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ABSTRACT

Owing to their excellent properties, austenitic stainless steels are extensively used in boilers, furnaces, molten salt tanks, and other applications that are subjected to
extreme mechanical loads and high-temperature conditions. Their high corrosion and creep resistance make them suitable for high-temperature operating envi-
ronments. Additionally, good fatigue resistance and favorable mechanical and visual properties are essential. However, the premature failure of several components
at elevated temperatures has been previously reported. Although the failure analysis of components in service is complex, processes such as cold work and welding
have been identified as contributing factors to the performance degradation of these steels. This study aims to analyze the various documented failure modes and
mechanisms in austenitic steels, including creep, cracking, stress relaxation cracking, and fatigue, to better understand the multi-objective design requirements for
these alloys as structural materials for high-temperature molten salt tanks in Concentrating Solar Power (CSP) plants. Stabilized austenitic grades, such as AISI 347H,
demonstrate superior resistance to creep and corrosion-related degradation when compared to non-stabilized grades like AISI 316L at temperatures relevant to
concentrated solar power (CSP) applications. In contrast, nickel-based alloys offer enhanced corrosion resistance, albeit at a higher cost. This review underscores that
creep, stress relaxation cracking, and thermo-mechanical fatigue are the predominant long-term failure risks in CSP hot tanks.

1. Introduction

Concentrating Solar Power (CSP) is a commercially deployed tech-
nology that offers a promising solution for harnessing solar energy and
integrating it with thermal storage for high-enthalpy applications, such
as electricity generation and industrial heating [1,2]. Thermal CSP is
projected to contribute up to 11% of global electricity generation by
2050, with an expected output of 180 TWh by 2030 [3]. The use of Solar
Salt (60% NaNOs, 40% KNOs) in a two-tank configuration for sensible
heat storage (SHS) is one of the most widely adopted technologies owing
to its excellent thermal properties and cost-effectiveness [4].

Although there is a relatively extensive body of literature on the flow
and heat transfer of molten salt and the thermal efficiency of TES tanks,
research on the thermal and mechanical properties of molten salt

storage tank bodies is limited. Recently, a report by Ref. [S5]investigated
the failure mechanisms of commercial-scale molten salt TES tanks used
in central receiver CSP plants. In addition, a recent collaborative study
proposed a multi-physics 2-D model that focuses on the mechanical and
thermal mechanisms of the storage tank body, utilizing the tank struc-
ture and operational data from the latest commercialized CSP plants [6].

From a materials perspective, the operating conditions are very
harsh, especially for the hot storage tank in the two-tank configuration,
with a maximum operating temperature of 560 °C. Mechanical and
thermal stresses and Solar Salt in contact with the tank wall and floor are
operational conditions that are not fully considered in the API code used
for tank design. Austenitic steels have been proposed as structural ma-
terials for constructing hot storage tanks. The motivation of this study is
to analyze the different failure modes and causes of these alloys in severe
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High-Temperature Failure in Austenitics Steels
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Fig. 1. Factors involved in the failure of austenitic stainless steel.
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Fig. 2. Comparison of different materials for high-temperature services.

environments to better understand the multi-objective design re-
quirements that must be satisfied for long-term applications. Fig. 1
presents an iceberg-based schematic emphasizing that the failure of
components and structures in austenitic stainless steels at high tem-
peratures is often only the visible manifestation of deeper, less apparent
factors. These include material composition, microstructural stability,
environmental exposure, and thermomechanical conditions, which
collectively control degradation and failure. The remainder of this paper
is organized as follows: first, a description of the composition of
austenitic steels is presented, followed by a detailed analysis of each
failure mode.

1.1. Austenitic steel composition and the role of alloying elements

Austenitic steels are formed by a phase composed of a face-centered
cubic (FCC) crystalline structure that provides high ductility, toughness,
and weldability. A high chromium composition provides high corrosion
resistance and helps stabilize the austenite phase at room temperature,
whereas nickel improves ductility and toughness and contributes to
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corrosion resistance [7]. Small amounts of carbon improve strength
through carbide formation; however, between 400 °C and 900 °C, car-
bon may form chrome carbides in grain boundaries, reducing the
availability of chrome to create a passive layer of chrome oxide and
increasing the probability of intergranular cracking in a phenomenon
called sensitization [8]. The addition of manganese improves toughness
and can partially replace nickel to stabilize austenite. Molybdenum in-
creases the resistance to pitting, cracking, and creep, which is essential
for preventing failure at high ambient temperatures. Lastly, Niobium
helps to prevent chrome carbide formation by forming carbides with
carbon; these carbides act as reinforcement, increasing the strength of
the steel (precipitation strengthening) [9]. However, negative effects on
welds and the presence of stress relaxation cracking (SRC) have been
reported in several studies [10-12].

The ANSYS Selector software includes the maximum service tem-
perature as a parameter for guiding the material selection. The
maximum service temperature is defined as the temperature at which a
material can withstand extended periods without significant degrada-
tion of its properties. Fig. 2 compares the approximate service
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Table 1

Chemical compositions of several austenitic stainless steels (Wt%).
Steel Grade Cr Ni C Mn Si Mo Nb (Cb) Ti N Fe (bal.)
AISI 304 18-20 8-10 <0.08 <2.0 <1.0 — — — — ~70
AISI 316 16-18 10-14 <0.08 <2.0 <1.0 2-3 — — — ~65
AISI 316L 16-18 10-14 <0.03 <2.0 <1.0 2-3 — — — ~65
AISI 321 17-19 9-12 <0.08 <2.0 <1.0 — — >5xC — ~70
AISI 347 17-20 9-13 <0.08 <2.0 <1.0 — >10xC — — ~68
AISI 347H 17-20 9-13 0.04-0.10 <2.0 <1.0 — >10xC — — ~68
AISI 800H 19-23 30-35 <0.10 <1.5 <1.0 — — — — ~45

temperature and relative cost of various structural materials after Table 2

able

implementing the following restrictions:

- Metals and alloys for a maximum service temperature range from
500 to 1300 °C

- Limited to processing technologies: acceptable and excellent for hot
and cold metal forming.

- Not susceptible to stress corrosion cracking

Each bubble represents the grade of a specific material. The size of
the bubble represents the property analyzed from the supplier's tech-
nical data. Austenitic stainless steels, such as AISI 347H, are favorable
owing to their excellent balance of high-temperature strength, corrosion
resistance, and economic viability. While martensitic and ferritic steels
are more cost-effective, their limited resistance to high-temperature
oxidation and reduced creep performance [8] make them less suitable
for prolonged use in molten salt environments typical of Concentrated
Solar Power (CSP) systems. Similarly, while nickel-based superalloys
demonstrate exceptional high-temperature properties, their high cost
and limited availability make austenitic stainless steels, such as AISI
347H and 316L, a more economically viable option for large-scale
molten salt storage tanks. These steels provide a suitable combination
of high-temperature performance, corrosion resistance, and weldability,
rendering them attractive for concentrated solar power (CSP)
applications.

Austenitic stainless steels are among the most studied materials for
high-temperature applications in CSP systems because of their excellent
corrosion resistance, mechanical stability, and oxidation. Table 1 sum-
marizes the nominal chemical compositions of austenitic stainless steels
frequently evaluated or utilized in molten salt and high-temperature
environments relevant to CSP operations.

2. Failure modes and mechanisms at high temperature

At high temperatures, corrosion is one of the most studied failure
modes, where the thickness of the component walls is reduced, resulting
in mechanical failures. Lai [13] considers an application of high tem-
perature when most reactions and chemical changes occur; this tem-
perature is about 500 °C. However, this study also mentioned several
reports showing severe damage in applications with service tempera-
tures ranging from 260 to 315 °C. To cover a broad and diverse group of
failures and analyses, temperatures of approximately 250 °C were
considered in this review. Corrosion can occur uniformly through the
granular surface, intergranular, pitting, and by the combined presence
of a corrosive atmosphere and mechanical stresses, that is,
stress-corrosion cracking (SCC) [14]. Fatigue failure has also been
studied owing to fluctuations in the temperature field in principal ap-
plications, and variations in mechanical properties can also occur [15].
Creep is the permanent deformation produced by stresses lower than the
yield strength limit, and this failure mode is typical in storage tanks,
where high pressures and temperatures are present [16]. Finally,
austenitic steel fails by sensitization at high temperatures, causing
intergranular cracking (IGC) and the formation of carbides, nitrides, or
sigma phases in the grain boundary, thereby weakening the material.
The mechanisms underlying these failure modes (Creep and IGC) can be
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Relative relevance of failure mechanisms for austenitic stainless steels in CSP
molten-salt.

Failure mechanism Relevance in Primary drivers Typical
CSP tanks location
Stress relaxation Very High Residual welding Welded joints
cracking (SRC) stresses, long-term (tank bottom,
exposure at vertical
500-650 °C, HAZ seams)
sensitization
Creep—corrosion High Constant load and Load-bearing
interaction molten salt corrosion, plates, near
microstructural welds
degradation
Thermal fatigue/ High Daily thermal cycling, Tank bottom,
thermo- temperature gradients nozzles
mechanical
fatigue
Uniform corrosion Medium Salt chemistry, General
impurities, exposure surface

time

Localized corrosion Medium-Low Chloride impurities, Near-surface,

(pitting/IGC) redox imbalance grain
boundaries
Classical SCC Low Low applied stress, Secondary
limited aqueous relevance

conditions

summarized as follows: (1) atomic diffusion, in which atoms can diffuse
in grain boundaries, facilitating precipitate formation, (2) decomposi-
tion of the austenite phase occurs at high temperatures when the arising
sigma phase or chrome carbides provoke intergranular cracking, (3)
oxidation occurs when layers of oxides appear after long steel exposures
at high temperatures [17], and (4) high temperatures facilitate dislo-
cation glide. Thus, the material deforms plastically under a constant
load, causing creep.

