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Abstract. Concentrated Solar Power (CSP) plants integrated with Latent Heat Thermal Energy
Storage (LHTES) systems offer a promising solution for dispatchability, reliability, and eco-
nomic concerns generally associated with renewable energy technologies. These systems,
however, require an operational life of up to 30 years to compete with power plant systems
operating on fossil fuels. This is a significant challenge due to the high temperatures and cor-
rosive eutectic salts utilised in LHTES systems. Additionally, these systems and its subcom-
ponents are expected to be under varying degrees of stress due to the diurnal cyclic tempera-
ture variations inherent in the plant’s operational cycle. Hence, it is crucial to understand the
various factors that can affect the operational life of materials used in such applications and
conduct thorough material compatibility studies to assess the combined impact of these oper-
ating conditions on corrosion mechanisms. This study presents a novel static immersion test
approach using modified Compact Tension (CT) specimens manufactured from 316L to inves-
tigate the effects of Na,CO3:NaCl (59.45:40.55 wt.%) salt, elevated temperatures (700 °C for
up to 1000 hours), and stress on corrosion induced in the alloy. The post-exposure results are
characterised with Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy
(EDS) shows that corrosion mechanisms are significantly affected by factors such as high op-
erating temperatures leading to changes in both corrosion morphology and rate, high stresses
causing localised preferential corrosion, as well as corrosive salt and oxygen availability af-
fecting the type of corrosion induced.

Keywords: Concentrated Solar Power (CSP), Latent Heat Thermal Energy Storage (LHTES),
Compact Tension (CT) Specimen, Chloride Carbonate Salt, 316L Corrosion.

1. Introduction

The demand for the development of more efficient renewable energy systems has been driving
the technological advancement of alternate energy generation and storage methods. To ad-
dress various dispatchability, reliability and economic concerns, Concentrated Solar Power
(CSP) plants integrated with Latent Heat Thermal Energy Storage (LHTES) are a promising
alternative to conventional combustion power plants. These CSP plants, however, must oper-
ate reliably for up to 30 years to achieve a levelized cost of electricity similar to power plant
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systems operating on fossil fuels, which poses a substantial challenge due to the harsh oper-
ational conditions of the system.

Next generation CSP plants using LHTES are expected to operate at temperatures up
to 800 °C, with LHTES storing heat energy at temperatures up to 750 °C using Phase Change
Material (PCM) such as eutectic salts. The stored heat is transferred back to the Heat Transfer
Fluid (HTF) to deliver heat for up to 8 hrs [1]. The operational environment substantially affects
the type of corrosion induced in any given system, impacting the compatibility of the material
to be used in the plant, making it crucial to understand the unique environment of the LHTES
system being considered to study the effects of the operational environment on the alloys [2].
Furthermore, the LHTES system will to be under varying degrees of stress due to the inherent
diurnal cyclic temperature variations in the plant, which could initiate a multitude of failure
modes in the metal alloys and detrimentally affect the operational life of the system. While
these factors can significantly impact the mode and rate of failure, the combined impact of
corrosion and stress is often neglected during the material compatibility and life cycle assess-
ment of CSP systems. Therefore, a more thorough understanding of these factors is crucial to
enhance material compatibility assessment for LHTES systems. In addition, this understanding
will aid in examining stress assisted corrosion and its underlying mechanisms to develop miti-
gation strategies leading to improved reliability, sustainability, and safety of critical infrastruc-
ture.

2. Methodology

A novel static immersion testing approach was utilised with Compact Tension (CT) specimens
as depicted in Figure 1, modified from the ASTM standard E1820 — 21 [3] based on the work
of Turski [4] The speicmens consisted of 10.2 mm and 25 mm thickness where the increase in
thickness is expected to increase the probability of failure by reducing the fracture toughness
[5]. The experiments were conducted by plastically deforming CT specimens made from 316L
to induce residual tensile stresses in the u-notch region, which are then exposed to a eutectic
mixture of chloride-carbonate salt and air at temperatures up to 700 °C for up to 1000 hrs.
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Figure 1. CT specimen designs
The experimental parameters utilised to conduct the study, as outlined in Table 1 are

selected from published literature [6-9] to aid in understanding the expected interaction of the
316L with its environment for this comparative study.
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Table 1. Experimental Parameters.

