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Abstract. Thermal energy storage (TES) systems have paramount importance in the design of 
Concentrating Solar Power (CSP) plants. TES systems allow storing the energy collected from solar 
radiation as heat energy in a thermal fluid and, in that way, extending the energy duration period of 
the plant and making the produced electricity dispatchable, depending on the actual demand and not 
only on the availability of the sun. The thermal fluids, synthetic oils, or molten salts, usually operate 
at temperatures from 500°C up to 800°C. The harsh operative conditions bring out issues related to 
the compatibility with the construction materials of CSP components, i.e., carbon and stainless 
steel. Coating of low-alloy structural steel with high-resistant materials has been addressed as a 
promising solution for mitigating the corrosion in TES system components. Compact plasma spray 
process was used to deposit Inconel 625 alloy onto T22 carbon steel coupons. Nitrate salts mixture, 
60%NaNO3-40KNO3, commonly employed in CSP systems as operative and thermal storage fluid 
was used as corrosion medium. The tests were conducted by immersing coated and uncoated 
samples in molten salts at 500°C for 1, 3 7, and 14 days to assess the corrosion behavior of the 
In625 coatings. After 24 hours of exposition to molten nitrate salts, the T22 surface showed a 
pronounced oxidized layer having a thickness of approximately 20 µm. This layer is mainly 
composed of oxygen, iron, and chromium, which are the main constituents of carbon steel, with a 
few traces of sodium and potassium derived from the reaction of salts with the steel. Inconel 625, 
on the other hand, showed the formation of very thin scales of corrosion products localized only on 
the surface of the sample. Longer exposition is expected to produce a more pronounced degradation 
of uncoated steel, but barely affect the Inconel 625 coating 

Introduction 
The usage of thermal energy storage (TES) systems in CSP technologies has consolidated in the 

design of the plants. Their integration with the solar energy harvesting and the power cycle systems, 
indeed, allows to extend the period of the exploitation of solar energy even during the night hours 
without the solar radiation, mitigate the short-term variations of sunlight, and make the sun-derived 
electricity dispatchable [1,2]. The TES systems employ heat thermal fluids to store the energy 
gathered from the solar receivers as heat at high temperatures [3]. In the last decades, the CSP/TES 
systems have resorted more and more to molten salts as fluid for the power cycle or heat storage 
media to operate at very higher temperatures, from the range of 300-500°C up to 800°C [3–5]. 
However, the construction materials employed within the CSP components, e.g., carbon and 
stainless steels or, Ni-based super-alloys may suffer from severe corrosion attacks by the molten 
salts at these temperatures, bringing out challenging issues related to the integrity of these materials 
and their compatibility with the heat thermal fluids [6,7].  

