shows a summary of the thermal properties of the
lithium-containing ternary mixture compared with other mixtures used as thermal
storage media.

However, one of the most important challenges to be achieved is related to cor-
rosion mitigation at high temperature since it is one of the most important issues
for materials selection, structural design and service life prediction of engineer-
ing parts exposed to molten salt environments.

Commonly used corrosion evaluation techniques involve mass gain or loss in
the steel immersed in the corrosive environment, and in recent years, more efforts
have been made on the development of electrochemical techniques. Electrochemi-
cal impedance spectroscopy (EIS) has gained popularity since it can be performed
in situ, and also because it usually does not require any artificial acceleration of
the corrosion process. In this direction, linear polarization resistance (LPR) is a
simple technique to obtain Tafel curves and corrosion rates as well [19].

For thermal energy storage systems, EIS could be an interesting option to mon-
itor corrosion in energy generation plants since the low intensity of excitation
signal used, which causes minimal disruption in the electrochemical system state
and reducing the error associated with the conventional gravimetric measurement
processes [20-22]. Impedance spectra obtained by this method are adjusted to an
electrical circuit of a combination of resistors and capacitors (equivalent circuits),
in order to interpret the corrosion mechanisms [23].

Nyquist equivalent circuit models are used to estimate the polarization resist-
ance from the impedance data [24]. The Nyquist plot represents the real part of
the impedance on the abscissa and the imaginary part thereof on the ordinate
axis, both at different frequencies [25]. The semicircle obtained in the parallel RC
circuit is used at higher values of Z' and represents the total impedance (Z) of the
Randles circuit as:

Table 1 Properties of fluids considered for the solar thermal industry [5, 14]

Fluid Density (kg/m*) Melting  Stability  Specific
point (°C) limit (°C) heat (J/
kg K)
Solar salt (60%NaNO; + 40%KNO;) 1880 220 600 1500
HITEC (7%NaNOj; + 53%KNO; +40%KNO,) 1720 142 535 1560
HITEC XL (7%NaNO; + 45%KNO; +48%Ca 1991 120 500 1440
(NO3),)
Proposed salt contained in lithium (30%LiNO; + 1820 120 596 1732

57%KNO; + 13%NaNO;)
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1
Z=Ry+ ——
T aHjeCy M
where R, is the resistance of the solution, R is the resistance to charge transfer, jo
is the imaginary radial frequency and Cy, is the capacitance of the double layer. Dif-
ferent authors [19, 26, 27] proposed equivalent circuits that match to the main cor-
rosion processes obtained in a molten salt environment at high temperature (Fig. 1).

Zeng et al. [26] established that, if the slope of the line obtained at low frequen-
cies is less than 1, a porous scale could be formed on the metal surface. This layer
can be considered as a non-protective barrier in contact with molten salts, and,
therefore, the direction of diffusion into the alkaline cations is important in the cor-
rosion behavior of different materials in contact with molten nitrates. In this case,
the modulus of the Warburg resistance, related to the solubility and oxidants diffu-
sion coefficient in the melt, should be considered [24].

The aim of this paper is the proposal of a corrosion monitoring technique to con-
trol corrosion processes in CSP storage tank using molten salts. For this purpose,
corrosion rate comparison using both techniques (EIS and gravimetric studies) has
been performed during 1000 h of immersion of a conventional stainless steel (AISI
304) in 30 wt% LiNO5—13 wt% NaNO;—57 wt% KNO; molten salt.
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Fig. 1 Nyquist plots and the equivalent circuits representing the corrosion of metals in molten salts. a
Representation of a non-active metal; b active metals forming a porous scale; ¢ active metals forming a
protective scale; and d active metals suffering from localized corrosion. (Adapted from [26])
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Experimental Procedures