Sample CT specimen Environment Salt Mass Tem?fcr)a ture -I-(T_IS;:L':)e
S1 102T NaCl:Na2COs ~ 200 gm 650 500
S2 " " " " 1000
S3 " Air " 500
S4 " " " 1000
S5 " " 700 500
S6 " " " 1000
S7 25T NaCl:Na2COs ~ 380 gm 650 500

" Same as above

The prestressed samples S1 and S2 were placed in ceramic crucibles of 60 mm Outer
Diameter (OD) and 100 mm height, while S7 was placed in a 316L crucible of 80 mm OD and
100 mm height and submerged in salt, whereas S3-S6 were placed directly in the furnace. The
crucible sizes were selected to account for the difference in specimen size, resulting in a higher
salt quantity required for S7. The experiments were conducted by initiating the tests with 4
hours of a drying cycle at 350°C to remove any potential moisture in the eutectic mixture of
salts. Following the drying cycle, the furnace was maintained at a constant peak temperature
as required for each experiment until the end of the exposure period. The samples were then
extracted from the mid-section of the CT specimen around the u-notch region where the stress
concentration is expected based on the Finite Element Analysis (FEA) conducted on a 316L
CT specimen. The samples are then polished and mounted on conductive epoxy resin to an-
alyse the effects of thermal aging through Scanning Electron Microscopy (SEM), Energy Dis-
persive Spectroscopy (EDS), and optical microscopy.

3. Results

3.1 Effect of High Temperature

The impact of high temperature on oxidation mechanisms is analysed through samples S3-S6
aged in air at 650 °C(S3, S4) and 700 °C (S5, S6). The maximum thickness of the oxide layer
is observed through BSE images and analysed where samples aged at the same temperatures
are averaged for simplified observation of any evident difference caused by temperature.
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Figure 2. BSE images and comaparision of maximum oxide layer thickness observed in samples S3,
S5 aged for 500 hours and S4, S6 aged for 1000 hours in air

As shown in Figure 2, samples aged at 700 °C display higher peak thickness of the
oxide layer compared to 650 °C samples. The findings align with literature where the increase
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in temperature has been observed to increase oxidation. However, the mechanisms governing
which element is oxidised and the growth of oxide films are often not fully explored. Hence, the
oxide layers of samples are further analysed through EDS as shown in Figure 3 to understand
how the oxidation mechanisms are affected by temperature.
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Figure 3. Line scan EDS of the oxide layer of S4 aged at 650 °C and S5 aged at 700 °Cin air

A set of line scan EDS analyses were performed using an Oxford XMax 80 EDS to
identify elements in the oxide layer of the samples. The data presented in Figure 3 shows that
both samples S4 and S5 form a binary oxide film consisting of chromium oxide and iron oxide
layers. Moreover, it can be observed that the chromium oxide layer in S5 is much more distin-
guishable compared to S4, considering the higher count of Cr than Fe in the layer. This can
be explained by chemical thermodynamics as the Gibbs free energy (AG) is a component of
temperature, as observed in the Ellingham diagram in Figure 4. It can be observed that Cr-
oxides have lower AG than Fe-oxides, resulting in preferential chromium oxidation; however,
the increase in AG with temperature results in an increased rate of oxidation as observed
between Cr-oxides of S5 compared to S4 [10, 11].
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Figure 4. Ellingham diagram illustrating AG as a function of temperature for Cr and Fe oxides
(Adapted from [12])
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The primary mechanism for the growth of the oxide layer with temperature that can be
observed in Figure 2 is oxide kinetics [11]. While the Cr-rich oxides are known to cause pas-
sivation, limited oxygen diffusion into the alloy continues through dislocation and grain bound-
ary defects, which increases with temperatures [13]. Moreover, studies have observed tem-
perature dependent increase in porosity in oxides formed on 316 alloys at temperatures above
600° C, allowing inward diffusion of oxygen [14, 15].

