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Featured Application: monitoring the effect of molten salt corrosion on materials used in solar
thermal plants by means of electrochemical tests.

Abstract: Concentrated solar power (CSP) plants, in the context of thermal energy storage (TES)
upgrades, need to provide a timely and effective response to the corrosion process that occurs due
to the effect of high temperatures, where one of the main challenges is to control its effect, and
thus the costs related to the materials used. Electrochemical impedance spectroscopy (EIS) and
linear polarization resistance (LPR) were applied in this study as a corrosion monitoring technique.
The electrochemical tests were carried out on the materials AISI304, AISI430, and HR-224 immersed
in a mixture of ternary salt composed of 57 wt.% KNO3 + 13 wt.% NaNOj; + 30 wt.% LiNOj at 550 °C
during 100 h of exposure and subsequently compared with solar salt. The test was also carried out
on the VM12 alloy in the ternary salt with lithium content at 100 and 1000 h of exposure at 550 °C.
The corrosion tests show that the materials conform to a model of protective layer in which the same
results were contrasted with the chemical corrosion mechanism of nitrate mixture. According to the
results obtained in this research, electrochemical techniques could be an interesting option to control
corrosion in CSP plants and reduce operational risks during operation.

Keywords: thermal energy storage; electrochemical impedance spectroscopy; lithium nitrate;
concentrated solar power; corrosion mechanisms

1. Introduction

Thermal energy storage (TES) is a key tool in the different systems for generation of thermal solar
energy [1], thereby providing greater flexibility, dispatchability, and reliability to the electrical system.
The easy integration of TES makes concentrating solar power (CSP) dispatchable and unique among
all other renewable energy-generating alternatives [2]. A typical TES system is based on sensible heat,
which consists of heating a chemical compound and storing it at a high temperature, in order to pass
to a common cycle of electricity generation. The viability of solar energy storage technologies will
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depend on the improvement of different variables, such as temperature, corrosion, materials, operating
conditions, among others [1-4]. One of the great challenges for TES in the framework of the new forms
of solar thermal energy generation will be linked to the increase in the temperature of the working
fluid in the ranges of 550-750 °C [5]. Therefore, one of the most important lines of research in this sense
is related to TES materials, and the behaviour of heat transfer fluids (HTF) for different applications of
TES systems [6] at high temperature.

HTF can be found in different conditions of use and application in concentrated solar power
(CSP) plants [7]. One of them is molten salts, which have excellent operating and working conditions
allowing them to store energy. Solar thermal plants have been operating under a thermal storage
system based on a binary mixture composed of 60 wt.% NaNO3-40 wt.% KNOj (solar salt), which has
allowed the construction of several commercial plants that can store up to 15 h of energy [8].

M. Henriquez et al. [9] have proposed an eutectic ternary nitrate salt with a composition of 30 wt.%
LiNO3-13 wt.% NaNO3-57 wt.% KNO3, commonly referred to as (LiNaK)NOj, as a candidate nitrate
salt. The use of (LiNaK)NOj enables an increase in the operating temperature of commercial CSP to
550 °C [10]. On the other hand, it also shows us that the addition of lithium nitrate LiNOj3 in the ternary
eutectic mixture (LiNaK)NO3, could be one of the most promising solar thermal storage materials due
to its excellent thermal properties where, for example, the heating capacity of this mixture is between
14% and 21% more than the commercial solar salt.

One of the main issues involved with the use of molten salts is that the corrosion produced in
the materials used at high temperatures for solar applications and corrosion mitigation strategies
must be applied in order to reduce the degradation of containment materials, providing a lifetime
for CSP plants of 30 years or more. Goods and Bradshaw [11] showed the effect of corrosion in solar
salt (KNa)NOj according to the loss of mass for three different stainless steels, 316, 316 L, and 304,
at 5000 h of exposure and 565 °C, obtaining excellent corrosion resistance results for the materials
mentioned; it also means that the corrosion products identified by an optical microscope correspond to
oxide layers, which are found from the outer surface to the substrate mainly composed of Fe,O3 and
(FeCr)304. Cheng et.al [10] examined the corrosion behaviour of various steels with different amounts
of chromium when exposed to LiINO3-NaNO3-KNOj eutectic salt melt at 550 °C. In addition, this
article shows the effects of increased mass on steels with different chromium contents, such as SB450
(0.2% Cr), T22 (2.25Cr-1Mo), T5 (5Cr-0.5Mo), T9 (9Cr-1Mo) and X20 (12Cr-1Mo), when exposed to a
mixture of (LiNaK)NOj ternary salt at 550 °C. These tests showed that a higher chromium content lead
to the formation of (FeCr);0y in steels, blocking the external diffusion of iron from the steel substrate.
The corrosion rates of the materials proposed in the abovementioned publication can be seen in Table 1.

Table 1. Corrosion from descaled weight losses of steel specimens following exposure to molten salt at
550 °C for 1000 h. (Adapted from [10]).

Composition of Steel Generic Name of Steel Descaled Weight Loss (mg/cm?)
0.2% Cr SB450 13.75
2.25Cr-1Mo 122 12.44
5Cr-0.5Mo T5 9.89
9Cr-1Mo T9 1.19
12Cr-1Mo X20 0.50

The use of different electrochemical tests is a powerful monitoring technique that is widely used
in many diverse fields, including energy. The data obtained can be used to find certain physical
properties, such as diffusion coefficients, chemical reaction rates and microstructural characteristics
of the electrochemical system under study. Linear polarization resistance (LPR) and electrochemical
impedance spectroscopy (EIS) tests provide information on the corrosion rate, as well as information
on the kinetics of the corrosion process that helps to identify the different anodic and cathodic
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reactions [12-14]. They also help to identify the different materials that are susceptible to corrosion
under specific conditions.

