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Abstract: Next-generation concentrated solar power (CSP) plants are required to operate at tem-
peratures as high as possible to reach a better energy efficiency. This means significant challenges
for the construction materials in terms of corrosion resistance, among others. In the present work,
the corrosion behavior in a molten eutectic ternary LiCO3-NayCO3-K,CO3 mixture at 600 °C was
studied for three stainless steels: an austenitic grade AISI 301LN (55301) and two duplex grades,
namely 2205 (DS2205) and 2507 (DS2507). Corrosion tests combined with complementary microscopy,
microanalysis and mechanical characterization techniques were employed to determine the corrosion
kinetics of the steels and the oxide scales formed on the surface. The results showed that all three
materials exhibited a corrosion kinetics close to a parabolic law, and their corrosion rates increased
in the following order: DS2507 < 55301 < DS2205. The analyses of the oxide scales evidenced an
arranged multilayer system with LiFeO,, LiCrO,, FeCr,O4 and NiO as the main compounds. While
the Ni-rich inner layer of the scales presented a good adhesion to the metallic substrate, the outer
layer formed by LiFeO, exhibited a higher concentration of porosity and voids. Both the Cr and Ni
contents at the inner layer and the defects at the outer layer were crucial for the corrosion resistance
for each steel. Among the studied materials, super duplex stainless steel 2507 is found to be the most
promising alternative for thermal energy storage of those structural components for CSP plants.

Keywords: concentrated solar power (CSP); thermal energy storage (TES); molten salts; duplex
stainless steel; oxide scales; high-temperature corrosion

1. Introduction

Concentrated solar thermal power (CSP) plants with a thermal energy storage (TES)
system are a promising power technology in the future renewable energy system as they
present several attractive aspects, such as high efficiency, low operating cost and good
scale-up potential [1-3]. Nevertheless, the intermittency of solar energy is a critical issue in
this technology, and therefore, TES is a key component in CSP plants [1,4]. TES is typically
composed of a storage medium, a heat transfer mechanism and a containment system [5,6].
The containment system holds the storage medium and energy transfer equipment. A heat
transfer fluid (HTF) is used to heat the thermal energy storage material such as a phase
change material (PCM) in an indirect system [7]. The latent heat storage (LHS) media
typically stores heat when melting while releasing it when freezing.

Among the LHS media, the commercial CSP plants typically use molten salts of ni-
trates and halides [4,8,9]. The next generation of CSP technology requires other alternatives
of energy storage media with good performance at higher temperatures to reach a better
energy efficiency [10,11]. Mixtures containing chloride salts are very interesting due to
their low cost [9,12,13], but their use presents severe corrosion problems with potential
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materials for container tanks such as stainless steels [9]. The mixtures of carbonate salts
are an interesting alternative to chloride salts due to their lower corrosive potential [10].
Several recent studies evaluated molten carbonates as a promising heat-transfer fluid
for high-temperature applications [14-16]. Carbonates possess a high heat capacity and
high energy density and, therefore, require smaller tank volumes. The eutectic mixture of
Li;CO3-NapCO;3-K,COs3 (32/33/35 wt%) with a melting point of 397 °C at atmospheric
pressure may be a promising high-temperature, heat-transfer fluid (HTF) and LHS alter-
native for molten salt in CSP plants [9,17,18]. However, carbonate salts still present some
technological issues, such as a high melting point (i.e., approximately 400 °C), high cost
and also significant corrosive potential. Compared to nitrate and chloride salts, carbonates
are more expensive due to the high price of lithium carbonate [19], as it is highly dependent
on lithium demand for the battery market [20,21]. However, the lithium demand could
decrease in the near future due to the strong efforts to replace lithium with other metal
alternatives in battery technology [22,23]. Therefore, carbonate molten salts could be a
viable alternative in the mid- and long-term.

