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Abstract. Eutectic ternary carbonate salt is one of the candidates for 3rd generation concen-
trated solar power (CSP) plants. Gen3 CSP targets higher operation temperatures, which 
strengthens the corrosivity issues associated to molten salts. Although there are corrosion 
studies for this carbonate salt in static conditions, the effect of salt flow is not fully under-
stood. In this work, corrosion experiments under static and dynamic conditions are compared 
for SS310 subjected to ternary carbonate salt at 600ºC. 

The corrosion layer formed during static and dynamic tests were completely charac-
terized by means of SEM-EDX and XRD (surface and cross-section). The corrosion products 
deposited in the salt during the experiment were analyzed by ICP-OES. 

The tests performed under dynamic conditions demonstrated an increase spallation 
of the corrosion layer. This spallation produced a thinner scale and exposed the Cr contain-
ing phase to the molten salt, fostering its dissolution. These results confirmed the significant 
effect of dynamic conditions on the corrosivity of eutectic ternary carbonate salt and the im-
portance of assessing them in the design of 3rd generation CSP plants. 
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1. Introduction

In a global situation of growing energy demand and requirement of lowering greenhouse 
gases, renewable energies must be fostered. Among them, concentrated solar power (CSP) 
is the only one with mature storage solution at industrial scale: molten salt-based thermal 
energy storage (TES) systems [1]. The feasibility of implementing a storage unit makes CSP 
dispatchable and lowers its LCOE [2]. 

Current industrial TES systems employ the two-tank technology and solar salt (NaNO3-
KNO3, 60%-40% in wt%) as thermal storage media [1]. The use of solar salts limits the oper-
ational temperature range below 565 ºC, also limiting the overall efficiency of the CSP plant. 
A working temperature rise would increase the efficiency and rentability of next generation 
plants [3]. Carbonate and chloride salt mixtures have been proposed to achieve this target. 
Chloride salts, although being the most cost-effective option, present higher corrosivity [4] 

1

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


González-Fernández et al. | SolarPACES Conf Proc 1 (2022) "SolarPACES 2022, 28th International Conference 
on Concentrating Solar Power and Chemical Energy Systems" 

and require elaborated processes to prepare the blends [5,6]. Carbonate mixtures are less 
attractive in price terms, but present lower corrosion issues, their preparation is much simpler 
and show enhanced thermophysical properties [1,7]. The eutectic ternary carbonate salt 
(34.5% K2CO3 - 33.4% Na2CO3 - 32.1% Li2CO3, wt%) is one of the most promising candi-
dates among these mixtures.  

In this sense, the corrosivity of carbonate salts in static conditions has been extensively 
analyzed in literature, and concretely numerous works reported results for the eutectic ter-
nary system [8-13]. However, to the best of our knowledge, just one paper addressing the 
corrosion of K2CO3-Na2CO3-Li2CO3 in dynamic configuration has been published [14]. The 
authors reported large metal loss for coated and uncoated P91 alloy at 650 ºC, but surpris-
ingly higher spallation was found in static conditions. 

Therefore, there is a lack of studies with the salt under dynamic conditions, which is 
closer to real application. In this work, we investigate the modifications of the corrosion pro-
cess due to the salt pumping for ternary eutectic carbonate mixture and 310 stainless steel at 
600 ºC.  

2. Materials and Techniques 

Eutectic ternary carbonate salt was employed for the corrosion tests: 34.5% K2CO3 - 33.4% 
Na2CO3 - 32.1% Li2CO3 (weight concentration). The components of the carbonate salt were 
purchased from Sigma-Aldrich (purity > 99%). The tree carbonates were dried in oven for 12 
hours at 120 ºC before mixing. The samples and rotation-transmitting rods employed in this 
work were made of SS310, whose composition is detailed in Table 1.  

Table 1. Chemical composition of SS310 (wt%). 

 Fe Ni Cr Mn Si P C S 
SS310 Balance 19.1 24.9 1.81 0.64 0.03 0.05 0.01 

The experimental setup developed for conducting the experiments is shown in Figure 1. The 
electric motor above the furnace produces a rotation that is transmitted by the rod to the 
cross-shaped sample attached to the bottom end, located inside the crucible containing the 
salt. The junction between the engine and the rod is electrically insulated. This configuration 
reproduces the dynamic corrosion conditions in the inner walls of pipes due to salt pumping. 

Cross-shaped SS310 samples were employed, for producing 4 pieces to be studied after 
the test. A total of 685 g of carbonate salt were used to ensure the complete immersion of 
the sample during the experiment. For running the experiment, the temperature was raised to 
450 ºC at 5 ºC/min; then, 1 hour at isothermal conditions to ensure complete melting of the 
salt; followed by a heating to 650 ºC with the previous rate. When the desired temperature 
was reached, the rotation was started, and the temperature maintained for 600 hours. The 
test was carried out at a spinning rate of 60 rpm, which means a linear velocity in the central 
part of the petals of the sample of ∼ 0.2 m/s. 
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Figure 1. Experimental setup for dynamic corrosion tests: schematic view (a) and photos (b, 
c) of electric motor (1), rotation-transmitting rod (2), furnace (3) and SS310 sample (4). 