3.2 Effects of Stress and Chloride-Carbonate Salt

Sample S2 was aged at 650°C in NaCl:Na>CO3 consisting of 59.45:40.55 wt.% eutectic mixture
of the salts. The S2 exhibits severe localised Gfd8IBhaiong thd euiitAERMhterface in the
high stress region of the sample, as observed in the stitched image in Figure 5.
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Figure 5. Stitched BSE image of defect observed in high stress region of sample S2 after exposure in
chloride-carbonate salt at 650 °C for 1000 hours

The image stitching method is used as it allows examination of a larger area with high
resolution images to observe the defect on the sample with a length of about 245 ym and a
width of 61 ym. The defect is localised and does not occur in other regions on the salt/metal
interface. Moreover, the discontinuity between the front and end of the defect suggests that it
extends across the thickness of the sample. The form of the defect shows similarities to local-
ised corrosion effects such as pitting, crevice or vertical grain attack [16]; however, no in-
stances of such corrosion are found in the published literature for the given environment.
Hence, it is further analysed in an attempt to classify the defect and understand the mecha-
nisms involved. First, Secondary Electron (SE) images in the region are acquired using Joel
7001f SEM and analysed to confirm that the defect is within the sample and not debris on the
sample surface. Next, EDS maps in the region are required as shown in Figure 6, to observe
the effects of the defect on the alloying elements of the 316L sampile.
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Figure 6. Defect observed using BSE images with EDS maps acquired in the region denoted by the
white boxes for sample S2 aged in chloride-carbonate salt at 650 °C for 1000 hours

The EDS results in Figure 6 indicates that the Fe-Cr-Ni alloy 316L exhibits dealloying
of all of the major alloying elements. However, chromium appears to have been more aggres-
sively dissolved through selective leaching along the defect's length on intergranular and trans-
granular paths, whereas iron and nickel only appear to have de-alloyed near the salt metal
interface. Similarly, molybdenum enrichment is evident at the front of the defect near the inter-
face, whereas the effects are not as prominent going towards the bulk material.

The severity of chromium depletion in the defect is expected as the defect is located in
the u-notch region, where the tensile residual stresses are induced after prestressing. The
mechanism works through stress assisted diffusion of Cr at the grain boundaries, much faster
than in compressive or low stress regions [17, 18]. The retention of iron and nickel towards the
end of the defect is attributed to the preferential dissolution of chromium over iron and nickel.
Moreover, Cr in Fe-Cr-Ni alloy is responsible for passivity and produces oxides that protect the
alloy from dissolution. Alloys under high temperatures and oxidising/corroding environment
over a substantial period leads to the dissolution of the passive film, resulting in a rapid in-
crease in corrosion. The location of the film breakdown provides a favourable environment for
localised corrosion [19]. Henderson [20] observed Mo enrichment during transpassivation po-
tential in Ni alloys and suggested its significant impact on repassivation following defects such
as crevice corrosion. The defect observed could be a form of pitting corrosion, such as a ver-
tical grain attack [21], considering the combined impact of free energy and transpassivation.
The location of the defect indicates some role of stress in the formation of the defect in 316L
alloy. Moreover, S2, aged for 1000 hours, formed the defect, whereas S1 and S7, aged for
500 hours in the same salt environment and temperature, did not show similar results, sug-
gesting an impact of exposure time along with stress.