Carbon and low-alloyed steels, such as low-Cr grade T22 steel, A36, and A56 gr.70 grade steel, 
commonly employed to fabricate the components of CSP and TES systems, provide remarkable 
corrosion resistance against nitrate salts mixtures (Solar salt and Hitec/Hitec XL system) at low 
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working temperatures, up to 390-400°C maximum, but above this threshold, higher corrosion rates, 
and catastrophic failures have been observed [6,8–10]. High resistant materials, such as 304, 310, 
316, and 347 stainless steels, or Inconel 625, In800H, and Hastelloy C-276 Ni-based alloys have 
adopted for CSP technologies to operate at more demanding conditions, although even them can 
suffer dramatic degradation at temperature above 750/800°C [3]. Several strategies have been 
proposed in recent years to prevent or mitigate the corrosion-derived damages in storage tanks. 
These involve the addition of a corrosion inhibitor to the electrolyte, cathodic protection, or the 
application of protective coatings having better corrosion resistance than the structural materials 
[11,12]. Coating of low-alloy structural steel represents a suitable and cost-effective alternative in 
the design of CSP plants. Indeed, the coatings act as protective layers avoiding the oxidation of the 
elements of the substrate (especially those more prone to the oxidation, such as Cr, Ni, Al, and the 
depletion of the matrix of its constituents; in that way, they can enhance the lifetime of these 
materials by sacrificing their element during the usage [13]. In this context, Ni-Cr alloys are very 
promising systems to be used as protective coatings in harsh environments [14]. Among the 
proposed strategies to deposit protective coatings on metallic components, thermals spray (TS) 
techniques have gained a growing interest since the ‘80s, when first attempts have been made to 
produce thermal barrier and wear-resistant coatings for incinerators, fuel cells, steam tanks, and 
aeronautic components [15–21]. Ni20Cr coatings deposited by High-Velocity Oxygen Fuel 
(HVOF) and combustion powder spray processes have been tested against chloride salts by 
Porcayo-Calderon et al. [22,23]. The produced coatings showed remarkable anti-corrosion 
performance especially at high temperatures (up to 450°C), whereas the uncoated stainless steel 304 
substrate experienced severe corrosion. Flame-sprayed Ni20Cr coatings provided good protection 
against V2O5-NaSO4 molten salt mixtures up to 750°C reducing the corrosion rate of the steel 
substrate by more than 50% compared to the uncoated steel [24]. Gomez-Vidal et al. [25,26] and 
Raiman et al. [27] furtherly investigated Ni-Cr coatings manufactured by HVOF, air plasma spray 
(APS), and diamond jet spray processes, respectively, against molten chlorides and carbonates. 
Their outcomes indicate that protection by the thermally sprayed coatings is a viable approach to 
extend the usage of carbonates and chlorides for the TES system, allowing to increase the operating 
temperature up to 700/750°C. Apart from the recalled studies, in the authors’ best knowledge no 
further contributions on that topic can be found in the devoted literature and many challenges 
remain unsolved [28]. The present work aims to furtherly investigate the feasibility of compact 
plasma sprayed coatings of nickel-based alloys against nitrate salts under the working conditions 
established in TES storage tanks. Compact plasma spray (CPS) has been employed to manufacture 
Inconel 625 coatings on commercial low-alloyed steel. The CPS consists of a portable plasma spray 
equipment operating at a maximum power of 2.5 kW and limited working pressure [29]. The 
reduced requirements allow operating in-situ on the TES components for installation and 
maintenance operations, preventing moving away from the damaged parts and limiting the 
shutdown time of the plants.  

Materials and Methods 
Compact plasma spray system (Sulzer Metco AG, Switzerland), with the compact plasma gun 

mounted on an Agilus industrial anthropomorphic robot from Kuka was used to deposit Inconel 625 
alloy powders onto T22 steel coupons adopting an optimized set of parameters. Oerlikon Mecto 
Amdry 625 powders (figure 1), having nominal particle size distribution from 90 to 45 µm. The 
nominal compositions of Inconel 625 and low-grade T22 steel are summarized in the following 
table.  
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Table 1. Chemical composition of Inconel 625 powders and T22 steel substrate 
Materials Chemical Composition (nominal wt. %) 
 Ni Cr Fe Mo Al Nb Ti C 
Amdry 625 bal. 21.5 2.5 9.0 -- 3.7 -- -- 
 Fe Cr Si Mo P S Mn C 
T22 bal. 1.92.6 0.5 00.87-1.13 0.03 0.03 0.3-0.6 0.15 
 
Figures 2.a and 2.b report the coupons of uncoated T22 steel and the T22 coated with Inconel 

625 powders before the corrosion test in molten salts. Figure 2.c shows the cross-section of the as-
sprayed Inconel 625 powders. 

 

 
Figure 1. SEM image of Inconel 625 powders (curtesy from Oerlikon Mecto, DSMTS-0085.7 – 
Nickel Chromium Superalloy (Inconel) Powders, www.oerlikon.com/metco) 

 

   
a) b) c) 

Figure 2. Uncoated (a) and Inconel 625-coated (b) T22 coupons for the hot corrosion tests; c) 
cross-section of the coated coupon after the deposition of Inconel 625 powder by CPS system. 

 
A high purity nitrate salts mixture, 60%NaNO3-40%KNO3, was used as a corrosion medium. 

This mixture is commonly employed in CSP systems as heat thermal fluid in the power cycle and 
thermal storage fluid for TES systems.  