For this research, KNO; (99.5% purity) and NaNO; (99.5% purity), both acquired
from Merck Company (Merck KGaA, Darmstadt, HD, Germany), and LiNO,
(99% purity), acquired from Todini Company (Todini & Co SpA, Milano, Ml,
Italy), formed our molten salt base for the lithium-containing ternary mixture.
For the proper performance of static immersion test, the salt mixture (30 wt%
LiNO4;-13 wt% NaNO,—57 wt% KNO;) was first introduced into the alumina cru-
cibles in a furnace at different heating temperatures of 100, 200, 350 and 550 °C
for 3 h in each case of temperature, reducing the impurity content of the salt mix-
tures and contributing to the dehydration of the salts [28, 29]. Once the salt mixture
reached the temperature of 550 °C, this temperature was maintained for a whole day,
so that they could be continuously homogenized and stabilized for the correspond-
ing tests.

The corrosion test was implemented with isothermal gravimetric technique at
550 °C for 1000 h, retrieving samples after 200, 499, 699, 800 and 1000 h. The
dimensions of each coupon, 20X 102 mm?>, were verified prior to the static immer-
sion test using an electronic caliper to determine the surface areas of samples which
were cleaned and degreased in water at 70 °C followed by distilled water and ace-
tone and finally dried. The samples were polished with different abrasive papers pro-
gressively (SiC, P120, P600, P1200).

AISI 304 steel was selected for the different tests of this investigation, because it
represents a commercial solution suitable for the case of the hot storage tank of CSP
plants. The chemical composition of AISI 304 stainless steel is shown in Table 2.

The samples used for the static immersion test were quantified by the kinetics
of net weight change carried out in different time intervals where each sample was
exposed to measurement in 200, 400, 600, 800 and 1000 h of exposure. After com-
pleting the 1000 h of exposure, the samples were removed from the molten salt,
slowly cooled and cleaned with hot distilled water.

Morphology and elemental composition of the exposed surfaces and their cross
sections were inspected by SEM, model JEOL JSM-7500F, coupled to energy-
dispersive X-ray spectrometer (EDS). The top surfaces of the analysis were treated
properly. For cross section studies, coupons were mounted in a polymer resin pre-
pared by mixing Remet Hardrock 554 resin and the hardener catalyst, in 2:1 propor-
tion. After the resin cured (24 h at room temperature), the samples were ground and
polished for a proper preparation.

The analysis of the crystallographic phase was determined by X-ray diffraction
using a PANalytical X’Pert Pro and powder diffraction database.

Table2 Chemical composition of stainless steel AISI 304

Stainless steel wt%

Si Mn Cr P Mo C S Ni Fe

AISI 304 0.75 max 2max 18-20 0.045max - 0.08 max 0.03 max 8-10.5 Balance
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The samples used in the electrochemical impedance spectroscopy (EIS) and
linear polarization resistance (LPR) tests were welded to a Fe—Cr—Al wire using
the TIG (tungsten inert gas) welding technique. This is because it is necessary
to establish a system that can conduct the electrical information to the electro-
chemical test equipment, with a pulse current of 40 A, base current of 15 A and
a frequency of 3 Hz. The working electrode (WE) and the counter electrode (CE)
samples were introduced into a 5-mm-diameter alumina tube and sealed with
high-temperature castable cement. The pseudo-electrode of reference (RE) was
auto-circuited with the counter electrode (CE) for the electrochemical tests with
the potentiostat (AUTOLAB-PGSTAT302N). Figure 2 shows the scheme of the
electrochemical experimental setup.

Working electrode (WE) and reference—counter (RE-CE) electrodes were
immersed in the molten salt (electrolyte), and the open-circuit potential (OCP)
was measured using a potentiostat (AUTOLAB-PGSTAT302N). The values of the
parameters for the electrochemical impedance test were obtained in a frequency
range between 100 KHz and 10 MHz. Polarization tests were carried out between
the potentials of —0.6 and 0.4 V of the OCP voltage (open-circuit potential). The
scanning range is 0.001 V/s with steps of 0.00244 V.