3.3 Effects of Oxygen Availability

Samples S1 and S7 were aged in the same environment (same temperature and exposure
time). However, the post experimental results show a drastic difference in corrosion mecha-
nisms, as evident in Figure 7. The BSE images for samples show an oxide layer and Inter-
Granular Corrosion (IGC) with a combined penetration depth of of over 300 uym in S7 compared
to the dealloying depth of around 25 pym in S1.
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Figure 7. Difference in corrosion mechanisms in S1 and S7 manufactured from AISI 316L aged in
chloride-carbonate salt at 650 °C for 500 hrs

The sample S1 is 10.2 mm thick, whereas the S7 is a 25 mm thick CT specimen, alt-
hough that cannot account for the change in corrosion mechanism. However, the materials
were ordered from different suppliers to manufacture S1 and S7, which could be a potential
cause. The amount of each element in an alloy defines its designation, but each of these ele-
ments can exist within an acceptable range in the alloy. For example, 316L alloy could consist
of Ni content of 10 to 12%. It is expected that alloy properties would not be significantly im-
pacted by a change of alloying element within this range. Hence, compositions for both the
samples are evaluated using portable X-Ray Fluorescence (pXRF) to analyse any potential
difference in alloying elements.
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Figure 8. Difference in alloy compositions between S1 and S7

The S7 and S1 material compositions were analysed through pXRF with a beam dwell
time of 60 seconds. The results indicate that both the samples are within the acceptable range
of alloying elements to be classified as 316L. Although, the material compositions in wt.% are
slightly different between the samples, as shown in Figure 8. While the content of Fe is slightly
higher by 0.84 in S7 compared to S1, the elements generally responsible for corrosion re-
sistance at high temperatures, such as Ni, Cr, and Mo [22], are comparatively lower in S7.
However, It is generally assumed that such small changes in the composition do not signifi-
cantly impact the material properties. This leaves the only remaining variable of oxygen avail-
ability in the experiment to offer a possible justification for the material behaviour.
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Sample S1 (10.2T) was placed in a crucible with a 60 mm OD and 100 mm height,
whereas S7 (25T) was placed in a crucible with 80 mm OD and 100mm to compensate for the
difference in the size of the CT specimens. This, in turn, required a higher quantity of salt mass
to submerge the S7 specimen compared to S1. However, the reduction in the volume of salt
after phase change possibly resulted in the exposure of the S7 to higher amounts of atmos-
pheric air, causing the formation of a multiphase oxide layer and IGC as opposed to the deal-
loying observed on the S1, which was fully submerged in salt reducing its oxidation potential.
This effect can be confirmed by observing sample S2 (10.2T) aged in the same environment
exhibiting a similar corrosion mechanism of dealloying as S1.

4. Conclusion

The study shows that corrosion mechanisms in 316L are significantly affected by several fac-
tors, such as high temperatures, tensile stresses, corrosive salt, and oxygen availability. Com-
bination of these factors can drastically increase the effects of corrosion on alloys, with key
results discussed below,

e The combined effect of stress and chloride-carbonate salt was observed through
Backscattered Electron (BSE) imaging, which shows severe preferential corrosion with
a length of about 245 ym and a width of 61 um in the high stress region of the sample
near the surface in contact with the salts (i.e., salt-metal interface).

o The effect of increase in temperature was observed on samples where an increase in
the thickness of the oxide layer was observed on samples aged at 700 °C relative to
650 °C. The combined effect of chemical thermodynamics and oxide kinematics are
identified as the mechanisms responsible for this phenomenon.

e The sample submerged in varying amounts of chloride-carbonate salt exhibits drasti-
cally different failure modes and corrosion rates caused due to oxygen availability near
the salt metal interface. The results show the occurrence of dealloying up to the depth
of 25 ym on sample S1, which was fully submerged in salt. However, sample S7, ex-
posed to more oxygen, shows multiphase oxide layer formation and Intergranular Cor-
rosion (IGC) with a combined penetration depth of over 300 pm.
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