The electrochemical technique linear polarization resistance (LPR) is a method in which the
electrochemical response of a corroding metal is investigated near its open circuit or corrosive potential.
Typically, this involves polarization of the material of interest below the corrosion potential and a slow
increase (or scan) of the potential to the comparable potential above the corrosion potential. Within this
potential region, it is assumed that the relationship between potential and log current is linear, thereby
allowing the calculation of the corrosion rate [15]. Electrochemical impedance spectroscopy (EIS) is a
method that uses a small voltage signal between different amplitudes over an equilibrium or other
known potential, which causes the induced current to be measured while the voltage is modulated
in different frequency ranges. In contrast, the electrochemical impedance spectroscopy (EIS) test is
represented by the Nyquist and Bode graphs, where the former represents the system impedance in
real and imaginary coordinates and the latter describes the modulus and phase angle of the impedance.
The spectrum analysis in the Nyquist graph requires fitting using equivalent electrical circuit models
where this model shows different aspects of the corrosion process [16-18].

The corrosion of molten salts can take different forms, such as, for example, uniform corrosion,
localized corrosion, and internal corrosion. Considering the chemical stability of different metals
in molten salts, the metals can be divided into two groups, active metals and non-active metals.
The active metals can undergo corrosion by the molten salts, forming a layer that can be porous or
protective [19-22].

Based on the considerations above, the following models can be used to describe the general
situation of metals in molten salt systems, which are shown in Figure 1.
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Figure 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; (c) active metals
forming a protective scale; (d) active metals suffering from localized corrosion. (Adapted from [21]).
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To complement the corrosion mechanisms through electrochemical testing, it is necessary to
understand the fundamental chemical mechanisms that lead to corrosion, and thus contrast them
with important variables that have a significant effect on corrosion. According to Bell et al. [23], they
conclude that the corrosion mechanisms in molten salts are complex and depend on many variables,
such as the species of anion and salt cation, temperature gradient, concentration of impurities, inert
gas, pressure of the atmosphere, alloying elements, composition and microstructure, in a certain way
each of them greatly influence the mechanism and rates of corrosion. These authors also mention
that the prior formation of consistent oxide layers can help improve corrosion rates. They propose
an acid/base model, similar to that used for an aqueous corrosion system, where the main difference
between a molten salt system and an aqueous system is the ion species. In order to understand the
main aspects of the model proposed by [23] the acid/base model for oxygenated salts is presented in
a general way. Corrosion products dissolved in the thermal storage system need to be known and
identified since they may affect the thermophysical properties of the molten salt. Moreover, these
corrosion products can cause degradation of the storage system material, and therefore it is necessary
to perform characterization of novel materials through electrochemical testing and thus understand
the mechanisms of corrosion.

In this study, corrosion behaviour was monitored by electrochemical impedance spectroscopy
(EIS) and linear polarization resistance (LPR) tests on different materials, such as AISI 304 and AISI
430 stainless steels, nickel-based alloy HR-224, and a new VM12 steel with 12% chromium content.
The corrosion resistance in solar salt (60 wt.% NaNO3-40 wt.% KNOs3) as in the ternary mixture
(30 wt.% LiNOs3-13 wt.% NaNOs3-57 wt.% KNOj3) at 550 °C were compared at different times. Also,
the same tests were performed on the new VM12 material with the ternary mixture with two different
exposure times. EIS tests require appropriate models that allow adjusting the impedance spectrum in
such a way that they can be compared with the different corrosion models existing in the literature on
molten salts.

2. Corrosion Mechanism for Nitrates Based on Chemical Models

The corrosion mechanism has strong dependence on the mixture of salt that used in the system.
In this case the solar salts are composed of a mixture of oxyanionic salts, such as LiNO3, NaNO3 and
KNOj3. The mixture of oxyanionic salts dissociates into the electrolyte as ionic species by heating and
melting, according to the follow expression:

RyAOy & xR*? 4+ AO;? (1)

The oxyanionic salts in aqueous phase will be composed of cations ions as Li*, Na*, K*, and a
common anion NOj. On the other hand, the NO; can be dissociated according to follow expression:

A0 & 2072+ A0} )

The dissociated species from N O3_ ion are N O; and O~2, known as Nitronium ion and Oxide ion
respectively. The diffusion of O~ ions from bulk electrolyte to metal oxide (MO, ) forming species of
type M,COWZ_2 according Figure 2.
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Figure 2. General scheme of corrosion mechanisms on surface metal.

Model for Oxyanionic Salts

According to Figure 2, we can indicate that nitrate salts can dissociate and form ion species
(ions of the form AO, ™) by the effect of temperature increase. Then, the oxyanionic salt (AO,~?) is
formed, as well as R?, representing the alkaline metal in cation species. This step of the process will
be represented by step 0 (s0). Stage 1 (s1) is considered to be the initial reaction between atmospheric
oxygen O, and the transition metals of the steel, generating the first layer of oxide of the M,O,
type. This reaction is supposed to be slow and depends on the atmospheric conditions of the site.
Subsequently, it is necessary to concatenate the different ion species obtained from other reactions to
give a clear idea of the effect of the oxide ion O72 that is the cause of corrosion. Stage 2 (s2) is the most
important, since the metal oxides formed in stage 1 (s1) are dissociated and generate the first evidence
of oxide ion O~2, which in contact with the metal oxides compose the passivation layer. This reaction
is likely to be fast.