The coated and uncoated samples were immersed in the molten salts within alumina crucibles 
and kept at 500°C in a furnace for 24, 72, 168, and 336 hours to assess the corrosion behavior of the 
Inconel 625 coatings. After the tests, the samples were washed in de-ionized water using ultrasonic 
cleaning to remove residual traces of salts on their surface. The samples were weighed before and 
after the tests to evaluate mass gain or loss. The surfaces of the corroded samples were analyzed, 
after being cleaned from the residuals of the salts, by using an optical and the Hitachi S-3400 

1738 Achievements and Trends in Material Forming



 

(Hitachi, Japan) scanning electron microscope (SEM), equipped with an energy dispersive X-ray 
microanalysis (EDX), to estimate eventual alterations in the superficial appearance. Samples were, 
then, cut and mounted in epoxy resin for the subsequent microstructural analysis on the cross-
sections. The formation of oxidized layers on the top surfaces of the samples, penetration depth of 
the corrosion products within the coatings and the substrate, and their chemical compositions were 
investigated. 

Results and Discussion 
Uncoated T22 and Inconel 625-coated T22 coupons were tested against a nitrate salts mixture at 

500°C. Figure 3 shows the surface of the tested coupons at different exposure times. Bare T22 steel 
showed a progressive degradation with the increasing of time. After 72 hours, the surface, 
immersed inside the molten salts pool, presents evident traces of degradation. The oxide layer, 
which should be hematite iron oxide (Fe2O3), appears dense and compact and is uniform across the 
exposed surface. With the increase of time, the oxide layer begins degrading. After 336 hours, 
indeed, local traces of the erosion are visible: the oxide layer loses its integrity and breaks, exposing 
the underlying material, which probably consists of other species of iron oxide, that are less 
resistant to the aggressive action of the salts. Cyclic formation, growth, and spallation of the 
primary oxide layer represent the mechanism by which the corrosion propagates within the T22 
steel. The surface of the steel, which was not directly in contact with the liquid salts but was 
exposed to the high temperatures, also experienced an oxidation reaction. Inconel-coated samples, 
conversely, at a preliminary observation did not show remarkable signs of corrosion and the coating 
appears to retain its integrity regardless of the time of exposure to the molten salts. The tested 
coupon differs from the as-sprayed sample for a slight change in the surface coloration, probably 
due to the reaction of the constituents of the nickel alloy, iron, and chromium in particular, with the 
environment.  

 

      
a) b) c) d) e) f) 

Figure 3. Images of the surface of the coupons after the corrosion tests at different times of 
exposure: uncoated T22 after three (a), seven (b) and 14 days (c) and Inconel 625-coated T22 after 
three (d), seven (e) and 14 days (f). Sub-figures c, e (on the right), and f (on the left) also show the 
relative coupon before the hot corrosion test for comparison purpose 

 
Figure 4 reports the mass variation for the surface unit for the uncoated and coated coupons. T22 

steel showed an increasing mass gain with the increasing exposure time, related to the growth of the 
superficial oxide layer, which ranges between 15 and 27 µm after 24 hours, while it reaches 
approximately 60 µm after 336 hours. It is worthy of noting that gravimetric analysis showed that 
the mass gain after 168 hours is higher than the ones measured at the maximum testing exposure 
time, which are 8.7 and 8.35 mg/cm2, respectively. A reduction in the mass gain rate is expected 
due to the protective action exerted by the thicker oxide layer with respect to the early stage of the 
corrosion where the steel has not yet formed a protective layer and it is in contact directly with the 
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salt or it is covered by a very thin film of oxide [10]. To assess if the observed variation is a trend or 
a local oscillation, tests with longer exposure time could be needed.  

Inconel 625-coated steel showed a mass loss during exposure to the molten salts. Mass loss in 
bulk Inconel 625 is expected due to the dissolution of the oxides (in particular chromium oxide) 
within the molten salts [30]. However, it is very limited at the testing temperatures adopted in the 
present work. The value measured, indeed, is three orders of magnitude higher than the value 
reported in the literature [30]. The discrepancy between bulk and coating can be ascribed to the 
progressive erosion of the coating with the increasing exposure time: Inconel 625 coating indeed 
passed from approximately 240 µm in as-sprayed conditions (see figure 2.c), to 110 µm after 336 
hours (as visible in figure 9). It will be discussed later in the manuscript. 

 

 
Figure 4. Mass variations of uncoated and Inconel 625-coated T22 coupon after hot corrosion test 
at different times of exposure to the molten salts. 

 

 
Figure 5. Cross-section and EDX maps of the uncoated T22 specimen after 24 hours of exposure. 