Since CSP plants require a lifetime of 30 years or more, corrosion mitigation approaches
must be investigated to decrease the corrosion rates as low as possible, recommended to be
in the order of tens of micrometers per year [1-3]. Therefore, the next generation of CSP
technology requires studies to evaluate the compatibility of CSP construction materials
with ternary eutectic carbonate molten salts. In this field, some researchers have studied the
corrosion behavior of some steels and other alloys immersed in molten carbonate salts at
several temperatures: 450 °C for duplex stainless steel 2205 [24] and nickel-based superalloy
(Inconel 601) [25]; 450 °C and 600 °C for austenitic stainless steel (AISI 316) [24,26]; 650 °C
for AISI 304 [27]; 700 °C and 800 °C for HR3C [28]; and 700 °C for AISI 310, AISI 347, Fe-Cr-
Al alloy (Kanthal) and nickel-based alloys (Haynes 214 and Haynes 230) [18], among others.
Thus, both austenitic steels and Ni-based alloys are promising alloys in the carbonate salts
because both alloy families present high mechanical strength and good oxidation resistance.
In this sense, a higher nickel content in an alloy generates a higher corrosion resistance
and a lower corrosion rate. On the other side, the composition of ternary carbonate salts
can also have a significant importance in the corrosion resistance of these alloys. AISI
316 stainless steel in contact with several commercial-grade molten salts of the LiCO3-
Nay;CO3-K,CO3 system at 600 °C showed that the initial corrosion rate is lower when higher
amounts of lithium carbonate are present in the molten salts mixture [26]. In addition,
austenitic stainless steel, such as AISI 316 [26] and HR3C [27], immersed in a eutectic
ternary carbonate salt at 700 °C presented a multilayer formation made up of various
Li-mixed oxides as corrosion products. Alternatively, other works have recently proposed
several strategies based on the development of protective oxide films, such as alumina
addition and spray-graphitization, to mitigate the corrosion of austenitic stainless steels
immersed in molten Li,CO3-Nay,CO3-K,COj5 salts [29,30].

From the studies commented above, the corrosion resistance of the austenitic stainless
steels in contact with ternary eutectic carbonate molten salts is higher than that of the ferritic
stainless steels. However, the high cost in the austenitic grades with high Ni content can be
an inconvenience when implemented in CSP plants. A couple of works [24,31] reported that
duplex stainless steels may be promising candidates to be used in some elements of CSPs
such as container tanks of LHS exposed to the molten carbonate salts. Since duplex steels
consist of austenite and ferrite phases in close contents, they achieve a better corrosion
resistance than ferritic stainless steels and a higher mechanical strength (in terms of the
yield strength) than the austenitic grades [32,33]. Compared to austenitic stainless steel, the
duplex steels have higher chromium (20-28 wt%) and molybdenum (<5 wt%) contents and
lower nickel (<9 wt%) [34]. Concerning the electrochemistry properties, their corrosion
behavior is closer to that of the AISI 316 [35]. In addition, the effects of the manufacturing,
annealing and welding processes on the microstructure, mechanical properties and corro-
sion resistance of duplex stainless-steel bulk and weldment components have been widely
studied in the last decades [36—41], enabling the manufacturing of reliable construction
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components. For these reasons, they are extensively used in many different applications,
such as building structures [42], superheater tubes in municipal solid waste incineration
plants [43], industrial food processing [44] and gas and petrochemical [45], among others.

In the present work, the corrosion behavior of AISI 301LN stainless steel, duplex
steel 2205 (DS2205) and super duplex steel 2507 (DS2507) was evaluated and compared,
for the first time, for their compatibility with eutectic LiyCO3-Na;CO3-K;CO3; molten
salt at 600 °C under an air atmosphere over the long-term. The corrosion kinetics of the
steels have been determined, and the oxide scales formed on the alloys were characterized
using complementary microscopy and microanalysis techniques, such as X-ray diffraction
and scanning electron microscopy (SEM). In addition, special attention was paid to the
adhesion of the oxide layers to the metallic substrate, their mechanical integrity and surface
roughness, since these properties could be crucial to mitigate the corrosion of these steels
in contact with molten salts.

2. Experimental Procedure
2.1. Sample Preparation

The materials evaluated were three commercial steels: EN 1.4462 duplex stainless
steel, equivalent to AISI S31803 provided by UGINE and ALZ (Arcelor Mittal Group,
Luxembourg city, Luxembourg) and here named DS2205; EN 1.4410 super duplex stainless
steel, equivalent to UNS S32750, provided by Sandvik AB and designed as DS2507; and
55301, which corresponds to the austenitic grade AISI 301LN supplied by Outokumpu and
equivalent to EN 1.4318. The nominal compositions of these steels, given by the suppliers,
are detailed in Table 1.

Table 1. Chemical composition of SS301 and duplex stainless steels 2205 and 2507 (in wt%).