The abundant oxide ion O~2, found in the ion cloud formed by the dissolution of the passive layer,
reacts again with the oxides of the passive layer, forming a species of the form MOy 2. This stage (s3)
is also supposed to be fast, like (s2). Finally, stage 4 (s4) is the slowest and is controlled by the diffusion
of the oxide ion O~2, formed by the dissociation of the oxyanionic salts (AO, %) in the electrolyte.
The mass transfer is affected by the ion cloud in contact with the metal oxide.

Figures 3-5 show the proposed corrosion mechanisms for Fe, Cr, and Ni metallic elements during
the corrosion process, and are related to Figure 2. Iron metal reacts with O, generating oxidized
products on the metal surface, shown in Equations (3), (5), and (6), generating the oxide metal layer.
The dissolution of the metal oxide can occur via the acid and basic pathways. When the O~2 ion activity
is low in the melt, the metal oxide will dissociate, resulting in oxides ions and potentially soluble metal
ions (Equation (4)). Meanwhile, increase of O72 jons in the boundary layer create metal oxide anions
soluble in the salt generating oxide ion O~2 in contact with the metal surface, thus, these processes
could be identified by a change in electrochemical impedance as a function of time.

2Fe 4+ Oy < 2FeO 3)
FeO + 072 & FeO,? (4)
3FeO + 072 & Fe304 + 26~ (5)

2Fe304 + O72 & 3Fey 05 + 26~ (6)
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Figure 3. Corrosion mechanisms of Fe in contact with Oxyanionic Salts.

The species generated by the reaction with O~2 ions due to the dissociation N O; ions in the bulk
electrolyte are showed in the Equations (4), (9), and (11) respectively.

4Cr 4+ 30, & 2Crp0O3 ?)
CryO3 +2¢~ & 2Crt% + 3072 8)
Cr03 43072 & Cr0,2 )

Figure 4. Corrosion mechanisms of Cr in contact with Oxyanionic Salts.

Some additional reactions related with nickel ions were identified:
2Ni 4+ Oy & 2NiO (10)

104+ 0O < NiO,
NiO + 072 & NiO,? (11)



Appl. Sci. 2020, 10, 3160 7 0f 21

Metal Metal Oxide Boundary Layer
. 42
2Ni +|0,| < 2Nio » Ni
Oxve Oxide Ion
oryaen »[02] "o
NiO @ T Source)
L -
> i —2
= N[Oz

ANiO —|2072[+|0; —» 4NiO3!

Oxide Ion

ZNiQ —» 2072 als 02—-p 2N!052 (Elsectr‘olyte
ource,

NiO = 0_2 i

L Ni0,?

Figure 5. Corrosion mechanisms of Ni in contact with Oxyanionic Salts.

According to the reaction mechanism of nickel in Figure 5, NiO can be dissociated in acid/basic
medium through the activity of the oxide ion O~2, resulting in potentially soluble nickel oxide ions.
Therefore, the formation of different nickel anions is clearly seen as N iOEZ, NiO; y N iOé‘.

These reactions can help us to understand the chemistry involved in the molten salt corrosion
process, as well as to identify the proper equivalent circuit to fit the impedance signals obtained in
this research.

3. Experimental Procedure

3.1. Preparation of Salt Mixture

For this research, KNO3 (99.5% purity) and NaNO3 (99.5% purity), both acquired from the Merck
company (Merck KGaA, Darmstadt, Germany), and LiNOj3 (99% purity), acquired from the Todini
Company (Todini & Co SpA, Milano, Italy), formed our molten salt base for both the lithium-containing
ternary mixture and the solar salt. The ratio of both mixtures had a composition in weight of 57 wt.%
KNOs3, 30 wt.% LiNOj3 and 13 wt.% NaNOj for the ternary mixture with lithium content and 60 wt.%
NaNOj and 40 wt.% KNOj for the case of the solar salt. Both salt mixtures were first introduced
into alumina crucibles in a furnace at different stepwise heating temperatures from 100, 200, 350, and
550 °C, reducing the impurity content of the salt mixtures [24,25]. Once the mixture of salts reached
the temperature of 550 °C, this temperature was maintained for a whole day, so that they could be
continuously homogenised and stabilised for the corresponding tests.

3.2. Preparation of Samples for Gravimetric and Electrochemical Impedance Spectroscopy Tests

The alloys used in this research were stainless steel AISI 304 and AISI 430, nickel-based alloy
HR-224 and VM12 steel, with dimensions of 2 X 20 X 10 mm, 2 X 20 X 10 mm, 2 X 12 X 10 mm and
3 x 12 X 5 mm, respectively. The element composition of these materials can be found in Table 2.
The samples were first placed in ethyl alcohol and then dried by a flow of hot air; with the samples
completely clean they were weighed on a balance ME204T (0.1 mg precision) and the reference value
of the initial weight was obtained.

EIS samples were welded by means of the Tungsten inert gas (TIG) technique, with a pulse current
of 40 A, a base current of 15 A and a frequency of 3 Hz. The shielding gas in the welding was Argon
(Ar) with a flow rate of 12 L/min. The samples were welded with a Fe-Cr-Al alloy wire of 0.95 mm of
diameter. The sample of the working electrode (WE) and the counter electrode (CE) were placed in an
alumina tube of 5 mm diameter and sealed with high temperature resistant cement to avoid interference
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signals from this part. The pseudo-reference electrode (RE) was self-circuited with the counter electrode
(CE) for electrochemical tests with the potensiostat AUTOLAB-PGSTAT302N (Metrohm Autolab B.V.,,
Utrecht, The Netherlands). Figure 6 shows the scheme of the electrochemical test.