2.Th lectrode arrang t
RE: Reference Electrode RE-CE| |wE
CE: Counter Electrode

WE: Working Electrode

i

6. Potentiostat
Fig.2 Schematic of the electrochemical system: 1: muffle furnace; 2: three-electrode arrangement (Re

reference electrode, CE counter electrode, WE working electrode or sample); 3: molten salt; 4: alumina
crucible; 5: furnace controller; and 6: potentiostat
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Results and Discussion
Gravimetric Test

Since AISI 304 stainless steel is presented as a suitable material in the different con-
structive systems of a thermal storage plant for mixing salts with nitrates at high
temperature [14, 30-32], it is necessary to perform corrosion tests by static immer-
sion test so that the effect of ternary mixing in lithium content can be evaluated in
the material. In this case, corrosion tests are performed at 550 °C and 1000 h of
exposure, where the kinetics of net weight change of AISI 304 is shown in Fig. 3.

The increase in mass gain after 400 h of exposure may be related to different phe-
nomena that overlap in time, such as the formation of an oxide layer or the loss of
mass after 800 h, that may be related to the dissolution of other layers formed on the
surface of the material.

To complement the results of static immersion test of the stainless steel AISI 304
in the corrosive medium of ternary salt (LiNaK)NQO;, the surface study was carried
out by scanning electron microscopy (SEM) as shown in Fig. 4. These results show
a sustained growth in specific areas of the material forming a uniform layer of oxide
as well as a spalled region due to the difference in the coefficients of thermal expan-
sion between the oxides formed on the surface and what leads to the generation of
layers on the surface of the sample; however, the protective effect on the entire layer
is maintained.

The corrosion rate obtained from the static immersion test was obtained from the
mass gain of the sample after 1000 h of exposure of the AISI 304 stainless steel, taking
into account the density of the sample and the immersion time, obtaining a value of
7.8 um/year. It is necessary to clarify that this result obtained refers to a corrosion rate
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Fig.3 Net weight change kinetics of AISI 304 stainless steel, exposure to molten salt (LiNaKNO;) at
550 °C for 200, 400, 600, 800 and 1000 h
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Fig. 4 SEM micrographs of top surface of AISI 304 at 800 h of immersion

for 1000 h of immersion where the results obtained for the static test with respect to
electrochemical tests are merely comparative.

Electrochemical Impedance Spectroscopy Tests

Nyquist plots and their respective equivalent circuits are matching for a protective layer
(Fig. 5) model for AISI 304 for 1000 h of test. The results of each electrochemical ele-
ment are shown in Table 3.

Figure 5 shows the impedance spectra obtained for 304 stainless steel in contact
with the LiNO; ternary salt at different exposure times. In all stages of the impedance
measurement process, the formation of a protective layer is observed according to the
corrosion models for molten salts available in the literature [26, 33]. These models
are composed of two parallel circuits of resistors and capacitors connected in series to
another resistor, in addition to a complex resistor called Warburg.

In this case, the corrosion layer formed is controlled by the transport of ions, and
during the first hours of immersion, charge transfer reactions occur easily without limit-
ing factor regarding corrosion rates. In contrast, at higher exposure times, the transport
of ions and the diffusion of oxidants in the protective layer become a limiting process,
which also depends on the protection formed in the metal. This diffusion of the oxi-
dants is explained by incorporating in the protective layer equivalent circuit the resist-
ance of Warburg Z,, which can be interpreted as a reaction of oxidants-controlled diffu-
sion in the molten salts. The Warburg resistance Z,, may be expressed by Eq. (2):

Z, = W(iw)Mv (2)

where W is the modulus of Warburg resistance associated with the solubility and
diffusion coefficient of oxidants in the molten salt and N, is the Warburg coefficient
that is related to the diffusion of oxidants.
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Fig.5 Nyquist diagram of stainless steel 304 layer in KLiNaNO; for 0 h, 24 h, 100 h, 200 h, 400 h,
600 h, 800 h and 1000 h

Table 3 Fitting results of the impedance spectra of stainless steel 304 during corrosion in the presence of
KLiNaNO; at 550 °C