After the dynamic experiment, another corrosion test was performed without rotating the 
sample but with the same experimental configuration. The results in static conditions were 
used as reference to determine the effect of salt movement on the corrosion process. 

The samples were characterized after the corrosion tests by scanning electron micro-
scope (SEM) –Quanta 200 FEG equipped with energy-dispersive X-ray spectroscopy (EDX)– 
and X-ray diffraction (XRD) –Bruker D8 Discover diffractometer equipped with a LINXEYE 
detector using CuKα1 radiation (λ = 1.5418 Å) in Bragg-Brentano θ:2θ geometry–. The car-
bonate salt was examined by inductively coupled plasma optical emission spectroscopy 
(ICP-OES) –Horiba Ultima 2 model in conjunction with a AS500 autosampler and Acti-
vanalyst software–. 

3. Results and Discussion 

The first visual analysis of the samples after the corrosion tests showed a significant spalla-
tion of the corrosion layer in both conditions. However, the sample tested in static conditions 
presented lower spallation extend, since there were still corrosion scales loosely attached to 
the samples. These scales were not observed for the dynamic case because the rotation 
forced their complete detachment. 

The difference between the samples tested in dynamic and static cases was confirmed 
by SEM analysis (Fig. 2). The beginning of the corrosion layer spallation is appreciated in 
Fig. 2b. Traces of these spallations are still present in the regions where the layer is already 
separated. However, the samples tested in static conditions present totally different surface 
features (Fig. 2a), with three stacked layers observed. The oxide crystals located in top and 
bottom layers are significantly bigger than the ones in middle layer, which produce a 
smoother surface. In the bottom layer though, protuberances are appreciated. High magnifi-
cation images (Fig. 2 c & d) were acquired in the corrosion layer region closer to the metallic 
matrix, below detached scale. The sample tested in static conditions presents big octahedral 
formation (Fig. 2c), while dynamic conditions lead to smaller crystals (Fig. 2d). This differ-
ence is due to the salt flow in dynamic conditions, which avoids the big crystals growth, con-
trary to static conditions, which enhance bigger oxide crystals formation. 
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Figure 2. SEM images of the SS310 samples after 600 hours corrosion experiment at 
600 °C under static (a and c) and dynamic (b and d) conditions. 

As it is shown in Fig. 3, the thickness of the corrosion layer produced under dynamic and 
static conditions is remarkably different. Since the rest of experimental parameters (tempera-
ture, duration, setup) were the same in both cases, this difference is only attributable to the 
rotation of the SS310 sample. When the corrosion layer reaches certain thickness, the salt 
flow produces the spallation of the outer region, which is loosely attached. However, in static 
conditions the detachment is not forced and, consequently, the resulting layer is thicker. 

For the samples tested in dynamic conditions, the spallation extent prevented from ob-
taining of an average corrosion rate. On the other hand, for static conditions, the determined 
average corrosion rate was 466 ± 3 μm/year, with a variability ranging from 364 to 668 
μm/year. This average value is within the limits of previously reported data, between 73 and 
438 μm/year, but it is significantly larger than the reported average corrosion rate, 157.0 ± 
41.5 μm/year [11,12]. Nevertheless, the deviation obtained in this work is significantly lower. 
These two features indicate lower spallation in this work, giving rise to thicker and more ho-
mogeneous corrosion layer. These differences could be explained by different salt mass-to-
stainless steel superficial area ratio. The present study tested samples with approximately 
7000 mm2 of external surface in 685 g of carbonate salt, while in refs [11,12], 5 g of salt were 
employed for samples with 1000 mm2 superficial area. Thus, 20 times higher salt to metal 
ratio was used in this work. 
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Figure 3. SEM images of the cross-section of the SS310 samples after 600 hours corrosion 
experiment at 600 °C for a) static and b) dynamic test. 

In Fig. 4, the diffractograms of dynamically and statically tested samples are plotted, together 
with pristine SS310 as reference. There are two XRD patterns corresponding to the static 
case, one representing the tested piece and the other the loosely attached scale, that was 
removed and analyzed independently. 

It can be observed that the corrosion layer formed in dynamic conditions is composed of 
LiCrO2 and Li1.05(Fe/Ni)0.95O2. As well, since the corrosion layer is thin enough, the Fe/Ni/Cr 
peaks, corresponding to the SS310 substrate, are also present in the pattern. 