Table 2. Chemical composition of 304, 430 Stainless Steel, HR-224 alloy nickel, and ferritic steel VM12.

wt.%
Samples
Si Al Mn Cr Co P Mo C W S Ni Fe
304 0.75 2 18-20 0.04 - 0.08 0.03 8-12 Balance
430 1 1-1.25 16-18 0.04 - 0.12 0.03 0.75 Balance
HR-224 0.3 3.8 0.3 20 04 - 0.2 0.05 - 48.7 27.5
VM12 0.4-0.6 0.15-0.4511-12  1.4-1.8 - 02-04 0.1 1.3-1.7 - 0.1-0.4 Balance

2. Three-electrode arrangement
RE: Reference Electrode RE-cE| |wE
CE: Counter El

WE: Working Electrode I_T_r'l

o _L__T.,

6. Potentiostat

Figure 6. Schematic of the electrochemical system. 1: Crucible 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; 6: potensiostat (left); predisposition of the high temperature
furnace and welded and cemented electrodes in alumina tubes (right).

4. Results and Discussion
4.1. Electrochemical Impedance Spectroscopy Measurements

4.1.1. Solar Salt (KNa)NOj3 Testing

In a first instance, the different Nyquist diagrams are shown for solar salt (KNa)NOj3 in Figures 7-9
for the stainless steels AISI 304 and AISI 430 as well as for the nickel-based alloy HR-224, respectively.
The measuring times were carried out after 2, 4, 6, 8, 24, 48, 72, and 96 h of exposure. The impedance
spectra of the corrosion monitoring of AISI 304 and AISI 430 stainless steel and nickel alloy HR-224
shows a similar behavior after 24 h of measurement after the initial stages of the test, due to a typical
behavior of the diffusion-controlled reactions of the ions at the metal/molten interface.

The equivalent circuit for all the figures, was composed essentially of two capacitive-resistive
circuits connected in parallel, in addition to both being connected in series to a resistor. According to
the different molten salt corrosion models, the equivalent circuit corresponds to the formation of a
protective layer [21].

According to the graphs of the impedance spectra for solar salt of the stainless steels AISI 304 and
AISI 430 and the nickel alloy HR-224, they show that the corrosion process is controlled by the transfer
of ions in the protective layer, which is consistent within the theoretical and chemical mechanism
during the first hours of contact between the metal and the molten salt; the most significant hours
of the corrosion process are found during the first hours of initiation of the process. The results
obtained in terms of the equivalent electrical circuits obtained from the spectra shown in solar salt are
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represented in the Tables 3-5 in terms of the transfer resistance R;. This transfer resistance is related by
the simplified Butler-Volmer equation (Equation (12)), and we can observe that this resistance has an
inverse relationship to the current density exchanged.

RT

R = 12
" nF, (12)

where, R is the gas constant, T is temperature, n is the number of electrons involved, F is the Faraday
constant and i, is the exchange current density. In the case of AISI 304 and AISI 430 stainless steels, a
sustained trend of the low frequency semi-circle was observed in most measurement periods, but for
AISI 430 steel a small high frequency semi-circle was observed at 96 h of immersion, which could mean
a load transfer reaction at the layer/melt interface. For the HR-224 alloy showed a formation of the
semicircle of high frequency values due to its high nickel content. Thus, the electrochemical impedance
spectra of the materials evaluated in the first hours show a controlled ion diffusion reaction, mainly by
the trend of the low frequency curve related to the capacitance of the metal oxide. The adjustment of
the data obtained was correlated with the different equivalent circuit models for molten salts, which
allowed us to find a suitable and concise model for the case study. The fit corresponds perfectly to a
protective layer model. This can be explained by the sufficiently high chemical stability in molten salt
systems, which for our case represents solar salt.
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Figure 7. Nysquist diagram of stainless steel 304 layer in (KNa)NOj3 (solar salt) at2h,4h, 6 h,8h, 24 h,
48 h,72 h and 96 h at 550 °C.

Table 3. Fitting results of the impedance spectra of stainless steel 304 during corrosion in the presence
of (KNa)NOj (solar salt) at 550 °C.

Time R Ca Ba R; Cox Box Rox
0-cm? Fs (Bdl‘l) 0-cm? Fs B, 0-cm?
2h 2.218 0.089 0.436 34.67 0.178 0.813 47.96
4h 2.204 0.077 0.468 41.59 0.208 0.828 46.11
6h 2.154 0.072 0.478 46.70 0.203 0.788 52.84
8h 2.151 0.313 0.889 34.97 0.067 0.496 53.01
24 h 2.283 0.661 1.000 17.65 0.069 0.503 68.04
48 h 2.154 0.299 0.834 31.10 0.086 0.465 37.04
72h 2.105 0.089 0.493 34.15 0.430 0.881 21.91

96 h 2.313 0.114 0.402 23.67 0.177 0.737 38.75
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Figure 8. Nysquist diagram of stainless steel 430 layer in (KNa)NOj (solar salt) at2h,4h, 6 h,8h, 24 h,
48 h, 72 h and 96 h at 550 °C.

Table 4. Fitting results of the impedance spectra of stainless steel 430 during corrosion in the presence
of (KNa)NOj (solar salt) at 550 °C.

