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A B S T R A C T

Intermittency of renewable energy sources is a critical problem. Concentrated Solar Power (CSP) power plants 
with thermal storage systems offer one of the main solutions. Among the many storage processes, nanofluids are 
a method of improving thermal performance but inducing corrosion of storage units. This study investigates the 
potential of Inconel-625 and Stellite-6 coatings deposited by laser cladding in preventing nanofluid-induced 
corrosion in CSP thermal storage units. AISI 316L stainless steel samples coated with Stellite-6 and Inconel- 
625 were tested for corrosion in NaNO3 containing SiO2 nanoparticles at 450 ◦C for 30, 60, and 90 days. 
Cross-section analysis was used to assess thickness loss, and coatings were analysed. Chemical attack enhanced 
material contrast for microstructural observation. Compositions of oxides were identified by EDS and XRD 
analysis, and ICP analysis identified elements in the salts after corrosion. Results showed almost no loss in 
thickness, even after 90 days, to substantiate the protective efficacy of coatings. Results confirm that Inconel-625 
and Stellite-6 coatings are a reliable source of preventing corrosion caused by nanofluids in CSP thermal storage 
systems.

1. Introduction

The contribution of renewable energies to primary energy con
sumption has been increasing exponentially over the last few years [1]. 
This is mainly due to the fact that they are an effective solution to 
achieve sustainable and environmentally friendly development. Like
wise, they allow a balance to be achieved between social and economic 
welfare. However, this growth has introduced the challenge of inter
mittency in energy production. As a result, new technologies and sys
tems began to be developed to manage and store this energy efficiently 
[2]. A wide variety of materials have been investigated for energy 
storage applications, ranging from functional ceramics and magnetic 
materials to molten salts and nanofluids, depending on the targeted 
storage mechanism and operating conditions [3]. In this context, 
Concentrating Solar Power (CSP) plants equipped with Thermal Energy 
Storage (TES) systems have emerged as a promising alternative. These 
systems offer several advantages (e.g., flexibility, €/kWhth reduction, 
and minimising dependence on fossil fuels), enabling the transition to 
renewable energy sources [4,5], and the usage of coating engineering is 

a key factor in improving the energy performance of molten salt-TES 
systems [6] as stated by Dosta et al.

This technology consists of different materials, including concrete, 
solid beds, and molten salts as TES material and/or heat transfer fluid 
HTF [7,8]. Using these materials, sensible heat is stored and subse
quently used to produce electricity, ensuring continuous electricity 
generation [9]. Consequently, the materials used in these systems 
required high thermo-physical properties and chemical stability to 
obtain an efficient storage system.

CSP's most mature and implemented technology is a two-tank TES 
storage system with molten salts, especially with the so-called solar salt, 
composed of 60 wt% sodium nitrate (NaNO3) and 40 wt% potassium 
nitrate (KNO3). Despite the good performance of molten salts as TES 
material, some critical drawbacks remain to be solved. One of the most 
relevant is the high corrosion rates of molten salts working at high 
temperatures on the metallic walls of the storage tanks [10,11]. The high 
reactivity of these salts at high temperatures allows the reaction with the 
tank metals, producing severe oxidation and corrosion. However, 
despite extensive research, these corrosion degradation mechanisms are 
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not fully understood. Multiple factors, such as tank design, materials 
used, start-up, and operating conditions, play an important role in the 
evolution of these mechanisms [12]. Finding a solution to reduce this 
corrosion is therefore critical to improving CSP plant efficiency and the 
durability of TES systems.

On the other hand, molten salts exhibit a relatively low specific heat 
capacity (cp) and low-temperature stability, limiting the storage effi
ciency. In this regard, in recent years, research on the potential use of 
molten salt-based nanofluids has been carried out [13–15]. Nanofluids 
are a stable colloidal suspension of low concentrations of nanoparticles 
in molten salts. The literature indicates that the addition of around 1 wt 
% of nanoparticles increases the specific heat capacity and enhances the 
temperature stability. Consequently, enhancing the energy density of 
the system [16–19] and the Brayton cycle [20]. Furthermore, there are 
studies in the literature that demonstrate the reduction of corrosive 
behaviour due to the incorporation of nanoparticles in molten salts [21,
22]. These nanoparticles tend to aggregate and can be incorporated into 
the formed surface oxide layer, reducing the growth of it. However, 
there are other studies that indicate the opposite, showing an increase in 
the corrosion rate due to their presence [23]. Although the exact 
behaviour of nanoparticles and their effects on storage materials are not 
known, their role is important in future research in the field of CSP 
plants.