Before investigating the various degradation mechanisms that may
affect the components of large molten salt storage tanks, it is essential to
assess their significance under service conditions. Recent operational
experience indicates that not all failure modes contribute equally to the
degradation of components within a Concentrated Solar Power (CSP)
plant. The primary factors affecting the long-term structural integrity of
these components at approximately 560 °C include stress relaxation
cracks (SRC) forming in the heat-affected zone due to post-weld heat
treatment, the interaction between creep and the corroded load on the
structure, and the cyclic loading effects resulting from significant daily
temperature fluctuations. These degradation mechanisms are classified
as primary; however, numerous other mechanisms, such as classical
stress—corrosion cracking (SCC) or uniform corrosion, may also be
involved. The failure mechanisms of stainless steels in CSP, along with
their relevance and specific locations within CSP components, are
detailed in Table 2.

2.1. Corrosion

2.1.1. Uniform corrosion
This subsection investigates the general corrosion behavior of several
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alloys in high-temperature environments and establishes a baseline for
comparing the relative corrosion rates. Uniform corrosion in austenitic
steels at high temperatures is often described by the progressive loss of
protective layers and degradation of the alloy matrices [18]. Studies
have consistently reported the formation of duplex oxide structures with
an outer Fe-rich layer and an inner Cr-Ni-rich layer [19]. However,
although this bilayer morphology is recurrent, its stability strongly de-
pends on environmental conditions. For instance, carburization and
nitridation tend to accelerate vacancy formation and
precipitation-driven stresses [20,21], suggesting that microstructural
degradation is a function of oxidation and the ingress of interstitial el-
ements. Thus, although the general mechanism is well-established, the
rate and severity differ according to the gas composition, temperature,
and prior alloy processing.

e Corrosion in different gas environments

In aqueous and steam environments, the uniform corrosion of
austenitic stainless steels is primarily driven by electrochemical re-
actions and the development of hydrated oxide layers. These oxide films
typically feature an outer iron-rich layer (Fe;O3 or Fe3O4) and an inner
chromium-enriched layer (CryO3 or spinel-type oxides), with their pro-
tective qualities depending on oxygen availability, temperature, and
transport through the oxide. In high-temperature gaseous environments,
corrosion is governed by solid-state diffusion and oxidation kinetics,
where chromium activity and oxygen partial pressure dictate the sta-
bility and growth rate of protective oxide scales.

Comparative analyses of petrochemical applications have revealed
important differences. In HK40 steel, sulfide-containing gases induce
catastrophic leakage failures [22], whereas in oxidizing-sulfurizing at-
mospheres, HR160 specimens mainly exhibit scale growth without im-
mediate rupture [23]. This suggests that sulfides accelerate localized
damage more severely than mixed oxidizing gases. Similarly, in
H2-H20 atmospheres, a cubic dependence of oxidation on the oxygen
partial pressure was observed in HK40 [24], and tubes made of HK40
also failed owing to oxidation and time-dependent cracking [25]. Other
investigations on ethylene pyrolysis have shown more complex oxide
stratification [26], indicating that the oxide morphology and kinetics
can diverge even in similar industrial settings.

Long-term exposures also highlight discrepancies: Inconel 601 in a
methanol plant operating at 560° °C developed deep M33Cg carbides
after two years at 560 °C [27]. In contrast to the corrosion resistance
comparison between austenitic HR-160 and HA-188, HR-188 showed a
poor weight change, which was probably due to the slower diffusion of
chromium [28]. The mass gain in several austenitic steels and nickel
alloys (AISI 304, AISI 316L, IN625, and IN690) after exposure to su-
percritical water at temperatures from 400 °C to 550 °C has been re-
ported by several authors [29,30], the results showed that alloys 690
and 625 present superior corrosion resistance (based on mass gain and
oxide thickness), and AISI 304 is slightly better than AISI 316L; how-
ever, economic analysis was not performed, which can be decisive in
material selection studies. A study using vapor at 600 °C for 1500 h
compared two different austenitic steel sheets (Fe-21Cr-32Ni and
Fe-17Cr-9Ni), resulting in better corrosion resistance in an alloy with a
higher Cr and Ni content. The Cr content was sufficient to support a
continuous chromium layer at the oxidation front. These results were
supported using advanced characterization techniques that helped
analyze the five oxide scales formed on the steel surface [31].

Other studies have implemented novel methods to evaluate corro-
sion; for example, AISI 304 was analyzed in water at 100 °C and 250 °C
using electrochemical noise, identifying two main stages: passive and
active dissolution of the protective layer [32]. In contrast to other failure
modes with HR3C steel in steam at 700 °C, cracking and buckling
dominated rather than corrosion. It was found that the chromium con-
centration was sufficient to maintain a protective layer; however,
mechanisms such as the accumulation of molecular hydrogen in the

7381

Journal of Materials Research and Technology 41 (2026) 7378-7398

pores can lead to cracking [33]. Some studies have focused on ap-
proaches and materials for reducing corrosion damage. A thermo-
mechanical process was proposed to lessen corrosion in AISI 316L under
supercritical water at 600 °C and 25 MPa; the thickness of the hot-rolled
stainless steel was reduced by up to 90%, reaching a reduction of
approximately four times the weight of the oxide layers [34].

In the new generation of nuclear power plants, lead melt is a
promising coolant; the corrosion rate of AISI 310 in contact with lead
melt was investigated, and it was found that the molten lead at 450 °C
does not penetrate deep into a matrix formed by a two-layer structure,
whereas molten lead combines with some alloy elements next to the base
metal [35]; AISI 316H was also evaluated for the same application with
a similar coolant. It was observed that a high percentage of cesium
(~5%) could drastically affect the corrosion behavior at 600 °C [36].
Such comparisons underscore that time-dependent carbide precipitation
and stress-driven degradation can be as damaging as the surface
oxidation. Furthermore, the alloy composition strongly modulates its
performance. Outokumpu 253 MA variants with different Cr, Si, and Ce
contents displayed markedly different oxide growth after 100 h at
750-1100 °C [37], whereas fine-grained AISI 321 exhibited enhanced
Cr-rich oxide formation relative to coarse-grained microstructures [38].
The effect of the aging process was analyzed for AISI 304H and H3C
during oxidation under steam at 650 °C. Specimens with higher Cr
contents were significantly improved, and the mass gain was reduced
[39].

Surface condition is another critical factor in assessing the corrosion
resistance. Polished AISI 304L produced thicker Cr-rich oxides than
ground surfaces after 500 h at 400 °C in steam [40], and pickling and
shot peening (SP) promoted the stability of Cr,O3 and FeCr204 scales in
AISI 304H in steam at 700 °C [41,42]. These findings suggest that pre-
treatment can shift the corrosion behavior as much as alloying. Finally,
advanced alloys, such as alumina-forming austenitic (AFA) alloys, have
outperformed conventional grades in both solar salt [43] and super-
critical CO2 [44] applications. In addition, sodium carbonate coatings
were assessed to improve the corrosion resistance of AISI 330 and AISI
330CB at service temperatures up to 900 °C in a nitrogen-hydrogen at-
mosphere. The results showed a significant reduction in mass gain in the
coated samples [45], indicating the need for future design strategies
beyond the conventional Cr-Ni balancing. Research conducted in
high-temperature aqueous environments has revealed that corrosion
resistance does not consistently increase with the chromium content. For
example, recent investigations into FeCrAl alloys in PWR water have
demonstrated enhanced protection of alloys with lower chromium
content. This can be attributed to variations in the oxide nucleation and
growth mechanisms, emphasizing the significance of early-stage
oxidation kinetics over the bulk composition alone. Although these
studies were conducted in aqueous environments, the mechanistic in-
sights gained are pertinent to understanding the corrosion trends
observed in molten salts [46].

e Corrosion in molten salt environments

In molten salt systems, uniform corrosion is significantly affected by
salt chemistry, redox potential, and impurity content (e.g., chlorides or
moisture). Oxide formation may be restricted or destabilized due to low
oxygen activity, dissolution of oxide species into the melt, or chemical
interactions between molten salts and alloying elements. Consequently,
corrosion can progress through a combination of non-protective oxide
formation and accelerated metal dissolution, resulting in higher
apparent corrosion rates even when the surface morphology remains
macroscopically uniform. These mechanisms are particularly pertinent
for CSP thermal energy storage tanks operating at 560-600 °C.

API 650 [47] and ASME Section VIII Div 1 [48] dictate the relevant
standards for material selection, wall thickness, and safety factors for
thermal and mechanical loads in CSP plants. These standards also
describe the auxiliary tanks. The structurally stable and highly tempered
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Comparative Corrosion Rates by Material
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Fig. 3. Corrosion rates of different austenitic stainless steels under solar salt at various temperatures, measured in mm/year.

austenitic stainless steel AISI 347H is routinely used because of its
architectural robustness and heat-induced corrosion resistance. The
occurrence of molten-salt corrosion in these systems is hazardous.
Although solar salts (nitrates) are less corrosive than chlorides, metallic
impurities combined with thermal cycling can cause localized or
generalized corrosion. To counter such occurrences, design restrictions
have been established to limit the number of chlorides and the moisture
content. In addition to protective coatings or inert gas blanketing,
testing procedures such as ASTM G111 [49] have been implemented.