Time R; Ca ﬁdl Rt Cox ﬁox Rox
Q-cm®>  Fs B gD Q-cm? Fs®B, D Q-cm?
2h 1.843 0.0516 0.5125 75.72 0.310 0.890 62.12
4h 2.049 0.1500 0.6500 45.00 0.013 0.618 10.19
6h 1.922 0.1021 0.6900 106.37 0.089 0.479 18.78
8h 2.398 0.2848 0.8778 55.21 0.071 0.534 35.78
24 h 1.927 0.2411 0.8122 56.00 0.092 0.480 22.00
48 h 2.046 0.2247 0.8032 61.00 0.080 0.500 23.00
72h 1.970 0.0789 0.5047 64.52 0.092 0.990 17.00
96 h 1.836 0.0096 0.5900 3.271 0.078 0.557 10.00
454 | = 2h _
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Figure 9. Nysquist diagram of Nickel alloy HR224 layer in (KNa)NOj (solar salt) at2h,4h, 6 h, 8 h, 24
h, 48 h, 72 h and 96 h at 550 °C.
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Table 5. Fitting results of the impedance spectra of Nickel alloy HR224 during corrosion in the presence
of (KNa)NOj (solar salt) at 550 °C.

Time R; Ca ﬁdl R Cox ﬁox Rox
0-cm? FsB dl_l) 0-cm? FsB D 0Q-cm?
2h 1.837 0.0240 0.530 20.1 0.0020 0.740 17.0
4h 1.995 0.0018 0.750 13.1 0.0300 0.500 18.5
6h 1.874 0.0350 0.490 165.0 0.0025 0.710 9.3
8h 1.863 0.0410 0.474 155.0 0.0030 0.700 7.0
24h 2.011 0.0540 0.465 171.0 0.0039 0.799 0.76
48 h 1.931 0.1812 0.719 46.6 0.1511 0.353 22.63
72 h 1.931 0.1800 0.715 45.3 0.1550 0.321 18.28
96 h 1.922 0.1768 0.713 39.9 0.1822 0.339 16.10

4.1.2. Mixture with Lithium Content (LiNaK)NOj3 Testing

Subsequently, the Nyquist diagrams for the ternary salt with lithium content (LiNaK)NOj3 are
shown in Figures 10-12 for the AISI 304 and AISI 430 stainless steels, as well as for the nickel-based
alloy HR-224, respectively. The measurements were made after 2, 4, 6, 8, 24, 48, 72, and 96 h of
exposure. The impedance spectra of the corrosion monitoring of AISI 304 stainless steel differs from
both AISI 430 stainless steel and nickel-based alloy HR-224. AISI 304 stainless steel shows similar
behavior up to 48 h of measurement in contrast to 72 and 96 h, where a small increase of the high
frequency semi-circle can be seen due to the load transfer reaction at the metal/molten interface. In the
cases of stainless steel AISI 430 and the nickel-based alloy HR-224, they show a consistent formation in
their high and low frequency semi-circles, indicating the charge transfer reaction and the corrosion
resistance of the protective layer respectively. The difference in the behavior of the impedance spectra
in both the solar salt and the ternary mixture may be due to the LiNO3 content; as it is more basic
than KNO3; and NaNOs;, it has a high activity in the ternary mixture (KLiNa)NO3. According to
Cheng et al. [10], the formation of various compound oxides is evidenced by the effect of lithium
diffusion in the metal, which generates a series of surface layers apart from the protective layer at
the metal/molten interface. Thus, the impedance spectra of these materials show a similar fit to a
non-active metal model of the protective layer. This can be explained by the sufficiently high chemical
stability in the molten salt systems, in the case of HR-224 and AISI430 materials. The results obtained
in terms of the equivalent electrical circuits obtained from the spectra shown in (LiNaK)NOj3, are
represented in the Tables 6-8.
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Figure 10. Nysquist diagram of stainless steel 304 layer in (LiNaK)NOj (ternary salt with lithium
content). at2h,4h,6h,8h,24h,48 h,72 h and 96 h at 550 °C.
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Table 6. Fitting results of the impedance spectra of stainless steel AISI 304 during corrosion in the
presence of LiNaKNOj (ternary salt with lithium content) at 550 °C.

Time Rs Caq Ba Rt Cox Box Rox
Q-cm? FsBgy™D Q-cm? FsB D Q-cm?
2h 1.778 0.03600 0.5500 3.90 0.110 0.696 42.10
4h 1.850 0.07263 0.4498 32.21 0.356 0.961 21.70
6h 1.707 0.18010 0.7652 32.13 0.068 0.485 7.23
8h 1.768 0.16200 0.7038 34.08 0.061 0.509 4.78
24h 1.822 0.13050 0.3687 19.38 0.173 0.707 35.11
48h 1.822 0.17340 0.7076 35.11 0.131 0.369 19.38
72h 1.533 1.3450 0.8879 5.23 0.143 0.228 10.60
96 h 1.953 0.0950 0.5534 63.62 0.011 0.530 10.57

Z [Q-cm’]

40

Figure 11. Nysquist diagram of stainless steel 430 layer in (LiNaK)NOj (ternary salt with lithium
content) at2h,4 h,24 h,48 h, 72 h, 96 h at 550 °C.

Table 7. Fitting results of the impedance spectra of stainless steel 430 during corrosion in the presence
of (LiNaK)NOj (ternary salt with lithium content) at 550 °C.