Within this framework, coatings are an effective solution to address 
this issue, safeguarding material from corrosion. Laser cladding has 
become an innovative option among the different methods of applying 
these protective layers [24]. This technique is widely used in the 
petrochemical, aerospace, and automotive industries due to its flexi
bility in terms of materials and structure [24,25]. It also stands out from 
other types of deposition technologies [26] because it enables a com
plete metallurgical bond with minimal heat input to the substrate [27]. 
Furthermore, manipulation of the laser parameters and post-treatments, 
such as controlled cooling or reheating, has been shown to have a 
tangible impact on the coating properties [28,29]. This highlights the 
importance of controlling the process parameters for optimum corrosion 
protection properties [30].

Among the different materials, nickel (Ni) and cobalt (Co) base al
loys, such as Inconel and Stellite, have shown outstanding corrosion 
resistance, especially when applied using thermal spraying or laser 
cladding techniques [28,31–36]. However, most existing studies have 
been conducted in corrosive media at room temperature, such as HCl or 
NaCl solutions [31,37–39], which are not representative of conditions in 
CSP plants. However, more recent research has evaluated the behaviour 
of these alloys in molten salts at high temperatures, such as mixtures of 
nitrates and eutectic salts [40–44], demonstrating their potential as a 
barrier against corrosion in harsh environments. For this reason, this 
work intends to analyse the effectiveness of these coatings deposited by 
the laser cladding technique.

The main objective of this paper is to evaluate the effectiveness of 
Inconel-625 and Stellite-6 coatings, applied by laser cladding, to miti
gate and prevent nanofluid-induced corrosion in thermal energy storage 
(TES) systems. This evaluation includes the study of their performance 
against corrosion over different periods of time, combined with a 
detailed analysis of the coatings' microstructural characteristics to assess 
their feasibility and efficiency.

2. Materials, methods, and experimental procedures

2.1. Molten salt-based nanofluids synthesis

The molten salt-based nanofluids (Fig. 1) were synthesised using 
commercial Sodium Nitrate (NaNO3) (Sigma Aldrich, 99.995%) as the 
base fluid and 1 wt% of silica nanoparticles (SiO2 NPs) ranging in 
diameter from 5 to 15 nm (Sigma Aldrich, 99.5%). The synthesis fol
lowed a standard two-step method [45] involving the following steps 
[46]. 

1. Preparing an 80 g sample by weighing 1 wt% SiO2 NPs and complete 
with NaNO3 until the desired weight is reached.

2. Dissolve the mixture in 30 ml of distilled water.
3. Subjecting the solution to 30 min of sonication to ensure proper 

dispersion of the nanoparticles and homogenization of the nanofluid.
4. Drying the solution in a furnace at 105 ◦C until complete water 

evaporation and salt recrystallisation.
5. Grinding the resulting material in an Agate mortar.

This method ensured the formation of the desired molten salt-based 
nanofluids with well-dispersed silica nanoparticles uniformly integrated 
into the solution.

2.2. Corrosion test materials

The specimens tested are comprised of AISI 316L stainless steel, the 
most common stainless steel used in TES tanks [47]. This substrate has 
been layered with laser cladding coatings of Inconel-625 and Stellite-6 
developed by the Spanish company TMCOMAS. Detailed compositions 
for both powder coating materials are provided in Tables 1 and 2 for 
reference and analysis. Both powders present a spherical morphology 
and a particle size of − 150 + 53 μm, as shown in Fig. 2.

2.3. Laser cladding technique

The Inconel-625 and Stellite-6 coatings were deposited by laser 
cladding according to the optimum conditions of TMCOMAS as shown in 
the following Table 3.

Multiple tracks were applied in this study, each measuring around 
900 μm, and three tracks were applied. A post-machining was performed 
on the coatings to reduce their roughness.