Steel Fe Cr Ni Mo Mn C N Si P S

SS301 Bal. 17.4 7.2 0.1 1.2 0.02 0.12 <1.0 <0.03 <0.006
DS2205 Bal. 22.6 52 3.0 1.5 0.02 0.16 <0.45 <0.03 <0.015
DS2507 Bal. 25.0 7.4 3.8 2.0 0.01 0.24 <0.8 <0.03 <0.015

Both S5301 and DS2205 materials were supplied in the form of sheets that were cut
to obtain specimens of 40 x 20 x 2 mm?>. In contrast, DS2507 was available as a bar of
20 mm in diameter, which was machined to obtain cylindrical specimens with a thickness of
2 mm. The specimens were ground with SiC grinding paper, 1200 grit (in grains of SiC per
square inch), in order to remove the metal oxide layers previously adhered to the surface.
Afterward, the samples were weighed and cleaned by using ethanol in an ultrasonic bath.

2.2. Corrosion Tests

Corrosion tests were performed by immersing the samples into the molten salt in
alumina crucibles in an air atmosphere at 600 °C in a preheated furnace. An optimized
mixture of LipCO3-NayCO3-K,CO3 (32/33/35 wt%) with a melting point of 397 °C was
prepared using lithium carbonate 99% (CAS No. 554-13-2), potassium carbonate anhydrous
LR (CAS No. 584-08-7) and sodium carbonate anhydrous LR (CAS No. 497-19-8) [46,47].
Previously, each carbonate salt was dried in a furnace at 180 °C for 48 h using an alumina
crucible. The test temperature was selected to be higher than the melting point of salt
(397 °C) based on the assumption that the salt will be used as a PCM of a CSP plant for
components working around 600 °C such as container tanks.

The corrosion behavior was evaluated from the loss of thickness for each alloy at
several exposure times (120, 300, 700, 1000 and 1300 h); both the oxide layer and metal
thickness were determined with an optical microscope (Olympus, Tokyo, Japan) and/or
a field emission scanning electron microscope (FESEM, Carl Zeiss Merlin, Oberkochen,
Germany). Each value of the loss of thickness for each alloy and exposure time was obtained
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from at least 20 measurements employing two samples. The metal loss was calculated by
the following equation:
Az = ]’l() — hf (1)

where Az is the thickness loss of the metal (um), h is the initial thickness of the specimen
(um) and fy is the post-test thickness of the same specimen unaffected by molten salt
corrosion (um). For the samples exposed to the shortest exposure time, the oxide scale
thickness was assumed as the Az value, when the sum of the unaffected metal thickness
and the oxide scale thickness was similar to the initial thickness of the specimen. In order
to establish the corrosion kinetics for each alloy, the evolution of the thickness loss of metal
with the exposure time was fitted to a time-dependent power law [48] as follows:

Az = kt" )

where Az is the thickness loss of the metal (um),  is the exposure time (h), and k and # are
the fitting parameters, indicating the rate constant and the exponent that determines the law
of corrosion kinetics, respectively. When # is close to 1.00, 0.50 and 0.33, the corresponding
laws are linear, parabolic and cubic, respectively [49].

2.3. Compositional and Microstructural Characterization of Oxide Scales

The major components and phases of the corrosion products were characterized by
using SEM and XRD techniques. The protective character of the oxide scales formed on
the stainless steels (120, 300, 700, 1000 h) as well as the compositional and microstructural
analysis of the cross-sectional oxide scales were carried out using a FESEM equipped with
Energy Dispersive Spectroscopy (EDS) (Oxford Instruments INCA-350 system, Abingdon,
UK). For the metallographic evaluation, the cross-sectional samples were prepared by
embedding them in a phenolic resin (Buehler, Lake Bluff, IL, USA), and then ground
and polished with diamond suspensions of decreasing particle size (30—6-3 pum). The
crystalline phases of the oxide scales were determined with X-ray Diffraction (XRD, Bruker,
D8-Advance, Billerica, MA, USA) using Cu K« radiation (operated at 40 kV and 40 mA).
Phase identification was performed using the JCPDS database and the DIFFRACplus EVA
software by Bruker AXS.