Initial studies compared the corrosion of different materials and salt
impurities. AISI 304 and AISI 316 were assessed in solar salt at 560 °C,
and the results showed low corrosion rates (6-15 pm y~1); there was a
strong influence of chloride concentration on the corrosion resistance of
AISI 304 [50]. Subsequently, the corrosion behavior of AISI 316, AISI
347H, INCONEL 625, and other 2 proposed materials in solar salt at
600 °C for 500 h was analyzed. The results showed similar behavior for
AISI 316 and AISI 347H (0.4-0.6 mg/cm~2) and an outstanding perfor-
mance of IN625 (~0 mg/cm_z); however, again, it is not an economic
aspect related. Also, recent studies with experiments at longer exposure
times of 4000 h and 1470 h, in solar salts place the corrosion rate of
IN625 at 2.23 and 9.6 pm y 1, respectively [51-53]. The initial stage of
the corrosion mechanism of austenitic steels immersed in quaternary
molten salt at a high temperature is controlled by the corrosion reaction,
according to the investigation of Wang et al. [54], where AISI 310S, AISI
316L, and AISI 321 were assessed at 500 °C. Subsequently, a
diffusion-controlled process dominated the growth of the oxide layer,
where the formation rate decreased as the oxide film thickened. The
results indicated that AISI 310S had the best corrosion resistance, with a
rate of only 2.22 pm y’l, owing to its higher chromium content. Fig. 3
presents a comparative study of the corrosion rates of different alloys
used in structures when exposed to molten salts at high-temperature
settings. Despite a certain level of variation in values based on varia-
tions in the type of compounds used in salts, exposure time, and differing
methods of tests, a certain trend emerges at 600 °C in particular when
austenitic and-stainless AISI 316 and AISI 347H possess a substantially
low rate of corrosion compared with a number of different options
available, whereas some of them are very comparable to Inconel 625
with a high price being a certain advantage. This makes 316 and 347H
remain actual options among a number of different candidates available
for use in CSP hot tanks operating within a 560-600 °C range, pending
reliable management of impurities and a degradation mechanism within
a certain timeframe.

In molten nitrate salts, most studies converge on moderate but non-
negligible uniform corrosion rates (=8-9 pm y~! for AISI 316L, 321H,
and 347H at 550-600 °C) [55-57]. However, discrepancies emerge
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under thermal cycling: Bradshaw and Goods [58] reported up to 50%
higher corrosion rates compared with isothermal conditions in AISI
316L and AISI 304 in solar salt, while Shi et al. [59]showed that tribo-
logical exposure further thickens oxide scales in AISI 316H. Thus, static
immersion tests may underestimate degradation under real CSP oper-
ating conditions.

Other molten salts, rather than nitrate solar salt, have been used, and
the corrosion of several alloys was studied. A comparison between
austenitic and ferritic proposed steels in terms of corrosion was con-
ducted in a eutectic molten salt composed of (Na, K) NO3 mixture at
different temperatures (400 °C — 600 °C). The results were presented in
terms of the activation energy of the corrosion process and showed
slightly better behavior for ferritic steels, a process that is highly
dominated by diffusion mechanisms [60]. Other studies have sought to
identify the best techniques and procedures for conducting reliable
corrosion measurements. Two corrosion measurement techniques were
implemented to assess AISI 309 in NaySO4 molten salt at 700 °C and
600 °C. This study compared the electrochemical technique with the
weight loss method. The results showed higher corrosion rates using the
conventional weight-loss method, likely because of the excessive
cleaning [61]. The corrosion behavior of high and low-carbon alloys
(AISI 304, AISI 316L, AISI 347, 310S and DIN X5NiCrNbCe32-27, DIN
X20 CrMoV12-1(AISI 422, UNS S42200), DIN X12CrCoNil7-12-2,
10CrMo9-10 (AISI 335 Gr. P22, UNS K21590), and Inconel 690) were
compared under molten carbonate fuel cell conditions at 650 °C, and
alloys with different chromium compositions were analyzed; the 17 wt
% Cr showed the best choice for this application [62]. Dynamic corro-
sion assessments of austenitic stainless steels (AISI 304, 316L, and 347H)
in binary nitrate-carbonate molten salts at 600 °C, over a duration of
1000 h demonstrated a distinct correlation between corrosion rate and
both alloy composition and flow conditions [63]. Utilizing weight loss
measurements, the corrosion rates at a flow rate of 2 m/s were deter-
mined to be 0.0217, 0.0122, and 0.0076 mm y’1 for 304, 316L, and
347H, respectively, which are 3-4 times higher than those observed
under static conditions. XRD, SEM, and EDS analyses identified iron
oxides as the predominant corrosion products. The enhanced corrosion
resistance of 316L compared to 304 is attributed to its Cr and Ni content,
while the Nb and Ni additions in 347H further augment its stability
under dynamic conditions. These findings underscore the significance of
alloying and flow conditions in managing the high-temperature molten
salt corrosion of austenitic stainless steels. The thermal stability and
corrosion performance of a low-melting-point ternary hybrid molten salt
were assessed at 600 °C. The salt exhibited acceptable thermophysical
properties; however, it experienced significant degradation after pro-
longed exposure. Static corrosion tests conducted on AISI 304 and 316
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Table 3

Corrosion rates of several austenitic stainless steels.
Material Salt Type Temperature Corrosion rate Units Time (hours) Commentaries Author
AISI 3108 KNO3-NaNO,-NaNO3-KCl 500 2.22 pmy ! 1008 SC, WL W. Wang et al., 2019
AISI 316L KNO3-NaNO,-NaNO;-KCl 500 2.96 pm y’1 1008 SC, WL W. Wang et al., 2019
AISI 321 KNO3-NaNO5-NaNO3-KCy, 500 3.63 pm y ! 1008 SC, WL W. Wang et al., 2019
AISI316 60% NaNO; - 40% KNO3 570 6-15 pm y ! 7000 SC, WL Goods & Bradshaw, 2004
AISI 304 60% NaNOs - 40% KNO3 570 6-15 pm y’1 7000 SC, WL Goods & Bradshaw, 2005
AISI 316 60% NaNOs - 40% KNO3 600 1.02 pm y’1 5000 SC, WL Soleimani Dorcheh et al., 2016
AISI 347H 60% NaNOs - 40% KNO3 600 1.22 pmy ! 5000 SC, WL Soleimani Dorcheh et al., 2016
IN 625 60% NaNOs - 40% KNO3 600 0.15 pm y’l 5000 SC, WL Soleimani Dorcheh et al., 2016
IN 625 60% NaNOj; - 40% KNO3 600 16.8 pm y ! 3000 SC, WL Kruizenga et al., 2013
AISI 321 60% NaNO3 - 40% KNO3 600 15.9 pm y ! 3000 SC, WL Kruizenga et al., 2013
AISI 347 60% NaNOs - 40% KNO3 600 10.4 pm y’l 3000 SC, WL Kruizenga et al., 2013
253 MA 60% NaNOj3 - 40% KNO3 600 38.6 pm y ! 3000 SC, WL Kruizenga et al., 2013
RA330 60% NaNOs - 40% KNO3 600 16 pmy ! 3000 SC, WL Kruizenga et al., 2013
UNS $35140 60% NaNO; - 40% KNO3 600 8.8 pm y ! 3000 SC, WL Kruizenga et al., 2013
AISI 316 60% NaNOs - 40% KNO3 600 8.4 pm y’1 3000 SC, WL Trent et al., 2016
AISI 347H 60% NaNOs - 40% KNO3 600 8.8 pm y ! 3000 SC, WL Trent et al., 2016
IN 625 60% NaNO; - 40% KNO3 600 2.23 pmy ! 4000 SC, WL Elbakhshwan et al., 2022
IN 625 60% NaNOs - 40% KNO3 565 9.6 pm y’1 1470 SC, WL Prieto et al., 2022
AISI 309 50% Na2S04 - 50% V205 700 2530 pm y ! 120 SC, WL, EC Cuevas Arteaga, 2012
AISI 316 60% NaNO3 - 40% KNOj3 -0.05Cl1 565 8.98 pmy ! 4584 SC, WL, TC Bradshaw & Goods, 2001
AISI 316L 60% NaNO3 - 40% KNO3-0.05CL 565 8.41 pm y’1 4584 SC, WL, TC Bradshaw & Goods, 2001
AISI 304 60% NaNO3 - 40% KNO3-0.05Cl 565 11.47 pm y ! 4584 SC, WL, TC Bradshaw & Goods, 2001
AISI 347H 24.5% NaCl - 8.2% KCI-67.3% CaCl,. 600 2383.628 pm y ! 400 SC, WL Xiao et al., 2025
IN 625 24.5% NacCl - 8.2% KCl-67.3% CaCl,. 600 5437.520 pm y~! 400 SC, WL Xiao et al., 2025
Haynes 230 24.5% NaCl - 8.2% KCl-67.3% CaCl,. 600 487.639 pm y’1 400 SC, WL Xiao et al., 2025
AISI 304 NaNO3-NayCO3 600 21.7 pm y ! 1000 DC, WL Wang et al., 2025
AISI 316L NaNO3;-NayCO3 600 12.2 pm y! 1000 DC, WL Wang et al., 2025
AISI 347H NaNO3-Na,CO3 600 7.6 pm y’1 1000 DC, WL Wang et al., 2025

Abbreviations: SC = static corrosion, DC = dynamic corrosion EC = electrochemical testing; WL = weight loss measurement.

stainless steels demonstrated measurable mass loss after 1000 h, corre-
sponding to an annual corrosion rate of approximately 0.07 mm y ..
These findings underscore that even thermally stable salt formulations
can cause notable corrosion in conventional austenitic steels under
conditions relevant to concentrated solar power (CSP) applications [64].
Furthermore, Static corrosion tests have demonstrated that the corro-
sion rate of AISI 316 increases consistently with the NapCO3 content.
This finding confirms that while salt additives may enhance thermal
performance, they can negatively impact material durability in molten
salt systems relevant to concentrated solar power (CSP) [65].