2.4. Experimental procedure corrosion test

The corrosion test involves immersing the samples in molten salts- 
based nanofluids contained within alumina crucibles and maintaining 
them at 450 ◦C in an air atmosphere for durations of 30 days (720 h), 60 
days (1440 h) and 90 days (2160 h) in a muffle furnace. Specifically, 
eight samples were under testing: three coated with Inconel-625 for each 
period of time duration and three coated with Stellite-6 for each period. 

Fig. 1. Molten salt-based nanofluid SEM image (7500X, 20 kV).

Table 1 
Inconel-625 powder chemical composition.

Composition (wt.%)

Ni Cr Mo Nb/Ta Fe

61.7-68.1 20.0-23.0 8.0-10.0 3.2-3.9 0.8-1.5
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Samples of 316 L stainless steel were also tested to evaluate the inde
pendent performance of this material for durations of 30 days and 90 
days. To exclusively perform a corrosion test on one side of the samples, 
the remaining sides were protected with a thermal paste (Nural 30 from 
Pattex).

2.5. Characterization methods

The cross-section of the samples was cut using an ABRASIMENT 250 
machine with a 60A25 abrasive disc. The cut samples were embedded in 
resin using a hot mounting press machine (REMET - IPA 30 EVOLU
TION). The samples were then roughed down and polished. To evaluate 
the microstructure of the samples, Marble attack reagent was prepared 
from 2 g of copper sulphate (CuSO4), 10 ml of hydrochloric acid (HCl 
37%), and 10 ml of distilled water. Once prepared, the samples were 
immersed in the attack reagent for 4 s.

Scanning Electron Microscopy was applied to see the morphology of 
the samples and the coatings. The equipment used was a QUANTA 200 
SEM microscope with EDS (Energy Dispersive X-Ray). The evaluation of 
the oxide layers and free surface of the samples was analysed, and the 
chemical analysis of Inconel-625 and Stellite-6 powders was carried out 
by the EDS. FESEM JEDL J-7100 microscope (GATAN MONO-CL4 
cathodoluminescence spectrometer, EDS detector, backscattered elec
tron detector) was used for salt micrographs. In addition, mappings of 
the cross-section of the coatings were performed to study the formation 
of oxides after the corrosion test.

X-ray diffraction (XRD) test was performed with PANalytical X'Pert 
PRO MPD, Bragg-Brentano powder diffractometer with 240 mm radius 
with Co Kα radiation. Six samples were analysed: Stellite-6 powder, 
Inconel-625 powder, one sample of Inconel-625, and one of Stellite-6 
before the test and one sample of each after the corrosion test (90 
days). The measurements were obtained in continuous scan mode be
tween the 2θ range from 7◦ to 125◦ with a step size of 0.017◦ and a 
measuring time of 100 s per step.

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICPAES) 
and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was per
formed to detect and identify the metal elements present in the samples' 
composition. 100 mg samples were mixed with 1 ml of nitric acid 
(HNO3) and 1 ml of hydrofluoric acid (HF), for 24 h in an oven at 90 ◦C. 
After the 24h, 45 ml H2O (high purity) were added to the mixture for 

12h at 90 ◦C. The samples were analysed in two steps; the first step 
involved using the ICP-AES technique, which was performed on Perki
nElmer ELAN 6000 ICP mass spectrometer to analyse Si content. In the 
second step the ICP-MS was employed to analyse chromium (Cr), mo
lybdenum (Mo), cobalt (Co), tungsten (W) and nickel (Ni) based on the 
detection limit of the technique, and an ICP-OES simultaneous Perki
nElmer Optima 3200R spectrometer was used to analyse these elements. 
Two measurements were taken for each sample.

3. Results and discussion

After the immersion corrosion test in molten salt-based nanofluids, 
none of the samples showed significant signs of surface corrosion. The 
coated samples, after 90 days, remain without apparent cracks (Fig. 3). 
This was mainly due to this technique's ability to create compact, low 
porosity (lower than 2% porosity), obtaining dense and uniform coat
ings, which reduces their susceptibility to corrosion [28].