2.4. Scratch Test

Scratch tests were performed in order to measure the adhesion between the oxide
scale and substrate, and the mechanical integrity of the oxide scales. A scratch tester (CSM
Instruments Revetest, Needham, MA, USA) with a Rockwell C diamond indenter of 200
um radius was used. The tests were carried out under progressive loading from 0 to 80
N at a constant loading rate of 100 N/min with 5 mm scratch length. Damage and failure
were later observed by optical microscopy.

2.5. Profilometry Test

The surface topographic profile and the surface roughness parameter (R,) of the
oxide scales were determined from three different regions of each sample using a contact
profilometer (Dektak 150 Stylus, Bruker, Billerica, MA, USA). A tip with a radius of 50 nm
was employed at a force of 5 mg for scanning a total length of 3 mm. The surface roughness
parameter (R,) was obtained from Stylus software. Each value and standard deviation of
R, was determined from at least three different regions of each sample.

3. Results and Discussion
3.1. Corrosion Rates

Figure 1 exhibits the thickness loss evolution of the three steels as a function of the
exposure time to molten salts. The thickness loss of the alloys in molten carbonate salts at
600 °C increased in the following order: DS2507 < SS301 < DS2205. From this tendency,
it can be established that the corrosion resistance of the tested steels is mainly enhanced
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due to their nickel content (Table 1). In this sense, the thickness loss of DS2205 (5.2 Ni
wt%) was higher than that of DS2507 and SS301 with 7.4 and 7.2 Ni (wt%), respectively.
However, the corrosion resistance of DS2507 (25.0 Cr wt% and 3.8 Mo wt%) was better than
55301 (17.2 Cr wt% and 0.1 Mo wt%). Therefore, chromium and molybdenum contents also
contributed to afford higher corrosion resistance and lower corrosion rate.
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Figure 1. Evolution of thickness loss of S5301, DS2205 and DS2507 as a function of the exposure time

in molten salts. The dot lines indicate the tendency curve of thickness loss for each alloy obtained
using Equation (2).

Since the tendency of loss thickness was not linear, it evidenced that the metal was
oxidized very quickly in the first tens and hundreds of hours, and after a certain exposure
time, the corrosion rate was reduced to lower values. Thus, the corrosion rates of the alloys
were decreased with the increase in exposure time, reaching high values at the initial times
and lower values after hundreds of hours. According to these tendencies of corrosion
kinetics, the evolution of the metal loss with exposure time followed a parabolic law for
SS301 and duplex stainless steels. The obtained k, 7 and R-squared (R?) values of trend
for plots determined from Equation (2) with # close to 0.5 are summarized in Table 2. The
R? values were calculated to determine the reliability of the trends. The relatively good
R? values confirmed an acceptable fitting of the thickness loss of metal with the exposure
time, and therefore, the corrosion kinetics of alloys can be associated to a parabolic law.
This kinetics law represents a certain limitation of cation diffusion at the oxide scales
and can be attributed to the effectivity of the protected oxide layers generated during the
corrosion tests.

Table 2. Experimental parameters of Equation (2) after fitting the thickness loss of metal at the
exposure times and R-squared values.

- $S301 DS2205 DS2507
k (nm-h—1/2) 0.89 1.59 0.69
n 0.58 0.52 0.59
R2 0.987 0.995 0.989

As typically presented in the International System, the corrosion rates are expressed as
the value of metal thickness loss in mm/year, which allows a comparison with other alloys
reported in previous works. In the present work, the initial corrosion rate was estimated
by determining the slope of the loss thickness curves for the first points from 0 to 300 h
and from 700 to 1300 h. The values of the corrosion rates for each steel exposed to molten
carbonate salts at 600 °C are listed in Table 3. To the best of the authors” knowledge, no
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previous work has reported on the corrosion rates of S5301, DS2205 and DS2507 immersed
in molten carbonate salts at 600 °C. However, some studies presented the results of corro-
sion rates using other stainless steels in contact with carbonate salts (Table 4). For instance,
Gallardo-Gonzdlez et al. [26] estimated corrosion rates between 0.22 and 2.07 mm /year
for the AISI 316 stainless steel (with higher Ni content compared to the 55301, DS2205
and 2507, but lower chromium and molybdenum than duplex alloys) exposed to several
compositions of carbonate salts at 600 °C. More recently, Prieto et al. [18] reported the
corrosion rates of two austenitic stainless steels immersed in ternary eutectic carbonate
salt at 700 °C: 0.18-0.21 mm/year for AISI 310H and 0.26-0.29 mm/year for AISI 347H.
Although both AISI 310H and AISI 347H presented much higher Ni content than the steels
of the present work, their values of corrosion rates at 700 °C were quite close to those
obtained at 600 °C in our study. Taking into account these references, the behavior of
the three stainless steels studied in this work suggests a corrosion resistance in molten
carbonate salts at 600 °C close to austenitic stainless steels, but with less content in Ni. Thus,
it could provide a remarkable cost reduction compared to austenitic steels with higher Ni,
and therefore, DS2507 would be particularly interesting for a future application.