Time R Ca Pa R, w Cox Pox Rox
Units Qcm? Fsa=D Qcm? Qs F oD Qcm?
2h 2.151 0.05 0.98 8.1 15 0.002 0.79 410
24 h 2.183 0.003 0.96 250.2 19 0.001 0.85 200
100 h 2.234 0.001 0.99 100.4 98 0.0015 0.76 1490
200 h 2.881 0.0007 0.91 410.7 140 0.0016 0.79 1950
400 h 3.152 0.0015 0.81 2900 150 0.00061 0.86 800
600 h 3.988 0.0016 0.99 2500 120 0.0018 0.69 5306
800 h 4.671 0.0005 0.98 2500 220 0.0002 0.65 2400
1000h 4718 0.0006 084 2800 180 0.0030 081 3200

The scale is considered as a capacitor since it is related to the double-layer
capacitance at the steel/salt interface, represented by the equivalent circuit of
Fig. 6, where C,, represents the oxide capacitance and R, the transfer resistance
of ions in the scale.

The second loop at low frequencies is referred to the corrosion process con-
trolled by ions transport in the material surface layer, where R, represents the
molten salt (electrolyte) resistance, R, is the electrochemical transfer resistance
or polarization resistance of the tested material and Cy, is the double layer at the
metal/salt interface. In this case, R, values (electrolyte resistance) are increasing

@ Springer



392 Oxidation of Metals (2020) 94:383-396

Fig. 6 Equivalent circuit repre-

senting the corrosion of metals

forming a protective scale in

molten salts RS

Molten Salt

during the time (Table 3), so the electrical conductivity is reduced as well as the
salt corrosiveness. Electrochemical impedance Z can be expressed by Eq. (3):
Z=R,+ L + !

s iwC C Parm 1 wC C Pox ™ 1 (3)
JwCy +wCy cot TN +m JwC,, +wC, cot = +R—0X

Bar

tance of the circuit, respectively. Therefore, wCy cot( >

where f; and S, represent the dispersion coefficient of the first and second caSaci—
are

) and wC,, cot (ﬂ"Tﬂ
the elements of the impedance caused by the dispersion effect.

The corrosion mechanism obtained was fitted to a protective layer model during
the isothermal immersion test. The Nyquist signals obtained at low frequency pre-
sent higher impedance values, because it would correspond to a more homogenous
formation of the protective layer in the metal. As it was mentioned before, the high-
frequency semicircles correspond to the charge transfer reactions attached to the dif-
fusion processes represented by the Warburg resistance.

Corrosion models were confirmed by scanning electron microscopy (SEM).
These results are shown in Fig. 7, where a protective barrier composed of Fe—Cr-O
was detected.

Complementarily, the results obtained through SEM—EDX and XRD (Fig. 8) show
us objectively that the deposition of the different layers formed in the steels of study

Analysis (@] Si Cr Mn Fe Ni C
Spectrum A (% weigth) | 28.53 033 649 0.57 2395 2.18 3795

Fig.7 Surface (left) and cross section (right) image of stainless steel 304 in KLiNaNO; at 550 °C after
1000 h
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of the electrochemical test has a character due to the processes of ion diffusion, funda-
mentally in the first hours of contact with the metal, which contributes to the need to
monitor these stages and analyze the evolution of the corrosion process in molten salts.
The oxidation caused by the effects of high temperature in different solar thermal stor-
age materials generates the formation of different compounds, many of which can be
inferred in some way based on the corrosion mechanisms in nitrates; we can find more
stable compounds along the process, as well as the effect of lithium mainly (as a result
of LiNO;) and the other alkaline ions in the corrosion, due to the formation of other
unstable compounds such as the iron-lithium compound oxide (LiFeO,). Apart from
the oxides identified as FeCr,0, which form the inner layer of the protective layer, it
is possible that LiFeO, can form a single layer, which in a way works as a corrosion
inhibitor. It is necessary to understand better the function of lithium ion in this process,
as it could have an application in other types of corrosive systems, so it is necessary to
incorporate practical methods such as EIS, so that it can give us certain guidelines of
the evolution of corrosion in systems as complex as molten salts [16, 34, 35].