Nonetheless, aggressive salts such as NaVO3 at 700 °C still reveal
significant vulnerability, even in high-Ni steels such as AISI 309 and AISI
310 [66]. Additive effects can be dramatic: 5% V,Os additions to a
eutectic mixture of molten salts, Na;SO4 and NaCl (75 - 25 wt%),
increased the corrosion of AISI 304H at 800-900 °C by up to approxi-
mately 250% in terms of mass change [67], underscoring that minor
compositional changes in salts may dominate over alloy selection.
Recently, novel molten salt formulations have been proposed for
implementing the Brayton cycle in third-generation CSP systems oper-
ating at temperatures of up to 700 °C. One study compared the corrosion
resistance of Haynes 230, AISI 347H, and Inconel 625 in a molten
chloride mixture composed of 24.5 wt % NaCl, 8.2 wt % KCl, and 67.3
wt % CaCly. The results showed that Haynes 230 exhibited the best
corrosion resistance, with a corrosion rate of 487.639 pm y_l, whereas
AISI 347H and Inconel 625 exhibited higher rates of 2383.628 pm y !
and 5437.520 pm y ., respectively, after 400 h of exposure [68].

The corrosion rate data presented in Table 3 are derived from studies
conducted under significantly varied experimental conditions, encom-
passing differences in exposure duration, salt purity, chloride contami-
nation, temperature, and testing methodologies. Although the
referenced authors provide detailed experimental procedures, direct
quantitative comparison of corrosion rates remains challenging. Short-
term tests may overestimate corrosion rates due to transient oxidation,
whereas long-term exposures are more likely to reflect stabilized
corrosion kinetics. Furthermore, static immersion tests typically pro-
duce different corrosion behaviors compared to dynamic or flowing salt
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Fig. 4. Left: Schematic representation of pitting process.

conditions. Consequently, the values in Table 3 should be interpreted as
indicative trends rather than definitive rankings for material selection.

Although a broad spectrum of corrosion rates has been reported,
direct comparisons between studies are complicated by variations in salt
chemistry, impurity levels, exposure duration, and testing methods.
These inconsistencies underscore the necessity of standardized testing
protocols under conditions relevant to concentrated solar power (CSP).

2.1.2. Pitting

This section focuses on localized pitting corrosion, emphasizing the
influence of alloy composition, protective oxide formation, and oper-
ating conditions on pit initiation and propagation. Pitting corrosion,
characterized by the localized breakdown of passive films, is typically
associated with halide-rich aqueous environments rather than high-
temperature molten salts [69]. A key descriptor of this process is the
Critical Pitting Temperature (CPT), below which pits remain unstable,
and above which the pitting potential decreases linearly with
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Fig. 5. Schematic representation of the crevice mechanism.

temperature [70,71]. For AISI 304, the reported CPT values range from
150 to 200 °C, with the pitting susceptibility increasing as the temper-
ature increases in aerated chloride solutions [72]. Interestingly, above
220 °C, the oxide film became more stable, limiting ionic transport and
suppressing stable pit growth, as shown in Fig. 4. Fig. 4 provides a
schematic representation of the pitting corrosion mechanism on an
austenitic stainless steel surface. It emphasizes the interaction between
the base metal and aggressive species such as Cl™ ions, alongside the
presence of Na™, metal cations and anions (M™/M™~), OH™, and dissolved
oxygen (O2).This apparent reversal highlights the complex role of tem-
perature, which promotes pitting in the intermediate regime but may
enhance passivity at even higher levels (see Fig. 5).

The role of reaction kinetics in pit initiation has also been discussed.
Manning et al. [73], who studied AISI 304L in deionized water with 100
ppm chloride ions, concluded that adsorption-related kinetics dominate
at elevated temperatures, suggesting that film breakdown may not be
purely electrochemical but also linked to surface chemistry and
adsorption dynamics.

In contrast, localized attacks are far less dominant in molten salt
environments. Dorcheh et al. [53], investigating AISI 347H in solar salt
at 600 °C, reported the formation of multiphase oxide scales containing
Fe oxides, Na-ferrites, and Fe-Cr spinels, with uniform scale growth
outweighing localized penetration. This suggests that pitting is largely
suppressed under molten salt conditions, where ionic transport and
diffusion-controlled oxide growth dictate corrosion, whereas aqueous
chlorides remain the most critical scenarios for pit initiation and
propagation.

2.1.3. Crevice corrosion

This section addresses crevice corrosion, which can occur in shielded
areas or tight gaps. Factors such as chloride accumulation, temperature,
and alloy microstructure were discussed to assess the susceptibility of
the materials studied. Crevice corrosion develops in shielded regions,
where restricted mass transport alters the local chemistry [74]. The
process is typically driven by anodic metal ionization and a shift in
cathodic kinetics, which makes alloys with anodic control more
vulnerable [75,76]. While oxygen availability can modulate the severity
of an attack, most studies emphasize that pH reduction inside the crevice
is the dominant factor [77,78]. Early electrochemical models, such as
those proposed by Betts and Boulton [79], established a framework of
reduction reactions that still underpins mechanistic understanding. A
schematic representation of the crevice mechanisms is shown in Fig. 5.

Practical failures reinforce these mechanisms. Kaul et al. [80] re-
ported crevice corrosion in AISI 304 heat exchanger tubes operating
with syngas at 126-163 °C, where crevice formation at tube-to-tube
sheet gaps promoted local acidification. At higher temperatures, the
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Fig. 6. Crevice morphology of AISI 304 [83].

interplay between the other degradation modes becomes evident. Saito
et al. [81] observed that intergranular stress corrosion cracking accel-
erates crevice processes in AISI 304 at 280 °C water, highlighting the
synergistic effects between localized corrosion and cracking
mechanisms.

However, not all environments follow the same pathway. In Inconel
600, studies at 288 °C water revealed that the classical film rupture
theory of stress corrosion cracking does not govern crevice corrosion;
instead, aqueous diffusion inside the gap controls the corrosion rate
[82]. Chen et al. [83] further refined this view by showing that crevice
geometry is decisive: width primarily dictates dissolved oxygen con-
centration, while length strongly influences pH within the occluded
zone. These conclusions were drawn from the analysis of AISI 304
stainless steel immersed in vapor at 290 °C.

Thermal effects on passivity also play significant roles. Trasatti et al.
[84] demonstrated that surface heating in AISI 304L at 150-300 °C
weakens passive film stability, enhancing nucleation of localized attack.
This suggests that industrial processes such as welding, brazing, and
sterilization can predispose stainless steels to crevice corrosion even
before they are exposed to service conditions.

Overall, the literature shows broad agreement that pH gradients
within the crevice drive corrosion, but the severity depends on the alloy
composition [74-76], geometry [83], and additional factors such as
stress [81] or surface thermal history [84]. The differences across alloys
(e.g., AISI 304 vs. Inconel 600) also indicate that a single mechanistic
model may not fully capture crevice corrosion in all high-temperature
aqueous systems. The crevice morphology of AISI 304 showed in
Fig. 6 displays characteristic crystalline corrosion products indicative of
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localized dissolution within the crevice [83].

In addition to environmentally induced localized corrosion mecha-
nisms such as pitting and crevice corrosion, extended exposure to high
temperatures and thermal cycles associated with welding can lead to
microstructural alterations, particularly sensitization, which signifi-
cantly influence intergranular corrosion behavior.

2.1.4. Sensitization and intergranular corrosion

Finally, we examined sensitization and intergranular corrosion,
highlighting how welding, heat treatments, and alloying elements affect
chromium depletion along the grain boundaries and the subsequent
corrosion susceptibility (see Fig. 6). In austenitic stainless steels, sensi-
tization refers to the precipitation of chromium carbides at grain
boundaries within the 500-800 °C temperature range [85]. This process
involves the rapid diffusion of interstitial carbon to the boundaries,
where carbides nucleate and deplete the adjacent chromium regions
[86,87]. Consequently, these depleted zones lose passivity and become
preferential sites for intergranular attacks. Fig. 7 shows a schematic
representation of the microstructural characteristics of sensitized
austenitic stainless steel, emphasizing the precipitation of chromium
carbides along the grain boundaries and the resultant
chromium-depleted zones that facilitate intergranular degradation. The
formation of sensitized microstructures is governed by the interplay
between carbide precipitation thermodynamics and chromium diffusion
kinetics [88,89], indicating that both the alloy chemistry and thermal
history dictate the susceptibility.

Comparative evaluations across different grades reinforce this
dependence. Lima et al. [90] systematically examined the critical
sensitization temperature in AISI 304L, 316L, 321, and 347. Their results
showed that none of the alloys were sensitized at 380 °C, but above
500 °C, all except AISI 347 developed chromium-depleted boundaries.
For AISI 347, stabilization through niobium addition delayed carbide
precipitation, shifting the critical temperature closer to 550 °C. This
highlights how alloying strategies (e.g., Nb or Ti stabilization) can
markedly mitigate sensitization, in contrast to unstabilized grades such
as 304L or 316L.

Taken together, the literature converges on the view that sensitiza-
tion is unavoidable once steels are exposed to the 500-800 °C window
for a sufficient time; however, the critical threshold varies with
composition. Although chromium diffusion kinetics set the general
boundary, alloy design, particularly carbide stabilizers, provides the
most effective resistance against this phenomenon.

e Sensitization in gas environments

In gas-phase services, sensitization has been widely documented as
the root cause of intergranular degradation in austenitic stainless steels.
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Fig. 8. Sensitized steel AISI 347 grain boundaries [91].