Table 3. Corrosion rates (CR) of tested steels in molten carbonate salts at 600 °C for each alloy.

SS301 DS2205 DS2507
CR (mm/year) from 0 to 300 h 0.69 1.02 0.59
CR (mm/year) from 700 to 1300 h 0.22 0.29 0.17

Table 4. Overview of corrosion rates (CR) of tested steels, indicating the Cr, Ni and Mo contents in
carbonate salts in the range of 600 and 700 °C.

Li-Na-
Cr Ni Mo o CR
Sample (Wt%) (wt%) (wt%) faC0s - Temp- 0O mmyean et
(Wt /o)
AISI 301LN 174 7.2 0.1 0.22-0.69
DS2205 22.6 52 3.0 32/33/35 600 0.29-1.02 Present work
DS2507 25.0 7.4 38 0.17-0.59
10/35/55 600 0.40-1.71
AISI 316 17.0-18.5 10.5-13.5 20-25 16/31/53 0.32-2.07 [26]
33/38/29 0.22-1.03
AISI 310H 24.0-26.0 19.0-22.0 <01 0.18-0.21
AISI 347H 17.0-20.0 9.0-13.0 <01 32/33/35 700 0.26-0.29 [18]

3.2. Composition and Microstructure of Oxide Scales

Figure 2 exhibits the XRD spectra of the S5301, DS2205 and DS2507 oxide scales
after 120 h and 1000 h of exposure to molten salts. In addition, the XRD spectra of
as-received steels (before corrosion tests) are added as a reference to distinguish the
characteristic patterns of each alloy and those of the oxide scales. The as-received steels
presented the 6 and y phases for SS301; the «, v and o phases for DS2205; and the «
and y phases for DS2507. After exposing the alloys for 120 h, the oxide scale peaks cor-
responding to chromium oxides (e.g., FeCryO4 and LiCrO,), iron oxides (e.g., LiFeO;)
and NiO were detected in the three steels. After 1000 h, no significant change in the na-
ture of oxide phases was observed, but their presence was increased with the exposure
time, since their relative peak intensities were increased concerning steels exposed for
120 h. Li-containing corrosion products, such as LiFeO, and LiCrO,, were detected in
the oxide scales of the three steels, which was in good agreement with previous works
reported for other austenitic stainless steels under similar atmospheres [50-53]. The
presence of LiFeO; did not offer good protection from the corrosion because this com-
pound tends to form porous oxide layers, which can accelerate the corrosion process.
In contrast, the formation of NiO and FeCryO4 are considered to have a good protective
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character [53]. The distribution of these compounds in the multilayered systems of the
oxide scales will be studied by SEM. Nevertheless, it is important to note that the low
molecular weight of lithium hinders its detection by SEM, and therefore, the formation
of Li-containing corrosion products was only studied by XRD.
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Figure 2. XRD spectra and peak identification chart of oxide scales formed on the surfaces of (a) SS301,
(b) DS2205 and (c) DS2507 after several exposure times to molten salts. The symbols denote the
phases: «, 8, v and o (of metallic substrate); O x-LiFeO, (JCPDS file cards no. 74-2284); A LiCrO,
(JCPDS 24-0600); ® FeCr,O4 (JCPDS 34-0140); and I NiO (JCPDS 47-1049).