Also, the coating is perfectly adhered to the substrate and has a wide 
thickness that protects it from the corrosive behaviour of the nanofluids 
and increases its service life (Fig. 4). Generally, this technique needs 
high cooling rates which limits the layer thickness to 500 μm [48]. 
However, in this case, the coating layers obtained are between 2000 and 
3000 μm. This means that during cooling, stresses can be generated at 
the interface and cause cracks in the coating, allowing the corrosion path 
[49]. Nevertheless, the thickness obtained prevents this phenomenon to 
happen.

In the case of the coated samples, the thickness variation 
(Δthickness) in μm produced after performing the test for 30, 60 and 90 
days was analysed. As the laser cladding technique produces irregular 
zones in the contact area between substrate and coating, to calculate the 
coating thickness, a measurement criterion was established from the 
surface to the tangent to the curves due to the laser trajectory. This 
reduced the error in thickness measurements caused by this irregularity. 
For both Inconel-625 and Stellite-6 samples, the variation observed for 
the first two months is insignificant. However, for the 3-month period, 
30.2 ± 6 μm for Inconel-625 and 26.9 ± 10 μm for Stellite-6 values were 
obtained (Fig. 5). This translated into reduction percentages of 1.2 ±
0.2% and 0.8 ± 0.3%, respectively. Furthermore, the corrosion rate 
(μm/year) was calculated from the coating thickness losses. Thus, after 3 

Table 2 
Stellite-6 powder chemical composition.

Composition (wt.%)

Co Cr W Fe Si C

60.2-66.4 27.5-29.5 4.0-4.8 0.3-3.0 0.9-1.3 0.9-1.2

Fig. 2. Powder materials SEM images: a) Inconel-625 powder and b) Stellite-6 powder scanning electron image (500X, 20 kV).

Table 3 
Laser deposition parameters of Inconel-625 and Stellite-6 (power, mass flow 
rate, and velocity).

Powder material Power (W) Mass flow rate (g/min) Velocity (mm/min)

Inconel-625 3400-3700 27-35 1200-1400
Stellite-6 3400-3700 25-30 800-1100
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months of testing, Inconel-625 reaches a corrosion rate of 122.5 ± 24 
μm/year and Stellite-6 of 109.2 ± 40 μm/year. For better comparison, 

the corrosion rate of 316L stainless steel was estimated for 30 and 90 
days of exposure to molten salt-based nanofluids. This value was 
calculated from the reduction in material thickness. Thus, the area 
covered by the oxide layer formed was eliminated. Thus, after 90 days, a 
reduction in thickness of 89 ± 5 μm was achieved. This implied that the 
corrosion rate of this material reached 361.1 ± 20 μm, a speed much 
higher than that observed for stainless steel coated with Inconel-125 and 
Stellite-6. Therefore, using coatings can reduce the corrosion rate of the 
material in the range of 65-70%.

Corrosion due to the high temperatures of molten nitrates in struc
tural materials in TES applications has been extensively studied over the 
years. It is therefore widely known that steels tend to form layers rich in 
iron oxides that are significantly higher than those of Ni- and Co-based 
superalloys. Specifically, for the substrate material used (SS 316L), 
although there is no direct experimental data in pure NaNO3, there are 
several studies [50–54] in solar salt and NaNO3-based molten salts that 
report data close to 0.01 mm/year, which depend on the test conditions 
(salt purity, atmosphere, and test time) and the method used to calculate 
the corrosion rate. That is why results obtained using different calcu
lation methods cannot be used to make a true comparison of the 
behaviour of the material, and for this reason, the same calculation 
method has been used for coatings and substrates in this study.