In the petrochemical industry, the overheating of AISI 347 furnace tubes
at 512 °C in zones with coke deposition resulted in pit formation, as
shown in Fig. 8, which acted as stress concentrators and triggered
intergranular cracking [91]. Similar sensitization-induced cracking was
later reported in AISI 347H boiler tubes after 3600 h of operation at
590 °C [92]. Even in unwelded 347H tubing, long-term exposure can
promote failure: intergranular attack with pronounced ditching was
identified after 25 years at relatively moderate service temperatures of
270-310 °C [93]. These cases emphasize that extended exposure to gas
environments accelerates sensitization damage, irrespective of welding
condition or the nominal operating range.

Beyond the 347-type steels, analogous phenomena have been re-
ported for other grades. Bahrami et al. [94] showed that an AISI 304H
elbow failed in a heat exchanger after 8 years at 400 °C, where inter-
granular embrittlement was exacerbated by internal oxidation.
Comparative studies on AISI 310, 316L, and 347H revealed that after
heat treatment in air at 480-720 °C, the pitting resistance of all alloys
decreased at the highest temperatures owing to the precipitation of
chromium carbide along the grain boundaries [95]. Interestingly, when
347 and 316 were directly compared, the higher carbon stabilization in
316 reduced susceptibility to intergranular brittle failure, whereas the
lower carbon 347 alloys displayed enhanced vulnerability at 550-750 °C
[96]. Thus, carbide stability and alloy carbon content are key differ-
entiators of sensitization resistance in gaseous media.

In addition to sensitization-induced embrittlement, high-
temperature gas exposure may promote mechanical softening of the
material. For example, studies on 253 MA demonstrated stress softening
under compression, with increasing strain rates (0.1 s! to 20 s’l)
leading to flow stress reduction, primarily due to deformation heating
[97]. This indicates that, under service-like conditions, both sensitiza-
tion and thermally activated flow instabilities can degrade the structural
integrity of the austenitic steels.

e Sensitization in the solar salt environment

Sensitization in austenitic stainless steels exposed to molten salt
environments pertinent to concentrated solar power (CSP) applications
(approximately 500-600 °C) is predominantly linked to chromium
depletion at grain boundaries, resulting from carbide precipitation in
welded regions, particularly within the heat-affected zone (HAZ).
Various mitigation strategies have been proposed for stabilized grades
such as AISI 347H, including post-weld heat treatments [98,99],
reduced heat input and interpass temperatures [100], and optimized
welding techniques [101,102]. Nonetheless, the application of
controlled stabilization treatments in large-scale molten salt storage
tanks remains technically challenging. Comparative exposure of
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Fig. 9. Microstructure of 347H as-welded.

stabilized AISI 347 and non-stabilized AISI 316 at 600 °C revealed
similar sensitized microstructures, with no immediate evidence of
intergranular cracking within the investigated exposure times. This
suggests that sensitization alone does not directly govern failure but
serves as a precursor for stress- and environment-assisted degradation
mechanisms [57].

e Stress Relaxation Cracking (SRC)

Stress Relaxation Cracking appears in the presence of a residual
stress created by the welding process, particularly in the heat-affected
zone (HAZ), where these stresses seem to be of high magnitude. Under
high-temperature service conditions, residual stresses are not accom-
modated by plastic deformation owing to ductility exhaustion, resulting
in intergranular cracking [103,104]. The different zones of a weld are
characterized by distinct microstructural features. The fusion zone (FZ)
presented a fully melted and resolidified structure with dendritic grains,
and the heat-affected zone (HAZ) exhibited microstructural trans-
formations owing to thermal exposure, including coarse-grained regions
near the fusion line and fine-grained areas farther away. Finally, the
base metal (BM) retains its original microstructure and mechanical
properties. Fig. 9 illustrates the microstructural characteristics of an AISI
347H stainless-steel weld fabricated using the MIG process without the
application of post-weld heat treatment. The figure emphasizes the
microstructural heterogeneity observed in the fusion zone, heat-affected
zone (HAZ), and base metal.

In a nuclear power plant, a reactor built with AISI 304H failed due to
sensitization after welding; the failure mechanism was likely stress
relaxation cracking after verifying that the yield strength at 560 °C
(service temperature) was not exceeded [105]. The analysis of the

.
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welding impact on tubes used in coal-fired power plants showed that the
high temperature of welding in steels such as AISI 304H and AISI 347H
produced an enlargement of grains and dissolution of precipitates that
increased SRC susceptibility [106]. Chemically stabilized stainless
steels, such as 321H, are commonly used at high temperatures but are
susceptible to intergranular cracking in the heat-affected zone (HAZ)
after welding. Experimental studies have shown that controlling key
parameters, such as minimizing heat input, selecting tougher filler
metals (e.g., E16.8.2), reducing weld thickness and residual stresses,
applying appropriate post-weld heat treatments, and limiting external
loads, can significantly reduce or even eliminate the risk of SRC [107].
In a doctoral dissertation by Py-Renaudie [108], it was concluded, in
agreement with Lee's statement, that SRC susceptibility in the CGHAZ
region is mainly produced by grain size after analyzing the welded
components of AISI 316L(N). Pickle T. et al. [109] demonstrated by
simulation and testing the critical threshold stress for AISI 347H welded
and assessed the filler material, determining that E347-16 FZ is more
susceptible to SRC than 347H HAZ, and defined an optimum
post-welding heat treatment to mitigate SRC.

Stress relaxation cracking (SRC) is notably underreported in the
literature compared to stress corrosion cracking (SCC) or creep-related
failures, despite its significance in large welded components operating
at elevated temperatures. This underreporting is primarily due to the
inherent challenges in identifying SRC as a distinct failure mechanism,
as it frequently occurs in the absence of an external corrosive electrolyte,
under low applied stress, and over extended service durations.
Furthermore, SRC damage is typically localized within the heat-affected
zone and may be misclassified as creep cracking or intergranular
corrosion, particularly when post-service metallographic evidence is
scarce. In industrial concentrated solar power (CSP) installations, com-
plex thermal histories, multiple weld passes, and constrained geometries
further complicate the differentiation of SRC from other time-dependent
degradation processes. Consequently, the actual contribution of SRC to
long-term damage in high-temperature welded structures is likely
underestimated, underscoring the need for targeted experimental
studies and enhanced diagnostic criteria.

2.2. Stress corrosion cracking (SCC)

Stress corrosion cracking comprises a two-stage process: crack
initiation and propagation [110]. During initiation, an occluded corro-
sion cell develops, leading to localized acidification and chloride ion
concentration, which weakens the material and facilitates crack for-
mation [111]. Cracks can grow rapidly, often following intergranular
paths due to the weakened grain boundaries, mainly in family planes {1
1 1}, especially if the steel has been sensitized [112]. The propagation is
accelerated by localized corrosion and mechanical stress, ultimately
leading to material failure [113]. As illustrated in Fig. 10, corrosion can
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Fig. 10. Representation showing weakness due to corrosion.
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Fig. 11. Grain boundary attack results in corrosion and the dropping out of
surface grains [116].

progressively reduce the effective wall thickness of the structural com-
ponents. This loss of the load-bearing section leads to localized stress
concentration, which, under sustained or residual stresses, facilitates the
initiation and propagation of stress corrosion cracking.

Stress corrosion cracking (SCC) in austenitic stainless steels is a
degradation mechanism that necessitates the concurrent presence of
three factors: susceptible material condition, a specific corrosive envi-
ronment, and tensile stress. The relative significance of each factor is
highly contingent on the service environment, temperature, and alloy
microstructure. Although the phenomenology of SCC may vary among
aqueous, gaseous, and molten salt systems, the fundamental mecha-
nisms are governed by environment-assisted crack initiation and prop-
agation processes at the crack tip, frequently involving localized
corrosion, film rupture, and hydrogen-related effects. Consequently, the
following subsections examine the SCC behavior in diverse environ-
ments, emphasizing the predominant environmental drivers and their
interactions with material conditions and stress.

2.2.1. Stress corrosion cracking in aqueous and steam environments

In aqueous and steam environments, chloride ions are significant
factors in stress corrosion cracking (SCC). However, the generation and
transport of hydrogen also play crucial roles, particularly at elevated
temperatures. Under these conditions, hydrogen-assisted cracking can
lead to either intergranular or transgranular SCC, depending on the
degree of sensitization and the applied stress. Chloride ions (Cl7) are
consistently identified as key accelerators of stress corrosion cracking
(SCCQ) in austenitic stainless steels. Chen et al. [114] reported that AISI
321 exposed to 300 °C aqueous solutions exhibited accelerated cracking
in the presence of C1™. Similarly, crack growth studies on AISI 316Ti and
AISI 316 L demonstrated that these alloys are unsuitable for piping at
elevated temperatures when exposed to water containing 100 mg/L of
chloride [115]. Industrial failures further confirm these findings: heater
tubes made of AISI 321 in petrochemical plants failed between 130 and
345 °C because of Cl™ in crude oil, producing intergranular SCC, As
illustrated in Fig. 11, attacks on grain boundaries can result in localized
corrosion and the detachment of surface grains, thereby underscoring
the vulnerability of austenitic stainless steels to intergranular degrada-
tion under high-temperature conditions [116].