Figure 3 shows the cross-sectional SEM images of the SS301, DS2205 and DS2507
oxide scales formed after 1000 h, which had a thickness between 15 um and 20 um. In
general, the oxide scales presented continuous and compact layers, but also exhibited
some defects, such as pores, voids and vertical groves near the outer surfaces and
at the interfaces of the inner oxide layers. The formation of pores and voids may be
associated to the formation of LiFeO,-containing corrosion products [50-54]. The oxide
scales of DS2205 exhibited a concentration of defects significantly higher than those of
55301 and DS2507. DS2205 also presented a partial delamination at the interface of the
inner and outer layers as well as the internal fracture and visible detachments of the
outer oxide scale in some regions. The lower Ni content in DS2205 could accelerate
its corrosion process as well as the formation of porosity and other defects. Thus, the
results of the thickness and aspect of the oxide scales after 1000 h (Figure 3) and the
corrosion rates determined for the same period (Figure 1) lead to the assumption that
detachment processes of this corrosion layer have occurred in all steels.

Figure 4 shows the SEM-EDS line scans of the oxide layers formed on the S5301,
DS2205 and DS2507 surfaces after the corrosion tests for 1000 h. The oxide scales presented
an arranged multilayer system on the surface of the steels after 1000 h of the corrosion
process. The outer layer was mainly composed of Fe and O; the middle layer was enriched
in Cr, Mn and O; and the inner layer was significantly enriched in a non-homogeneous
amount of Ni, Mn, Mo and O. Thus, the analyses evidenced an arranged multilayer system
with LiFeO,, LiCrO,, FeCr,O4 and NiO as the main compounds from molten salt to
metallic substrate. While the Fe-rich outer layer (LiFeO;) was a large generation zone
of defects, such as micrometer pores and voids, the Ni-rich inner layer was a narrow
transition zone between the middle layer (LiCrO;) and metal, which can be considered
as an internal oxidation region. In addition to Ni-enrichment at the inner layer, it also
presented an enrichment of Cr for DS2507 but also a peak of Fe and a depletion of Cr for
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55301 and DS2205, which could explain the best corrosion resistance of DS2507. Therefore,
the enrichment in Cr, Ni and Mo oxides near the oxide/metal interface of steels could play
an important role as a barrier against further oxidation and also enhance the adhesion
between the oxide scale and metallic substrate.

'\ Alloy
: 5ub5‘trate_

Figure 3. Cross-sectional SEM images of (a,b) SS301, (c,d) DS2205 and (e,f) DS2507 samples exposed
to molten salts for 1000 h.

3.3. Mechanical Integrity of Oxide Scales

Generally, the corrosion resistance, particularly in molten salts, is associated with
a good mechanical integrity of the oxide scales as well as their adhesion to the metallic
substrate, which could avoid their detachment in service and contribute to decreasing the
corrosion process [54,55]. Thus, the analysis of the tracks of the scratch test is a suitable way
to determine their mechanical integrity and adhesion. Figure 5 shows the scratch tracks
for the oxide scales of the steels. At the initial zone of the scratch tracks, observing only
the oxide scale, the DS2205 samples presented a higher concentration of defects (voids and
some transversal micro-cracks) than SS301 and DS2507. This was in agreement with the
cross-sectional SEM images and suggested an unsatisfactory mechanical integrity of the
oxide scales [56]. The concentration of both voids and micro-cracks was similar in each
alloy exposed for 120 h and 1000 h, and therefore, the mechanical integrity of the oxide
scales was stable with the time of immersion. On the other side, at the intermediate zone
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of the scratch where coexisted both an oxide layer and a substrate at the scratch valley, a
progressive removal of the oxide layer without decohesion of the scale-substrate interface
was observed at both samples after 120 h and 1000 h. This failure mechanism suggested
that the oxide scales of the three steels presented a good adhesion to the metallic substrate.
Thus, these results were in good agreement with the defects of the oxide scales observed in
the outer and inner layers of the oxide scales, particularly in the DS2205 samples, as well as
the satisfactory adhesion at the oxide-metal interface of all samples in Figures 3 and 4.
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Figure 4. Cross-sectional SEM images and EDS line-scan analyses corresponding to (a,b) SS301,
(c,d) DS2205, and (e,f) DS2507 samples exposed to molten salts for 1000 h.
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Figure 5. Optical microscopy images at two magnifications of scratch tracks on the oxide scale surface
of (a—d) SS301, (e-h) DS2507 and (i-1) DS2205 after 120 h and 1000 h. The white arrow indicates the
indenter sliding direction during the scratch test.

3.4. Surface Topography of Oxide Scales

The surface topography of the oxide scales may be a critical parameter for a possible
implementation of these steels in CSP plants. In this sense, the molten salts flow through
different components of CSP-like tubes, pipe and tanks, generating a certain friction force
between the metal surface and the molten salt. A surface with a poor flatness and high
roughness can increase the friction between the oxide scale and molten salt; therefore, it
could contribute to the detachment of oxide scales in operation.