In the case of studies on Inconel and Stellite in molten salts, some
thing similar occurs, as no direct studies are using these coatings under 
the same test conditions. In general, Inconel 625 performs well against 
corrosion and has been extensively studied in solar salt. From the bulk 
material itself, where static and dynamic test conditions at 600 ◦C in 
solar salt resulted in values of 17-26 μm/year [40,55], to coatings of this 
material, which proved to be more effective with results of 13 μm/year 
[56]. Furthermore, the performance of Inconel 625 laser cladding 
coatings is supported by their extensive use in other types of more 
corrosive salts. Naghiyan et al. [57] studied Inconel 625 deposited on 
Inconel 738 in Na2SO4-60 wt%V2O5 at 900 ◦C and discovered the for
mation of a 40 μm layer after 36 h, significantly lower than the 130 μm 
layer of the substrate material under the same conditions. Meanwhile, 
Wang et al. [58] deposited Inconel 625 onto Q245R boiler steel using 
high-speed laser cladding and subjected it to a test in 33% NaCl + 31% 
KCl + 9% Na2SO4 + 27% K2SO4 mixed salt (400-600 ◦C). The results 
showed good corrosion resistance, which deteriorates as the tempera
ture rises and causes cracking and pitting corrosion. In contrast, Stellite 
6 is not a material commonly used in molten salt testing. An important 
study in this area is that of Sidhu et al. [33] in Na2SO4–60%V2O5 at 
900 ◦C under cyclic conditions, where Stellite 6 coating was found 
beneficial in increasing the resistance to hot corrosion. The most note
worthy studies are those on its resistance to wear and corrosion (3.5% 
NaCl solution) for applications involving high temperatures (e.g. 
high-pressure steam valves, oil or petrochemical industry) [59–61].

This corrosion originates mainly due to the sodium nitrate decom

Fig. 3. SEM images of the samples after 90 days of testing: a) Inconel-625 and b) Stellite-6.

Fig. 4. Image SEM of the substrate-coating (Stellite-6) bonding zone.

Fig. 5. Corrosion rate (μm/year) for Inconel-625 (green), Stellite-6 (blue) and 
SS316L (grey), and thickness reduction after 3 months.
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position releases nitrogen oxides (e.g., NO2) and oxygen (O2) (Equation 
(1)). This free oxygen mainly causes the oxidation of iron, present in 
steels and alloys, towards the form of higher stability, magnetite 
(Equations 2 and 3) [62]. In addition to magnetite, the formation of 
other iron oxide phases, such as Fe2O3, is possible. Also, impurities 
present in the molten salts can accelerate the corrosion process due to 
the presence of magnesium, chlorides, carbonates and sulphates [62,
63]. This can result in the formation of different types of oxides and 
ternary compounds, depending on the material (stainless steel, alloys, or 
superalloys) introduced into the molten salt-based nanofluids. 

NO-
3 ↔ 2NO-

2 + O2 (1) 

2Fe+O2 ↔ 2FeO (2) 

3FeO+
1
2
O2 ↔ Fe3O4 (magnetite) (3) 

In the test carried out, all the samples showed the formation of oxide 
layers on the surface (Fig. 6). The thickness of these increases as the 
exposure time in the nanofluids increases. These were studied from the 
cross-section of the samples and the analysis of the free surface of the 
specimens.

For the Inconel-625 samples, the oxide layer formed ranges from 6 
μm to 11 μm (Fig. 6-a). Fig. 7-a shows the cross-section mapping, where 
the oxide layer formed is clearly appreciated. It was mainly composed of 
nickel (Ni) and chromium (Cr), which are essential elements in this 
superalloy. In addition, Mo accumulation could be observed in some 
areas of this layer. This is in agreement with test results of this material 
in different corrosive environments (solar salt, Na2SO4- 45 wt% Diato
mite eutectic molten salt mixture) [40,41]. The presence of the nano
particles was not observed at the cross-sectional level, which is in 

accordance with studies indicating that the nanoparticles do not affect 
the corrosion rate caused in Ni-based superalloys [23].

On the other hand, for the Stellite-6 samples, the oxide layer formed 
was smaller, in the range of 4 to 7 μm (Fig. 6-b). This confirms a better 
stability and excellent results in terms of corrosion resistance of this 
material. Some studies have attributed this behaviour to the absence of 
nickel (Ni), which tends to form nickel (II) oxide (NiO) on the surface of 
the coating [42]. Furthermore, in this case, Fig. 7-b shows the appear
ance of a solid layer composed of silicon and oxygen on the 
cross-sectional surface of the sample. However, in general, in the studies 
carried out with this coating in different corrosive environments, the 
oxides layer formed is based on cobalt and chromium oxides [43,64], 
since the element content in the material is high. This difference in the 
composition of the surface oxide layer may have been caused by the 
nanoparticles. The agglomeration of these on the coating surface, 
forming a homogeneous layer, could have prevented the corrosive 
attack of the salt and the formation of the expected oxides. Moreover, 
this behaviour was similar to the one observed in other studies [22,65], 
where the addition of nanoparticles has a positive effect on the decrease 
of the corrosion level, highlighting the tendency to agglomerate and 
incorporate into the oxide layer on the surface.