Sensitization significantly heightens the susceptibility of austenitic
stainless steels to stress corrosion cracking, particularly in welded
components. Laboratory tests in boiling MgCly, demonstrated a strong
correlation between the degree of sensitization and intergranular or
transgranular cracking in AISI 304H and AISI 347, especially within the
HAZ [117-119]. Optimized filler metal selection has been shown to
mitigate stress-related cracking in stabilized grades [120]. Electro-
chemical studies provide additional insights into the SCC thresholds.
Under reactor-relevant conditions, AISI 304 in the as-welded state was
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shown to be immune to intergranular SCC when exposed underwater at
274 °C for applied potentials below 0.4 V [121]. However, microstruc-
tural factors remain critical. The stress corrosion cracking susceptibility
of AISI 316L welds was evaluated through long-term U-bend tests in a
moderately aggressive electrolyte. Microcracks were initiated at pits
within the heat-affected zone (HAZ), which is the region most affected
by plastic deformation. Accelerated tests under constant current repro-
duced similar damage in shorter times, confirming the HAZ as the crit-
ical zone for SCC initiation [122]. Welding-induced sensitization in AISI
347 has been linked to solidification kinetics, where rapid cooling leads
to gamma columnar dendrites with inter-dendritic segregation and
intermetallic compounds; these features, along with porosity, strongly
increase cracking susceptibility [123,124].

Taken together, these studies demonstrate that SCC in aqueous and
steam environments is not governed by a single factor but rather by the
synergistic effects of chloride concentration, sensitization degree,
welding microstructure, and the electrochemical potential. Although
filler metal optimization and careful control of welding parameters can
reduce susceptibility, environmental chloride content, and post-welding
sensitization, they remain persistent challenges in industrial services.
Recent investigations into additively manufactured, precipitation-
hardened austenitic stainless steel, produced via laser powder bed
fusion, have revealed exceptional resistance to stress corrosion cracking
(SCC) in high-temperature water at 325 °C. The alloy is characterized by
equiaxed grains and nanoscale TiAlNiy precipitates located at cell
boundaries, which serve to blunt SCC crack tips and enhance re-
passivation [125]. These results underscore the potential of micro-
structural design in mitigating SCC and provide a foundation for
examining SCC behavior in more aggressive environments, such as
molten salts, as discussed in the subsequent section.

2.2.2. Stress corrosion cracking in molten salt environments

In molten salt systems, SCC mechanisms differ from those in aqueous
environments; however, mechanical strain remains decisive. Suscepti-
bility to stress corrosion cracking (SCC) is significantly influenced by
trace impurities, such as moisture and chloride ions. These impurities
can destabilize protective oxide films and facilitate corrosion. The
presence of HpO in molten salts has been demonstrated to markedly
increase SCC susceptibility by modifying the redox conditions and
enhancing localized corrosion in stressed regions. Studies have consis-
tently shown that a higher applied or residual strain reduces the time to
crack initiation in austenitic stainless steels. For example, Prabha et al.
[126] demonstrated that AISI 304H immersed in a boiling saturated
magnesium chloride solution exhibited accelerated cracking under
increased strain, confirming the strong stress dependence of SCC.

Within concentrated solar power (CSP) systems, the behavior of al-
loys in contact with molten salts provides further insight. A cold-worked
alloy 601 immersed in a ternary eutectic carbonate mixture (32.1%
Li2CO3 - 34.5% K5CO3 — 33.4%NayCO3) at 450 °C showed evidence of
sensitization followed by SCC, driven by oxidation-assisted processes
[127]. Similarly, post-failure analysis of CSP receiver tubes made of 253
MA revealed that cyclic thermal stresses, combined with molten salt
corrosion, produced intergranular cracking localized near welds [128].

These results suggest that while chloride-induced SCC dominates in
aqueous systems, the interplay between strain, sensitization, and
oxidation processes is more critical in molten salt environments. The
susceptibility is further amplified by the operational realities in CSP
receivers and tanks, such as thermal cycling and stress concentrators
near the welds. Unlike aqueous environments, where the chloride con-
tent alone can drive SCC, molten salt cracking reflects a multifactorial
mechanism in which the microstructure, strain state, and oxidation
jointly determine the service life of the material.

2.3. Creep

Creep degradation in austenitic stainless steels is primarily
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Fig. 12. Left: r-type voids in AISI 316L weld metal, right: w-type voids in AISI 316, after creep damage [131].

influenced by factors such as temperature, applied stress, microstruc-
ture, and service environment. In high-temperature energy systems,
additional factors such as component geometry, welding-induced het-
erogeneities, and environmental interactions further affect the creep
damage. This section is structured to initially summarize the funda-
mental mechanisms of creep, followed by an examination of their
manifestation in several material conditions and specific service envi-
ronments pertinent to high-temperature applications.

2.3.1. Creep mechanisms and controlling parameters

Creep rupture in austenitic stainless steels can exhibit either ductile
or brittle behavior, depending on the deformation and damage mecha-
nisms involved. Ductile fracture typically occurs through transgranular
failure, whereas brittle rupture proceeds via the nucleation, growth, and
coalescence of grain boundary cavities [129]. At elevated temperatures,
the dominant mechanism often transitions toward intergranular pro-
cesses, where microvoids form along grain boundaries and progressively
link to form cracks.

The evolution of these cavities has been studied extensively. Early-
stage voids, typically between 0.1 and 0.5 pm in diameter, can coa-
lesce into macroscopic cracks several millimeters long under prolonged
thermal exposure [130]. Two characteristic types of grain boundary
cavities are commonly observed in intergranular creep: wedge-type
voids (w-type), which initiate at triple junctions and promote inter-
granular crack propagation, and rounded or r-type voids, which appear
as isolated microcavities along grain boundaries. Fig. 12 illustrates the
characteristic types of cavities usually found in intergranular creep
damage in austenitic steel, namely r-type and w-type cavities, which
tend to form at grain boundary triple junctions. The formation and
extent of these cavities provide a measure of the dominant creep
mechanism, with r-type cavities being associated with
diffusion-controlled mechanisms and w-type cavities with stress-assisted
grain boundary sliding and crack formation. In CSP hot tanks, where the
temperature is approximately 560 °C and creep loading is applied, the
formation and growth of these cavities can be considered a precursor to
intergranular fracture, particularly in weld areas [131].

Collectively, these observations indicate that the creep rupture
behavior of austenitic steels results from the competition between
transgranular deformation and intergranular damage mechanisms. The
relative dominance of each mechanism depends on factors such as
temperature, applied stress, alloy composition, and microstructural
stability. Therefore, understanding the nucleation and evolution of
cavities is crucial for predicting the long-term creep performance in
high-temperature service environments.

The creep behavior of austenitic stainless steels is strongly influenced
by the geometrical and microstructural factors that govern stress dis-
tribution, deformation mechanisms, and long-term stability. The thick-
ness of the components can significantly alter the creep response. Tests
conducted on HK40 stainless steel sheets of various thicknesses
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demonstrated that thicker sections are more prone to crack propagation,
likely due to the transition from plane stress to plane strain conditions,
which increases the constraint and promotes intergranular cracking
[132]. Complementary analyses of HK40 using creep-fatigue interaction
tests at 800, 900, and 1000 °C with symmetrical loading waveforms
confirmed that the predictive models for life estimation can achieve
good accuracy under cyclic high-temperature conditions [133].

When comparing the short-term creep performances of austenitic
steels for services near 750 °C, AISI 347 demonstrated superior resis-
tance at high-stress levels. This advantage is attributed to the interaction
between mobile dislocations and fine precipitates formed during ther-
mal exposure or in the early stages of creep, which act as effective
barriers to dislocation motion [134]. However, under prolonged expo-
sure, the microstructural evolution becomes more complex. Long-term
creep tests on AISI 347H conducted in air at 700 °C and 800 °C
revealed that an increased temperature modified the distribution of
precipitates and promoted nitrogen uptake. Although the ductility
decreased under these conditions, the overall creep strength remained
relatively stable, confirming the robustness of the alloy for extended
high-temperature applications [135].

2.3.2. Effect of material condition on creep behavior

The creep performance of welded components is often governed by
complex interactions between metallurgical heterogeneity, residual
stresses, and thermal gradients introduced during welding. In gas-cooled
reactor applications, for example, as-welded AISI 312S tested at 650 °C
exhibited creep lifetimes that were more accurately predicted when
using a stress-modified ductility exhaustion approach combined with
the R5 procedure, highlighting the importance of incorporating local
ductility effects into life prediction models [136].

Microstructural degradation within the heat-affected zone (HAZ)
plays a decisive role in determining creep rupture behavior. Observa-
tions in high-temperature piping systems have shown that creep damage
initiates in the HAZ, where void nucleation and growth eventually lead
to macroscopic cracking. These failures are exacerbated by thermal
stresses and structural changes, such as carbide coarsening and grain
boundary weakening, which accelerate the reduction in service life
[137].

Sensitization also interacts with creep deformation at high temper-
atures by promoting grain boundary oxidation and carbide precipita-
tion, which accelerate damage under long-term exposure. While coarse
grain structures generally enhance creep life by reducing grain bound-
ary sliding, they may simultaneously increase susceptibility to
sensitization-related degradation [138]. Studies on AISI 310S at 800 °C
indicate that creep damage can be closely coupled with corrosion and
sensitization phenomena through carbide precipitation and grain
boundary oxidation [139].

The presence of cavities is a key factor in the deterioration of
dissimilar-welded joints. Studies involving Inconel 625 and AISI 304H
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exposed to 600-700 °C for up to 3000 h revealed that cavity formation
along dissimilar interfaces significantly reduces creep resistance,
reflecting the detrimental influence of the mismatch in thermal expan-
sion and diffusion behavior across the weld boundary [140,141]. Similar
degradation mechanisms have been reported for modified AISI 310S
welded joints tested at 600 °C, where creep-induced intergranular
cracking was associated with the coarsening of My3Ce carbides, grain
heterogeneity, and elemental segregation near grain boundaries [142].