Time Rs Car ﬁdl Rt Cox ﬁox Rox
Q-cm? FsB gy Q-cm? FsB ™D Q-cm?
2h 2.047 0.140 0.625 52.00 0.012 0.62 10.00
4h 2.049 0.142 0.692 42.94 0.013 0.62 10.23
24h 2.098 0.020 0.560 9.70 0.150 0.68 50.00
48 h 2.221 0.025 0.530 10.10 0.190 0.71 47.56
72 h 2.194 0.041 0.480 12.35 0.230 0.77 46.87
96 h 2.074 0.062 0.410 22.78 0.430 0.91 28.36
1
« 2
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+ 24n e
94 | + 48n 4t
+ 72h >
8] |« 96h o o
o 7] / .
$ 6 <;§/;‘ g et
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Figure 12. Nysquist diagram of Nickel alloy HR224 layer in (LiNaK)NOj (ternary salt with lithium
content) at2h,4 h,24 h,48 h, 72 h, and 96 h at 550 °C.
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Table 8. Fitting results of the impedance spectra of Nickel alloy HR224 during corrosion in the presence
of (LiNaK)NOj (ternary salt with lithium content) at 550 °C.

Time Rs Caq Ba Rt Cox Box Rox
Q-cm? FsBgy™D Q-cm? FsB D Q-cm?
2h 1.617 0.0160 0.634 7.2 0.21 0.59 244
4h 1.617 0.0018 0.630 7.2 0.26 0.61 23.2
24h 1.664 0.0120 0.670 6.8 0.17 0.58 374
48 h 1.745 0.1500 0.560 4.7 0.01 0.72 3.7
72h 1.799 0.01500 0.700 3.2 0.18 0.56 43
96 h 1.830 0.0183 0.677 29 0.21 0.59 3.5

The relationship between the corrosion mechanisms from both chemical and electrochemical
models suggests that the general situation of how ions interact within the metal-melted system is
primarily governed by oxidation, which in this case is the oxide ion O~2. Therefore, the resistance
(impedance) of the system is directly related to the different layers that are formed in the time of
exposure of the samples. Therefore, the charge transfer in the system between the metals and the
electrolyte makes the corrosion process slower/fast, leading to the change in impedance. For this
reason, the equivalent circuit for the formation of the protective layer is shown in Figure 13, and it
should be conceptualized based on the reaction mechanisms already represented in this article.

Molten Salt

Figure 13. Equivalent circuit representing the corrosion of metals forming a protective scale in
molten salts.

For the protective layer model shown, ion transport in the protective layer can limit the speed of
corrosion. The elements that compose the equivalent circuit of the protective layer are represented
by the following elements: Rs is the molten salt resistance; Cy; is the double layer capacitance at the
metal/molten interface; and R; is the electrochemical charge transfer resistance. Often the behaviour
of the capacitors in EIS tests are not the most ideal, so a constant phase element acts instead for
experimental data settings. Rox and Coyx, both represent the resistance and the capacitance of the transfer
of the ions of the metal oxide layer. Therefore, this equivalent protective layer circuit is expressed in
Equation (13).

1 1

+
’ Paty 1 . BoxTt 1
jwCga +wCy cot( > + R, jwCoyx + wCoy cot > + R

where, B and S, represent the dispersion coefficient of the first and second capacitance of the circuit,
respectively. Therefore, wCy cot(ﬁdTIn) and wCoy cot( & ”;n) are the elements of the impedance caused by the
dispersion effect. Since corrosion is controlled by the transport of species in the protective layer, the radius
of the second capacitance circuit must be greater than that of the first cycle. In addition, in this case,
the corrosion resistance of the metals in the molten salts can be represented by the R,y parameter [21].

The charge transfer resistance values for the ternary mixture with Li content obtained for the

materials AISI 304 and AISI 430 and the alloy HR-224 were higher with respect to the solar salt of the
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same materials, and therefore the corrosion rate in the lithium content salt is lower compared to the
values obtained in the solar salt.

With the background of the results obtained in the stainless steels AISI 304 and AISI 430, and the
nickel-based alloy HR-224, in addition to the improvement in the corrosion process by the ternary
mixture with lithium content, we proceeded to evaluate a new ferritic steel (VM12), a promising material
to be use as structural material in CSP plants, in the same way. This is due to the fact that the corrosion
process of the different thermal plants, the use of nickel-based alloys such as HR-224 will increase the
final cost of materials and it is necessary to test new materials. In this case, the evolution of the need
for new ferritic steels that possess excellent properties, such as resistance to corrosion, has led to the
development of a high-temperature material called VM12, which has a chrome content of 12% and is
of industrial interest in different high-temperature applications (>550 °C) [26-28]. Corrosion resistance
and electrochemical analysis of ferritic steel VM12 has not been reported in different investigations in
molten salts, specifically in the ternary mixture with lithium content proposed in this article. According
to Fahsing et al. [29], the potential of the material VM12 as belonging to the family of ferritic steels
compared to austenitic steels or nickel-based alloys reflects a significant price variation, and seems to
have a possible use in future solar power concentration plants. For this reason, two tests were carried
out at different times, as shown in Figures 14 and 15, at 100 and 1000 h respectively of immersion in the
ternary mixture. The tests at 100 and 1000 h presented behavior in the protective layer equivalent model
circuit; like the previous materials, they are represented in Tables 9 and 10. Ferritic steel VM12 showed
excellent properties with respect to corrosion in contact with the lithium nitrate ternary mixture.

-Z, [Q-om’)

Ca G

| R b

3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48
Z, [Q-cm?]

Figure 14. Nysquist diagram of VM12 layer in (LiNaK)NOj (ternary salt with lithium content) of 100 h
at2h,4h,6h,18h,24h,38h, 68 h, and 96 h at 550 °C.

Table 9. Fitting results of the impedance spectra of VM12 during corrosion in the presence of
(LiNaK)NOj (ternary salt with lithium content) at 550 °C.