For static samples, the contribution from the substrate is not appreciated, in agreement 
with the thicker layer. Moreover, some additional oxides are included into the corrosion layer: 
Li(Fe/Ni)5O8 and MnNi6O8, iron oxide (Fe2O3) and small contribution of K2NiO2. Therefore, in 
static case the presence of iron oxides is higher than in dynamic conditions. This points to 
reduced adhesion of Fe and Ni oxides, and their consequently removal in dynamic condi-
tions. This fact agrees with the composition of the removed scale, the same of layer attached 
to the piece except LiCrO2. 

 

Figure 4. XRD patterns of samples after 600 hours corrosion experiment at 600 °C for static 
(piece and removed layer) and dynamic test (piece). Pristine SS310 is included as reference. 
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The location of the phases in the corrosion layer can be determined by combining the XRD 
results with the SEM-EDX mapping of the cross-section of samples. It can be appreciated 
that in the sample tested in dynamic conditions (Fig. 5b), the presence of Cr is limited to the 
region closer to the substrate. Hence, the LiCrO2 is just located below the Li1.05(Fe/Ni)0.95O2 
phase. This stratification feature of the corrosion layer was previously described for ternary 
carbonate salt in static tests for SS310 [12] and SS316L [13]. 

Considering the EDX results obtained for the static sample, there are three different re-
gions in the corrosion layer in terms of composition, as it is represented in Fig. 5a. It is re-
markable that in this case the Cr is present throughout the corrosion layer, especially in the 
outer region, where the Ni concentration is lower. Thus, it can be stated that the Cr diffuses 
from the SS310 to the corrosion layer. The same behavior should be expected for the sam-
ple subjected to dynamic conditions but, however, the Cr containing phase was just found in 
the inner part of the corrosion layer (Fig. 5b), due to the Cr dissolution into the salt. The outer 
scale with high Fe content can be assigned to the Fe2O3 phase. An external layer of Fe ox-
ides was also reported in ref. [13]. 

 

Figure 5. SEM images and EDX mapping of the cross-section of the SS310 samples after 
600 hours corrosion experiment at 600 ºC under a) static and b) dynamic conditions. 

The dissolution of Cr into the salt is promoted under dynamic conditions. Firstly, because the 
rotation produces a continuous spallation process, which removes the Fe/Ni oxides and ex-
poses the LiCrO2 phase to the salt. Secondly, because the salt flow ensures that the LiCrO2 
is in contact with fresh salt, which increases Cr concentration gradient and encourages its 
dissolution. On the contrary, in static conditions, the renovation of salt in contact with the cor-
rosion layer is slower, reducing the dissolution extent. 

To confirm the different dissolution extent in static and dynamic conditions, the salts after 
conducting the experiments were analyzed by ICP-OES. The results are detailed in Table 2. 
As expected, the Cr content in the salt of the dynamic experiment is more than twofold the 
one of the static case. This magnitude of dissolution under dynamic conditions compared to 
static case, together with the increased spallation, suggest that the corrosion rate for dynam-
ic configuration is, at least, twice higher. Finally, Mg is a common impurity in molten salts, 
and Mn is a component of the SS310. Their content is equivalent in both cases taking into 
account the experimental uncertainty. 

Table 2. Concentration of impurities in the salts after corrosion tests determined by ICP-
OES. 

 Cr (ppm) Mg (ppm) Mn (ppm) 
Dynamic test 1.560 0.752 0.080 

Static test 0.617 0.712 0.103 
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An extension of this work with further analyses has been published in ref [15]. 

4. Conclusions 

In this work, the impact of the dynamic conditions on the corrosion was studied for SS310 in 
the eutectic K2CO3-Na2CO3-Li2CO3 salt at 600 ºC under air atmosphere. The flow of the mol-
ten salt was replicated by rotating an immersed sample, to mimic the real working conditions. 
A static test was employed as reference. The following conclusions can be highlighted: 

1. The corrosion of SS310 in molten ternary carbonate salt was significantly increased 
by dynamic conditions compared to the static case. The spallation of the corrosion 
layer was drastically extended in dynamic experiment, which gave rise to a thinner 
and less protective layer. 

2. The increase of Cr dissolution into the molten salt for dynamic conditions was con-
firmed by ICP analysis. More than twofold concentration of Cr was found for dynamic 
test. 

4. XRD and SEM-EDX analysis were employed to identify the phases formed during the 
corrosion process and their location the corrosion layer. 

5. The steel-to-molten salt ratio can influence the obtained absolute values of the corro-
sion rates. 

This work highlights the significant effect of dynamic conditions on the corrosion process 
of ternary eutectic carbonate salt. The major consequences are the increased spallation and 
the Cr dissolution under dynamic conditions compared to static experiment. Considering 
these effects, the standard static immersion corrosion tests are not sufficient for evaluating 
the resistance of components in contact with pumped salt. Experiments under dynamic con-
ditions are necessary for designing 3rd generation CSP plants. 
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