Recent computational studies have advanced our understanding of
these phenomena by incorporating residual stress fields into the creep
damage models. These analyses revealed that creep cavity nucleation
and growth are inherently localized and influenced by the non-uniform
stress distribution typical of welded microstructures [143]. Innovative
experimental techniques have been implemented to complement these
modeling studies. Digital image correlation (DIC) systems have been
successfully used to monitor the deformation of AISI 316H welded
specimens during long-term high-temperature creep tests, achieving
excellent agreement with conventional extensometry and enabling
full-field strain mapping over extended periods [144].

2.3.3. Environmental effects on creep
o Creep in water/vapor environments

The creep performance of austenitic stainless steels in water and
steam environments is strongly influenced by oxidation kinetics, pre-
cipitate stability, and the synergistic effects of corrosion and deforma-
tion. In heat exchanger applications, creep curves of AISI 347 at 750 °C
have been established for multiple stress levels, providing essential
baseline data for long-term design under high-pressure vapor exposure
[145]. Further investigations on AISI 347H under supercritical
water-cooled reactor conditions at 800 and 850 °C revealed that creep
deformation is dominated by dislocation—precipitate interactions.
Transmission electron microscopy confirmed that NbC precipitates
aligned along slip directions retarded dislocation motion, thus
improving creep resistance through a particle-strengthening mechanism
[146].

In advanced ultra-supercritical (A-USC) thermal power plants, the
Sanicro 25 alloy was evaluated under cyclic loading conditions at 700 °C
and 36 MPa. These studies demonstrated that the dwell time (duration of
load application) can either extend or shorten the component lifespan,
depending on the applied stress level. This highlights the dual role of
stress relaxation and oxidation-assisted damage in determining the long-
term creep life [147,148].

However, corrosion-assisted creep degradation remains a critical
issue in power generation environments. Superheater tubes fabricated
from AISI 321 and exposed to 620-670 °C exhibited accelerated creep
damage associated with high temperature corrosion. The presence of
liquid corrosive agents, likely from condensate impurities or molten ash,
was shown to intensify microstructural degradation and reduce creep
life [149].

Long-term service studies have emphasized the role of environ-
mental exposure. Ex-service AISI 316H components operated between
550 and 600 °C developed an oxidized surface and a carburized sub-
layer, indicating a combined oxidation-carburization mechanism [140].
Similarly, AISI 304H exposed to 31,000 h of superheated steam at 570 °C
showed extensive precipitation of carbides, carbo-nitrides, and inter-
metallic phases, together with significant dislocation rearrangement.
Despite these transformations, the mechanical integrity of the alloy
remained above the minimum design requirements, suggesting that
short-term degradation does not necessarily imply immediate failure
[150,151].

Overall, a comparative analysis of these studies indicates that envi-
ronmental factors, particularly oxidation, carburization, and corrosion,
play a decisive role in modifying the creep mechanisms of stainless
steels. Therefore, predictive models for creep in steam-containing
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Fig. 13. Microcracks in 347H after creep test.

systems must explicitly account for these coupled processes to ensure
accurate life assessments in next-generation power plants.

e Creep in molten salts applications

In molten salt storage systems, creep prevention is primarily ach-
ieved through careful design practices, specifically the selection of
appropriate allowable stress limits following international standards,
precise wall thickness calculations, and the evaluation of heat-affected
zones (HAZ) under long-term creep conditions. Material selection is
critical for concentrated solar power (CSP) plants that employ solar salt
mixtures. Comparative testing between AISI 347H and AISI 316Ti at
570 °C in molten salt environments demonstrated superior corrosion
and creep resistance for AISI 347H, in agreement with the design pa-
rameters and allowable stresses defined in ASME Section II-D [152].
Although most creep studies follow the ASTM E139 standard, this
methodology does not explicitly account for specimens in direct contact
with molten salts. Performing thermomechanical tests in such environ-
ments remains technically demanding because molten salts are highly
corrosive and can cause leakage or degradation of the testing equipment.
Consequently, only a few studies have attempted to replicate actual
service conditions. For instance, Prieto et al. proposed an experimental
setup to evaluate AISI 516 Gr70 exposed to solar salt at 380 °C for 168 h;
the results indicated a reduction in the yield limit of the material,
evidencing the impact of the corrosive environment on its mechanical
integrity [153]. Fig. 13 presents the microcracking developed in AISI
347H after 600 h of exposure at an elevated temperature and indicates
the early stages of damage accumulation before macroscopic failure.
Microcracks, usually nucleating at grain boundaries or in regions
influenced by surface conditions, show how cyclic thermal and me-
chanical loading can assist the processes of crack nucleation, even for
relatively short exposure times. In CSP applications, such damage is
particularly relevant within hot tanks and welded joints subjected to
daily thermal cycling; under these conditions, the growth of microcracks
can progressively interact with creep and corrosion mechanisms.

Another study at 565 °C with AISI 316L showed that the stainless
steel exhibited a marked reduction in creep life in molten solar salt
compared with air. Increasing stress shifted the cracking from inter-
granular to transgranular, whereas chloride impurities promoted inter-
granular cracking through substructure-assisted grain boundary
corrosion. Creep deformation also accelerated corrosion by forming a
fine-grained subsurface layer, although chlorides had a limited effect on
the overall reduction in creep life [154].

In practical applications, creep life prediction for hot tanks in CSP
plants is often performed using the ASME Section II-D guidelines in
conjunction with Larson-Miller parameter-based equations. For
austenitic alloys such as AISI 347H, the design stresses are
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Fig. 14. Thermomechanical fatigue loading.

conservatively maintained below 100,000-h creep strength at opera-
tional temperatures, typically between 530 and 565 °C, to ensure long-
term structural reliability.

2.3.4. Implications for material selection and alternative alloys

The pursuit of alternative materials with improved creep resistance
for high-temperature applications has expanded beyond conventional
austenitic stainless steels to include nickel-based superalloys. Among
these, Sanicro 25 is a promising candidate. According to Chai and
Forsberg [155], Sanicro 25 exhibits excellent long-term performance,
achieving a predicted life of approximately 100,000 h at 100 MPa and
700 °C. Comparative studies against AISI 316H confirmed that Sanicro
25 demonstrates similar creep behavior while maintaining structural
stability at higher temperatures, between 700 and 800 °C, during tests
extending to 2000 h [156]. This improved thermal capability renders
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Sanicro 25 suitable for
power-generation systems.

However, even high-performance steels are susceptible to acceler-
ated degradation under severe environmental conditions. Failures of
reactor tubes used in styrene production have been attributed to com-
bined overheating and carburization, where excessive oxidation at
temperatures above 800 °C drastically reduces the component lifetime
[157]. These findings highlight the need for environmental control to
accompany alloy optimization to ensure reliable, long-term operation.

High-entropy alloys (HEAs) have been proposed as next-generation
materials owing to their exceptional microstructural stability and solid
solution strengthening. Nevertheless, after 23,500 h of testing at 600 °C,
AISI 347H still outperformed the evaluated HEAs in terms of creep
resistance, reaffirming the robustness of stabilized austenitic steels for
long-duration service [158].

advanced ultra-supercritical (A-USC)
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Another emerging family of steels, alumina-forming austenitic (AFA)
steels, has been investigated for its potential to combine creep strength
and superior oxidation resistance. Creep testing at 700 °C demonstrated
that increasing the tungsten content enhanced precipitation hardening,
thereby extending the creep life [159]. Additional studies have
emphasized that a controlled balance between the aluminum and
chromium concentrations is critical for forming a stable and protective
alumina scale at high temperatures, without compromising mechanical
integrity [160].

Surface engineering has also been explored to improve creep per-
formance. Aluminized coatings followed by annealing have shown
contrasting effects: while the presence of aluminum alone tends to
degrade the creep life due to interfacial defects at the NiAl layer that
reduce the effective load-bearing area, subsequent annealing mitigates
these effects by promoting twin boundary formation and improving
creep resistance [161].

In summary, although materials such as Sanicro 25, AFA steels, and
HEAs offer promising pathways toward higher temperature capabilities,
traditional Nb-stabilized austenitic grades, such as AISI 347H, continue
to demonstrate competitive or superior creep performance. Future
strategies will likely rely on hybrid approaches that combine alloy
design, microstructural control, and optimized surface treatments to
achieve sustainable performance under extreme thermal and environ-
mental conditions.

2.4. Fatigue

Under dynamic mechanical loading, materials are subjected to cyclic
plastic deformation, either localized or widespread, while a dislocation
substructure progressively develops to accommodate the imposed
strain. During this process, microcracks nucleate at the surface or within
the bulk material and subsequently grow and coalesce until a final
fracture occurs [162].

2.4.1. Fundamental fatigue mechanisms and regimes

The fatigue behavior of austenitic stainless steels is strongly influ-
enced by temperature, grain size, and their microstructural stability. At
elevated temperatures, coarse-grained austenitic alloys have been
observed to exhibit internal fracture mechanisms in the high-cycle fa-
tigue regime, where damage accumulates primarily through dislocation
interactions and internal crack propagation rather than surface initia-
tion [163].

Welded joints are particularly vulnerable because of their hetero-
geneous microstructures. The heat-affected zone (HAZ) of weldments
often undergoes local thermal cycling, resulting in grain coarsening and
carbide precipitation, both of which promote fatigue crack initiation.
For instance, pipes manufactured from AISI 347H stainless steel failed
under thermal stress fatigue owing to the microstructural alterations
produced during welding, highlighting the detrimental influence of HAZ
transformations on the cyclic durability [164].