Figure 6 shows the top surface images of the oxide scales, obtained from optical
microscopy, formed after exposing the samples to molten salts for 120 h, 300 h, 700 h and
1000 h. It was observed that the size of the crystalline grains of the oxide scales for each
alloy were continuously enlarged with the increase of the exposure time in molten salts. In
addition, the surface of the scales also presented an increase in irregularities and presence
of remarkable hills and valleys from 300 h.
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Figure 6. Surface images of the oxide scales, obtained from optical microscopy, formed on the
(a—d) SS301, (e-h) DS2205 and (i-1) DS2507 after exposing to molten salts for different times.

Figures 7 and 8 exhibit the topographic profiles and the surface roughness parameter
(R4) of the oxide scales, obtained from contact profilometer, formed after exposing the
samples to molten salts between 120 h and 1000 h. As expected, the polished surfaces of
the as-prepared samples used as references presented a typical surface roughness from the
grinding process (<0.1 um) with a considerable flat topographical profile. In contrast, after
300 h of exposure to the molten salts, the surfaces of the scales exhibited a larger roughness
with significant irregularities in height and the presence of strong hills and valleys. This
could be the result of the oxide layer in this first stage of corrosion being formed with
preferential chemical attack in those regions with defects or high surface energy. This
strongly irregular topography was significantly raised with the increased exposure time.
The samples immersed for 700 h and 1000 h exhibited the surfaces with the most roughness.
On the other side, the oxide scales of DS2507 showed a lower roughness and flatter oxide
layers than SS301 and DS2205, which exhibited quite similar topographic profiles with the
exposure time as well as roughness values.
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Figure 7. Representative surface topographic profiles of the oxide scales, obtained from contact
profilometer, formed on the (a) SS301, (b) DS2205 and (c) DS2507 after exposing to molten salts for
different times.
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Figure 8. Surface roughness parameter (R;) of the oxide scales, determined from contact profilometer,
formed on the SS301, DS2205 and DS2507 surfaces after exposing to molten salts for different times.

4. Conclusions

Austenitic stainless steel 301LN and duplex stainless steels from grades 2205 and 2507
were evaluated for their compatibility with eutectic Li;CO3-Nap,CO3-K,COj3 (32/33/35 wt%)
molten salts at 600 °C in air during a long-term period for thermal energy storage appli-
cations. The corrosion kinetics of steels follows a parabolic law. The corrosion rate was
determined from the metal thickness loss, obtaining values in the order of 0.19-0.69,
0.22-1.02 and 0.17-0.59 mm/year for SS301, DS2205 and DS2507, respectively. Therefore,
DS52507 presented a higher corrosion resistance than S5301 and DS2205.

The analyses of the oxide scales evidenced an arranged multilayer system formed of
LiFeO,, LiCrO,, FeCr,O4 and NiO as the main compounds found in the different layers
from the molten salt to metal-scale interface. The Fe-rich outer layer (LiFeO;) exhibited a
remarkable concentration of cracks, porosity and voids, which decreased the mechanical
integrity of the oxide scales and accelerated the corrosion process. In contrast, the Ni-rich
inner layer was a narrow transition zone between the middle layer (LiCrO, and FeCryOy4)
and metal substrate. In addition to Ni-enrichment at the inner layer, it also presented an
enrichment of Cr for DS2507, but a peak of Fe and a Cr depletion for SS301 and DS2205,
which could explain the best corrosion resistance of DS2507. However, the inner layers of
the oxide scales for the three steels presented good adhesion to the metallic substrate. On
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the other side, the oxide scales of DS2507 exhibited lower surface roughness and a flatter
oxide layer than those of S5301 and DS2205. In conclusion, among the steels studied in this
work, super duplex stainless steel 2507 may be proposed as the most promising alternative
for thermal energy storage of those structural components in CSP plants that usually work
with eutectic Li,CO3-Nay;CO3-K;CO3 molten salt at 600 °C in air.

Further work will be focused on the deeper understanding of the involved corro-
sion mechanisms as well as exploring strategies for the development of protective oxide
films to mitigate and inhibit the oxidation of duplex stainless steels immersed in molten
carbonate salts.
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