Time R, Ca Ba R; Cox Box Rox
Q-cm? FsB gy Q-cm? FsB, D Q-cm?
2h 1.874 0.0083 0.54 375 0.195 0.64 8.7
4h 1.918 0.0081 0.68 54.3 0.146 0.45 7.6
6h 1.920 0.0089 0.65 474 0.137 0.49 9.2
18h 2.069 0.0133 0.63 84.7 0.122 0.53 11.5
24 h 2.158 0.0110 0.68 64.3 0.125 0.58 14.7
38h 2.161 0.0178 0.62 76.81 0.135 0.62 13.2
68 h 2.167 0.0217 0.69 95.13 0.126 0.61 12.8

96 h 2.169 0.0464 0.71 75.45 0.125 0.54 17.3
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Figure 15. Nysquist diagram of VM12 layer in LiNaKNOj (ternary salt with lithium content) of 1000 h
at2h,4h,6h,24h,96h, 144 h, 408 h, 600 h, and 1000 h at 550 °C.

Table 10. Fitting results of the impedance spectra of VM12 during corrosion in the presence of
(LiNaK)NOj (ternary salt with lithium content) at 550 °C.

Time Rs Ca Bai R Cox Box Rox
Q-cm? FsB g™ Q-cm?  FsB D Q-cm?
2h 2.101 0.0062 0.63 47.3 0.09 0.49 19.2
4h 2.102 0.0069 0.72 45.7 0.22 0.58 30.1
6h 2.106 0.0082 0.75 41.2 0.24 0.61 31.6
24 h 1.901 0.0152 0.82 45.7 0.31 0.53 32.3
96 h 1.965 0.0359 0.91 61.3 0.33 0.37 38.5
144 h 1.646 0.0310 0.97 43.7 0.35 0.36 45.2
408 h 1.768 0.0469 0.62 61.3 0.078 0.41 146.8
600 h 1.776 0.0485 0.58 82.3 0.088 0.36 223.6
800 h 1.848 0.0410 0.56 76.5 0.084 0.63 339.5
1000 h 1.738 0.0679 0.47 180.5 0.092 0.58 550.4

Analyzing the different molten salt corrosion models using electrochemical impedance
spectroscopy, specifically the protective layer model, it was easier to understand how the different
metal/molten-salt system interfaces interact in the first hours of contact due to the high temperature
corrosion process. At the same time, concepts of interaction between the molten salt and the layers of
the metal interfaces related to ion diffusion and charge transfer processes through the different electrical
components that are used by this test (EIS) were explained. In this way, the oxides that are formed in
the different layers of the metal are strongly linked to the evolution of the high and low frequency
impedance spectra of the tests on the proposed materials. The lack of a conceptual methodology for
the corrosion process in molten salts to find different parameters, such as the thickness of the boundary
layer, means that the EIS method, together with the corrosion mechanisms, allow us to understand the
importance of its combination to use them more adequately in industrial applications.

Complementing this, Cheng et al. [10] shows us objectively that the deposition of the different
layers formed in the study steels due to the ion diffusion processes, fundamentally in the first hours of
contact with the metal, 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 the high temperature in
different materials of solar thermal storage generates the formation of different compounds, many of
which can be inferred of certain form on the basis of the mechanisms of corrosion in nitrates; we can find
more stable compounds along the process, as well as, the effect of lithium mainly (as a result of LINO3)
and the other alkaline ions in the corrosion, due to the formation of other unstable compounds like iron
and lithium oxides (LiFeO,, LiFe50g and others). Apart from the oxides known as the (FeCr);O4 which
form the inner layer of the protective layer and Fe,O3 as the outer layer of the metal, it is possible that
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LiFeO, can form an individual layer, which in a way functions as a corrosion inhibitor. It is necessary
to better understand the function of the lithium ion in this process, since it could have an application
in other types of corrosive systems, thus it is necessary to incorporate practical methods such as EIS,
so that it can give certain guidelines of the evolution of corrosion in systems as complex as molten salts.

4.2. Linear Polarization Resistance Results

Alternatively, electrochemical polarization tests allow us to obtain the corrosion rates in a fast
way, in which the results obtained for the materials AISI 304, AISI 430, nickel-based alloy HR-224, and
ferritic steel VM12 in both cases of salt mixture are shown in Table 11 and the Tafel curves shown in
Figures 16 and 17. A comparison between the corrosion rates of the two study salts can be seen, taking
into account the open circuit potential of the electrochemical system, the corrosion potential, and the
current density.
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Figure 16. Polarization curves of stainless steel AISI 304, AISI 430, and nickel-based alloy HR-224 in
KNaNOj (solar salt) at 550 °C and 100 h of exposure.
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Figure 17. Polarization curves of stainless steel AISI 304, AISI 430, nickel-based alloy HR-224 and

ferritic steel VM12 in LiNaKNOj (ternary salt with lithium content) at 550 °C and 100 and 1000 h
of exposure.
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Table 11. Corrosion data of tested 304, 430 and HR-224 in KNaNOj (solar salt) and LiNaKNOj (ternary
salt with lithium content) at 550 °C.