In comparing these results with the uncoated substrate material, it 
was observed that the oxide layer formed was significantly larger, 
reaching 50-70 μm after 3 months of testing (Fig. 6-c). The layer formed 
is constituted by different particles of several compositions (silicon [Si], 
aluminium [Al], iron [Fe], nickel [Ni]). Other elements, such as sodium 
and magnesium, were also observed in smaller proportions. These re
sults are in concordance with other studies that evaluate the perfor
mance of stainless steels in solar salt [62].

The thickness loss results showed relatively uniform degradation of 
the coatings after 90 days of exposure to molten salt nanofluids. This 

Fig. 6. SEM micrographs of cross-section of a) Inconel-625, b) Stellite-6, and c) SS316L samples after 3 months of immersion in molten salt-based nanofluids (2500X, 
20 kV).
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uniformity was corroborated by microscopical analysis of cross-sections, 
where homogeneous corrosion layers were observed across the surface 
of the specimens, with no evidence of severe localised attacks. These 
findings indicate that thickness loss measurement is an appropriate and 
representative method for evaluating corrosion in this study, as it 
accurately reflects the degree of material degradation across the entire 
exposed area. However, in scenarios where localised corrosion occurs, it 
would be necessary to supplement the evaluation with additional tech
niques, such as mass loss.

Moreover, the free surface analysis allowed a better study of the 
compounds formed after the test. Inconel-625 was composed of a 
mixture of elements (Fig. 8-a) present in the coating powder, such as 
nickel (Ni), chromium (Cr), iron (Fe), and molybdenum (Mo), elements 
in proportions lower than 1% that could be caused by the presence of 
impurities in the salts (Chlorine and sulphur, Cl and S) and elements 
such as sodium (Na) and silicon (Si) due to nanofluids. Similarly, the 
presence of O was observed, indicating that the layer formed is a mixture 
of oxides of the metals mentioned above. These compounds originate 
due to the spontaneous reaction of the solid phase metals (Nickel [Ni], 
chromium [Cr}, and molybdenum [Mo]) with the sodium nitrate 
(NaNO3) molten salt (Equations (4)–(6)). These reactions are highly 
favoured due to negative values of the Gibbs free energy, ΔrGm

Θ(T), be
tween 600 K (327 ◦C) and 1000 K (727 ◦C) [66]. 

3Ni(s) +2NaNO3(l) ↔ NiO(s) + 2NO(g) + Na2O(s) ΔrGΘ
m(600-1000 K)

= -189.05 to -256.84 kJ
/
mol (4) 

2Cr(s) +2NaNO3(l) ↔ Cr2O3(s) + 2NO(g) + Na2O(s) ΔrGΘ
m(600-1000 K)

= -615.37 to -685.40 kJ
/
mol

(5) 

Mo(s) +2NaNO3(l) ↔ Na2MoO4(s) + 2NO(g) ΔrGΘ
m(600-1000 K)

= -537.43 to -622.35 kJ
/
mol (6) 

Stellite-6 as the mapping showed, this uniform layer (Fig. 8-b) was 

mainly composed of silicon oxide for Stellite-6. Zones with a high carbon 
(C) content by weight and salt particles (NaNO3) adhering to the surface 
also existed. Finally, for the substrate material, significant surface 
damage due to corrosion was observed (Fig. 8-c), which was already 
visible in the cross-sectional images. Again, the agglomeration of the 
nanoparticles over a large area of the surface was shown.