Finally, in order to compare the corrosion rate obtained by gravimetric and electro-
chemical techniques, a linear polarization resistance test has been carried out by obtain-
ing the Tafel curves shown in Fig. 9.

To quantify the polarization resistance R, correctly from Eq. (5), it is important
to take into account the potential drop attributed to the electrolyte resistance (molten
salts). The relationship between polarization resistance and corrosion current density,

Ioopp 18 €xpressed through Eq. (4):
. _ B
Leorr = R 4)
p
5000 —e— Base Material
FeCr204 Y
—v— LiFeO2
4000 A
5
s
2
£ 3000
c
E (]
£ 2000 A
ko v
Q
(14
1000 o i
O T T T T T T T T

10 20 30 40 50 60 70 80 90
2 Theta (degree)

Fig.8 XRD of stainless steel 304 in KLiNaNOj at 550 °C after 600 h
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Fig.9 Polarization curves of 0,001
stainless steel 304 in KLiNaNO, -— Log(i) vs E]
at 550 °C
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where B is an electrochemical constant (mV) calculated theoretically and f, and f,
are the cathodic and anodic Tafel slope, respectively, according to Eq. (5):

)
B—= o e
2.3 (Bt 5.) ©)

The B parameter must be used to convert the R, values into corrosion current
densities, so it is necessary to make a derivation of the polarization curves as
shown in Eq. (6):

R, = AE B B, - Be

AEl _B __ 6
Ai =g leorr Leorr * 2,3. (ﬂa + ﬁc) ©

corr

The corrosion current density i, and the corrosion potential E_,,. were deter-
mined from the extrapolation of the Tafel curve (Fig. 9). The corrosion rate (CR)
can be estimated through the Faraday’s law if general corrosion is assumed as
observed in Eq. (7):

CR = icorr -K

Palloy * z (,{TS,) @

where K is a correlation constant that defines the units of CR (3272 x 10° for CR in
pm/year), p,,, is the alloy density (g/cm?), £, is the mole fraction of the element i in
the alloy, n; is the number of electrons that are transferred in element i and MW, is
the atomic weight of element i.

The results obtained from the extrapolation of Fig. 9, according to Eq. 6, are
shown in Table 4. The result is a corrosion rate of 5.7 pm/year obtained for
1000 h of exposure of the steel 304 in the molten salt with LiNO; content.
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Table 4 Corrosion data of tested stainless steel 304 in KLiNaNO; at 550 °C
Steel OCP (mV) E... (mV) Jeorr (uA/cmz) CR (um/year) p, (V/dec) p. (V/dec)

304 6.95 —107.53 0.703 5.7 0.246 0.185

Conclusions

Electrochemical impedance spectroscopy (EIS) has been applied to monitor the cor-
rosion behavior of a molten salt candidate that has to be applied as a thermal energy
storage material for the new development of CSP plants. AISI 304 stainless steel
was used for both electrochemical and static immersion tests on the ternary salt mix-
ture consisting of 57 wt% KNO;+ 13 wt% NaNO;+30 wt% LiNO; at 550 °C for
1000 h of exposure. According to the different corrosion models available in the
literature, results were fitted to the formation of a protective layer (composed of
FeCr,0, mainly) which has been confirmed with the SEM/EDS test and X-ray dif-
fraction. In the same way, it is possible that the formation of LiFeO, can form a
layer, which in a way works as a corrosion inhibitor.

The linear resistance polarization test was carried out at the end of experiment
(1000 h) for the same steel 304, and the corrosion rate obtained presents a value of
5.7 pm/year. This result was compared with the gravimetric test with the same expo-
sure duration of 1000 h obtaining a corrosion rate of 7.8 pm/year.

The exposed results show the great potential that EIS and linear polarization tests
have for corrosion monitoring in CSP plants using molten salts as thermal energy
storage material.
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