Sample OCP (mV) Ecorr (mV) jeorr (LA/cm?) CR (mm/Year)
304 (solar) -3.08 -98.86 385.60 3.14
304 (lithium) 0.24 —242.28 224.10 1.82
430 (solar) -0.29 —55.30 339.32 3.59
430 (lithium) 2.20 —268.69 254.42 2.69
HR-224 (solar) 1.01 -112.76 219.74 2.06
HR-224 (lithium) -4.17 -169.34 208.30 0.43
VM12 (lithium)-100 h 5.8 —281.63 431.27 3.53
VM12(lithium)-1000 h -0.012 —324.95 123.93 0.95

The corrosion models mentioned in the article were confirmed by scanning electron microscopy
SEM Inspect F50 (Scientific and Technical Instruments, Wilsonville, OR, USA). Figures 18 and 19
show the surface appearance of the AISI 304 and AISI 430 material after 100 h of exposure to both
solar salt and the ternary lithium mixture, as well as an energy dispersive x-ray EDX analysis of
the particles found on the surfaces. The layers of oxide formed are homogeneous in the same cases.
The EDX analysis of the material on the surface indicated that the composition of the oxidation layer
analysed was iron oxide and chromium, and therefore the presence of a protective layer was confirmed.
Figure 20 shows the surface appearance of the nickel-based HR-224 alloy after 100 h of exposure for
solar salt and for the ternary lithium containing molten salt, including EDX analysis of the surface.
The oxide layer found shows a totally homogeneous layer in both cases. According to the EDX analysis
of HR-224, it was shown to be composed of nickel, chrome, oxygen, and iron. Finally, Figure 21 shows
the surface appearance of ferritic steel VM12 immersed in lithium nitrate molten salt for 100 and
1000 h of exposure. The oxide layer for 100 h shows a more homogeneous surface with respect to the
1000 h sample, where some areas with detachment of the corrosive layer are shown, due to the longer
exposure times. According to the EDX analysis it shows a composition of mainly iron, oxygen, and
chromium. The SEM images have been obtained by means of backscattered electron microscopy.

Analysis (0] Si Cr Mn Fe Ni
Spectrum (solar) 25.89 0.6 8.45 1.54 49.25 271
Spectrum (lithium) 36.37 0.04 5.59 2.29 50.61 1.61

Figure 18. Surface of AISI 304 stainless steel in (a) Solar Salt (b) LiNaKNO3, at 550 °C after 100 h.
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Analysis (8] Si Cr Mn Fe Ni
Spectrum (solar) 28.33 0.31 7.73 0.29 61.82 -
Spectrum (lithium) 25.21 0.34 13.33 0.37 70.19 -

Figure 19. Surface of 430 ferritic stainless steel in (a) Solar Salt (b) LiNaKNO3, at 550 °C after 100 h.

Analysis O Si Cr Mn Fe Ni
Spectrum (solar) 19.15 0.56 13.36 0.29 23.00 34.38
Spectrum (lithium) 30.52 0.81 12.42 0.76 14.24 31.18

Figure 20. Surface of HR-224 Nickel alloy in (a) Solar Salt (b) LiNaKNOj3, at 550 °C after 100 h.

Analysis O Si Cr Mn Fe Ni
Spectrum (lithitm at 100h) 27.54 0.65 8.36 0.45 63.00 0.32
Spectrum (lithitzm at 1000h) 23.33 0.76 542 0.34 74.24 0.25

Figure 21. Surface of VM12 stainless steel in Lithium Salt LiNaKNOj at (a) 100 h (b) 1000 h, at 550 °C.
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5. Conclusions

The corrosion process of molten nitrate salts depends on several factors, and thus the EIS technique
has proven to be useful in monitoring the corrosion process in AISI 304 and AISIS 430 stainless steels,
and HR-224 nickel based alloy, for both salt solar as ternary mixture. Based on these results, monitoring
of the ferritic steel VM12 was also carried out in the ternary mixture, but at different immersion times.
As a result, the corrosion mechanisms and their evolution in the first hours of immersion in the molten
salt have been identified through adjustments to equivalent circuit models, obtaining the formation of
a protective layer in all cases. Due to the composition of each analysis material, variations in their
behaviours were identified in the high and low frequency spectra in the impedance curves. For the
AISI 430 immersed in solar salt (KNa) NOj, it was possible to see the formation of a small semicircle at
high frequency in the 96 h of immersion which is associated with the reaction of charge transfer at the
layer/salt-molten interface. On the other hand, AISI 304 and AISI 430 stainless steels have a certain
sustained similarity in the low frequency semicircle, due to the oxide layer already being formed.

In addition, an analysis of the corrosion mechanisms was made from the point of view of the
reactions that take place at the metal/salt-molten interface, in case the the layers of the corrosion
products that occur in the metal dissolve, and therefore affect the thermophysical properties of the salt
mixture. Based on the models obtained from the EIS tests of the four proposed materials, they were
contrasted with the reaction mechanisms and the possible compounds that would form at the metal
interfaces were found. In addition, they were compared with SEM/EDX tests in a semi-quantitative
way to show the corrosion surface formed.

Linear polarization resistance tests were performed for the AISI 304, AISI 430, and HR-224
materials after 100 h of exposure in the two proposed mixtures. Furthermore, for VM12 ferritic steel,
only in the ternary mix containing lithium at 100 and 1000 h of exposure, all tests were performed at
a temperature of 550 °C. The corrosion rates obtained showed a better performance of the materials
with the ternary mixture with lithium content, compared to the solar salt, a material that is currently
used as HTF in CSP plants. Furthermore, on the basis of the results obtained, the VM12 material was
also analyzed. This material has good corrosion resistance properties, obtaining a corrosion rate of
0.95 mm/year after 1000 h of immersion in the ternary lithium salt.

There is still much to investigate in the corrosion process of nitrate salts for different applications
of solar technology, including thermal stress and the loss of ductility in materials, for a better
understanding of corrosion phenomenon and material degradation in solar thermal applications.
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