An XRD analysis of the samples was carried out to evaluate the 
compounds on the surface under the corrosion test. Powders and coat
ings were analysed before and after the corrosion test to compare 
possible phase changes. The results are shown in Fig. 9. For the Inconel- 
625 sample, no crystallographic changes between the powders and the 
coatings deposited by LC were observed. The X-Ray diffraction pattern 
in both cases consists of (nickel, chromium, iron - Ni, Cr, Fe) phases with 
a cubic structure, in agreement with the results obtained in other studies 
[67,68]. In the case of the sample subjected to the corrosion test, an 
additional cristobalite (SiO2) phase with a tetragonal structure appeared 
due to the aggregation of nanoparticles on the surface of the sample. In 
the case of the Stellite-6 sample, the diffraction pattern was composed of 
peaks of (cobalt, chromium - Co, Cr) phases of cubic structure for both 
powder and coating. These results are in accordance with other studies 
[69,70] using the same coating. Cristobalite peaks also appear for the 
sample that was 90 days in the corrosion test. In addition to this, an 
additional sodium nitrate (NaNO3) phase with rhombohedral structure 
appeared due to the adhesion of the molten salt on the sample.

Finally, the results obtained from the metal analysis of the salts (ICP), 
after the corrosion test, corroborated all of the mentioned above. In the 
molten salt-based nanofluid in contact with the Inconel-625 sample, 
amounts of 3.6 ± 0.3 μg/g nickel (Ni) and 6 ± 4 μg/g chromium (Cr) 
were found. This implied that most of the Ni tended to remain as an 
oxide in the surface layer of the sample, while the chromium (Cr) was 
transferred to the salt. This was already evident from the mapping, 
where almost no chromium (Cr) was observed in the oxide layer formed. 
The other metals studied for this sample were in negligible proportions. 
In contrast, for the sample in contact with Stellite-6, only 10 ± 1 μg/g 
chromium (Cr) was detected. This means that the chromium (Cr) present 
in the coating partly passed into the salt, instead of forming a surface 

Fig. 7. Mapping of the cross-section of a) Inconel-625 and b) Stellite-6 samples after 3 months of immersion in molten salt-based nanofluids.
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oxide layer. Moreover, the minimal presence of cobalt (Co) in this salt 
implies that there was no diffusion of this element between the coating 
and the salt, probably prevented by the layer of nanoparticles formed.

4. Conclusions

Based on the results obtained, both coatings showed excellent per
formance against corrosion in molten sodium nitrate (NaNO3) with SiO2 
nanoparticles at 450 ◦C. This confirms that the use of this type of coating 
material improves the resistance of TES tanks and increases their service 
life. The most relevant points are described below. 

• None of the coated samples showed significant signs of surface 
corrosion. This was mainly due to the compact and uniform coatings 
with thicknesses that provided effective protection against the 
nanofluids' corrosive behaviour. Furthermore, thickness reductions 
were minimal, reaching values of 30.2 ± 6 μm for Inconel-625 and 
26.9 ± 10 μm for Stellite-6. This resulted in 122.5 ± 24 μm/year 
corrosion rates for Inconel-625 and 109.2 ± 40 μm/year for Stellite- 

6. In comparison, 316L stainless steel showed a significantly higher 
corrosion rate of 240 ± 24 μm/year.

• Surface analysis of the samples revealed the formation of an oxide 
layer. In the case of Stellite-6, a solid and homogeneous silicon oxide 
(SiO2) layer was formed. This layer could have acted as a protective 
barrier, slowing down the coating's corrosion process. However, 
further research will be necessary to corroborate this relationship.

• XRD analysis showed no significant phase changes upon deposition 
of the coatings. Furthermore, it allowed to observe the appearance of 
additional phases, such as cristobalite, due to the agglomeration of 
the silicon oxide (SiO2) nanoparticles on the sample surface.

• Metal analysis showed the diffusion of elements such as nickel (Ni) 
and chromium (Cr) into the salt. However, future tests on the salts 
will be necessary to determine how this affects their thermal 
properties.

• The experimental results are promising for TES tanks in the field of 
CSP plants, although more studies are needed with longer test times 
and a greater variety of salts.

Fig. 8. SEM micrographs of the free surface of a) Inconel-625, b) Stellite-6 and c) SS316L samples after 3 months of immersion in molten salt-based nanofluids and 
EDS analysis.
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