 
Figures 5 and 6 show the cross-section and the EDX analysis of the uncoated T22 after 24 and 

336 hours of exposure, respectively. As mentioned previously, the main corrosion product consists 
of an iron oxide layer. The layer has been claimed to be formed by hematite on the external layer in 
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direct contact with the nitrates and by magnetite on the internal layer in contact with the steel 
substrate [31]. At the interface with the substrate, a layer rich in chromium formed resulting in a 
depletion of the bulk steel near the surface exposed to the salts. The hematite layer is usually less 
compact and less adherent to the underlying layer. The porosity in the outer oxide promotes the 
penetration of the corrosion medium inside the oxide layer, with the consequent spallation of the 
layer and the progression of the corrosion of the steel (see figure 6). Only a few traces of sodium or 
potassium have been detected on the surface and within the oxide coating. 

 

 
Figure 6. EDX maps of the cross-section of the uncoated T22 specimen after 336 hours of 
exposure. 

 
Figures 7, 8, and 9 show the cross-section, the surface, and the EDX analysis of the Inconel 625-

coated T22 steel after 24 and 336 hours of exposure. After one day, no remarkable signs of 
corrosion are visible on the coating: thin oxide scales formed on the surface composed of sodium 
and iron, probably Na2FeO2 [30,32]. The dissolution of these scales in the molten salts has been 
indicated as a reason contributing to the weight loss also in the Inconel 625 bulk [30]. Traces of 
sodium have been also observed between the splats in the region rich in chromium, niobium, and 
oxygen. After 24 hours, the penetration of sodium inside the coating is limited and it does not 
weaken the integrity of the coating itself.  

 

 
Figure 7. EDX maps of Inconel 625-coated T22 steel cross-section after 24 hours of exposure. 
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After 336 hours, the coating shows evident signs of the progression of corrosion. On the surface, 
the main phase consists of NiO nickel oxide, while a secondary phase concentrate in the region 
between the nickel particle is composed of niobium and chromium, precipitated at the particle 
boundaries after the plasma spraying (see also figure 2.c), and sodium, which was found a high 
concentration (see figure 8). The sodium also penetrates deeper within the coating with the 
increasing exposure time up to more than half of the actual coating through the pores between the 
sprayed particles (see figure 9). As mentioned before, the diffusion of the corrosive agent and 
formation of corrosion product inside the coating led to a lack of cohesion of the sprayed particles 
and a loss in structural integrity: the coating delaminates and part of it is lost in the early phase of 
the test, up to 168 hours, and it remains roughly constant up to 336 h. It could be the reason for the 
reduction in the coating thickness measured after fourteen days test and the mass loss higher than 
that observed in the Inconel 625 bulk [30]. The formation of uniform chromium oxide at the 
interface between the steel substrate and the coating was also observed. Chromium oxide is a stable 
compound at the operative conditions adopted and exerts a protective action for the underlying 
steel, which did not experience significant degradation, retaining its original composition and 
integrity. 

 

 
Figure 8. EDX map of the surface of Inconel 625 coated coupon after 336 hours of exposure. 
 

 
Figure 9. EDX analysis of Inconel 625-coated T22 after 336 of exposure. 

Conclusions 
Inconel 625 coating, deposited on T22 steel substrate by using compact plasma spray process, was 
tested against molten salts at 500°C for different exposure time, namely 24, 72, 168, and 336 hours. 
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By analyzing the outcomes from the experimental campaign, the following conclusions can be 
drawn: 
• T22 Steel was severely affected by the exposure to the molten salts. The surface in contact with 

the salts show evident signs of extended corrosion, with spots correspondent to the localized 
fracture of the oxidized layer  

• T22 tends to form a dense oxidized layer mainly formed by Fe2O3 and Fe3O4 compounds. 
Slight traces of sodium and potassium have been observed on the corroded surface. 

• Inconel 625 coating behaves well when exposed to molten salts. No damages have been 
observed on the T22 substrate, which retains its composition. Corrosion products, consisting of 
Na and O compounds, were found inside the coating, forming within the pores between the 
particle splats resulting from the deposition process. Inter-splat corrosion could lead to the 
weakening and potential erosion of the coatings 

• Corrosion products propagate deeper inside the Inconel coating with increasing the exposure 
time, from a few microns after 24 h up to half the thickness after 336h 
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