2.4.2. Effect of loading mode: mechanical, thermal and thermo-mechanical
fatigue

In nuclear and energy-generation systems, components such as tubes
and pipes are often subjected to simultaneous thermal and mechanical
loads, making accurate fatigue life predictions essential for safe opera-
tion of these components. Consequently, several studies have developed
models that incorporate both thermal and mechanical fatigue effects in
controlled-air environments.

e Thermo-mechanical fatigue

Thermo-mechanical fatigue (TMF) combines cyclic temperature and
mechanical loading, and the relative phase between the two cycles
strongly controls the damage mechanisms. In-phase (IP) TMF (max
temperature coincident with max tensile strain) enhances oxidation/
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creep-assisted damage, whereas out-of-phase (OP) TMF (max tempera-
ture coincident with minimum tensile strain) emphasizes cyclic plas-
ticity and mismatch strain. Isothermal fatigue maintains a constant
temperature while mechanical load cycles are applied, isolating purely
mechanical fatigue. A different, practically relevant case is thermal
cycling under a constant load, where the temperature oscillates but an
approximately static stress is applied; this promotes thermal-strain
mismatch and stress relaxation and can drive thermal-fatigue mecha-
nisms. Partial phase angles (e.g., 90°) produce intermediate behavior
and are useful to map transition between IP and OP [165,166]. In
Fig. 14, a description of different loading conditions in
thermo-mechanical fatigue, such as in-phase, out-of-phase, and
isothermal, is graphically depicted and it is of high relevance to CSP
systems. In in-phase loading, where the maximum stress and maximum
temperature occur simultaneously, accelerated degradation, owing to
the joint action of reduced material strength and increased mechanical
loads, can usually be observed. In contrast, even in out-of-phase loading,
there may be favorable mechanisms of crack initiation related to tem-
perature gradients. Such loading conditions aptly describe the operating
conditions in molten salt tanks and pipelines, where thermal and me-
chanical loadings related to the start-up and shutdown procedures
cannot be simulated in isothermal fatigue tests. Ramesh et al. [167]
conducted a comparative study of AISI 347 and AISI 316L stainless steels
under thermomechanical fatigue, combining temperature variations
between 100 and 340 °C with different mechanical strain amplitudes
(Ae_mech/2 = 0.3% and 0.5%). Three distinct testing configurations
were employed: in-phase (maximum strain coinciding with the
maximum temperature), out-of-phase (maximum strain coinciding with
the minimum temperature), and isothermal fatigue tests (constant tem-
perature). These results indicate that both isothermal and out-of-phase
conditions significantly reduce the fatigue life, whereas AISI 316L
consistently exhibits a longer lifetime than AISI 347 under all conditions
[168].

Taira S [169]. further investigated the response of AISI 347 under
thermal cycling combined with alternating mechanical stress at a mean
temperature of 400 °C in air. This study emphasizes the critical influence
of strain amplitude on fatigue behavior at elevated temperatures,
revealing that mechanical and thermal fatigue are closely interrelated
through the plastic strain component that governs cyclic deformation.

The thermomechanical fatigue behavior of Sanicro 25 was compre-
hensively characterized in the temperature range of 250-700 °C. This
research explored crack initiation and propagation mechanisms, cyclic
hardening and softening responses, and established fatigue life curves,
providing a detailed understanding of its performance under high-
temperature cyclic loading [170].

e Low-cycle and high-cycle fatigue

The fatigue behavior of austenitic stainless steels is highly influenced
by their chemical composition, temperature, and cyclic deformation
mechanisms. For AISI 347, studies performed at 300 °C under Low Cycle
Fatigue (LCF, <1000 cycles), High Cycle Fatigue (HCF), and Very High
Cycle Fatigue (VHCF) regimes revealed that metastability plays a sig-
nificant role in the fatigue lifetime. During cyclic loading, various
deformation mechanisms, such as planar or wavy slip, stacking fault
formation, and mechanical twinning, are activated alongside trans-
formation processes (y — ¢, y - € — o, y — o), each contributing
differently to the overall fatigue response [162].

LCF testing has also been applied to assess the fatigue resistance and
predict the lifetime of welded AISI 304H specimens at 750 °C under
tensile loading conditions. The results highlighted the critical influence
of fatigue parameters, such as load amplitude, on the differences in the
failure mechanisms between the base and weld metals. These findings
highlight the necessity of incorporating both material and microstruc-
tural effects into fatigue life predictions [171].

Further investigations on AISI 316H at 550 °C demonstrated brittle
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Fig. 15. Summary of the dominant failure mode as a function of temperature for the studied austenitic stainless steels.

transgranular fractures during the LCF testing. The number of crack
initiation sites increased with the strain amplitude, and the material
exhibited non-Masing behavior at low strain amplitudes (0.2%-0.6%)
but transitioned to Masing behavior at higher strain levels, which was
attributed to the evolving dislocation configurations during cyclic
loading [172,173].

Similarly, fatigue analyses of AISI 321 stainless steel revealed that
the dependence of fatigue life on strain rate arises primarily from a shift
in the dominant fracture mode from transgranular to intergranular
cracking as the cyclic deformation progresses [174].

2.4.3. Environmental effects on fatigue
e Fatigue in water/vapor environments

The fatigue behavior of components in water and vapor environ-
ments is particularly important for components operating under cyclic
thermal and mechanical loads, such as those in nuclear and power
generation systems. Comparative assessments of austenitic stainless
steels have revealed notable differences in their performance, depending
on the alloy composition and microstructural characteristics.

For instance, AISI 316 N exhibited superior fatigue behavior
compared to AISI 347 N at 330 °C under conditions representative of
nuclear power plant applications. The longer fatigue life observed for
AISI 316 N was attributed to differences in precipitate morphology; in
AISI 347 N, niobium carbo-nitride precipitates exhibited a bimodal size
distribution, which promoted localized stress concentrations and
accelerated fatigue crack initiation [175].

An inelastic material model was also developed for AISI 316H to
evaluate its suitability as a high-temperature reactor component. The
model identified key parameters governing inelastic deformation over a
range of temperatures but highlighted inconsistencies between 500 and
550 °C, which were attributed to dynamic strain aging (DSA) effects that
altered the cyclic hardening behavior and fatigue resistance [176].

In another study, the failure of a gas generator plate fabricated from
AISI 3108 revealed fatigue cracking under a considerable temperature
gradient. Microstructural analysis revealed sigma-phase precipitation,
which induced local hardening and embrittlement, ultimately facili-
tating crack initiation and propagation under cyclic thermal stress
[177].

7392

e Fatigue in CSP components

Thermal fatigue is relevant to tank design because of routine start-up
and shutdown operations. Cyclic thermal-mechanical stress design,
following ASME Section VIII Div. 2 requirements and ASTM E606 low-
cycle fatigue testing. The tank configuration, supports, and thermal
gradients were designed to reduce stress concentrations.

In CSP molten salt storage tanks operating around 560 °C, material
degradation is governed not by isolated mechanisms but by the inter-
action of cyclic thermal loads and sustained or residual mechanical
stresses. Daily thermal cycling, start-up and shut-down operations, and
temperature gradients across large welded structures generate complex
thermo-mechanical stress states, particularly at the tank floor and wel-
ded joints. Under these conditions, creep deformation, stress relaxation
cracking (SRC), and fatigue damage may act synergistically rather than
independently [178].

Thermal cycling promotes strain accumulation and microstructural
instability, while sustained stresses and residual welding stresses facil-
itate creep and stress relaxation processes. This interaction accelerates
crack initiation and propagation, especially in sensitized heat-affected
zones, where grain boundary weakening, oxidation, and carbide pre-
cipitation coexist. Consequently, creep—fatigue interaction and SRC
have emerged as dominant failure modes in CSP hot tanks, highlighting
the limitations of conventional design approaches that treat creep, fa-
tigue, and corrosion separately [179].

2.4.4. Factors affecting fatigue resistance

Thermal cycling experiments have shown that the holding temper-
ature can reproduce creep-like mechanisms, significantly influencing
the fatigue behavior. In AISI 309 stainless steel tested between 100 °C
and 900 °C, microvoid coalescence and cavity formation at the grain and
twin boundaries were observed, promoting crack initiation and propa-
gation [180].

Comparative studies on AISI 316, AISI 316 N, and Sandvik 253 MA
have examined the effects of nitrogen content on the low-cycle fatigue
resistance. The addition of nitrogen was found to restrict the cross-slip of
dislocations and promote planar slip, thereby enhancing the fatigue
strength [181]. Another comparison between AISI 316 and 253 MA
revealed that AISI 316 exhibited higher fatigue resistance at 750 °C;
however, at 900 °C, 253 MA outperformed AISI 316 because of the
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influence of the hold time at maximum strain, which favors stress
relaxation and improves the cyclic life [182].

Surface modification has also been investigated to enhance the fa-
tigue resistance of austenitic steels. For AISI 347, cryogenic turning
improved the fatigue life and reduced the plastic strain amplitude
through specific surface morphology changes [168]. In the case of AISI
330 wire exposed to carburizing and oxidizing environments,
post-failure analysis revealed the transformation of silicide phases (H, G,
NbC) into the G-phase, along with the formation of carbides that
contributed to surface damage and eventual fracture [183].

Cast austenitic HK40 alloys have been extensively studied to eval-
uate the effects of tungsten content on their mechanical and fatigue
properties. The results indicate that increasing the tungsten content
improves the strength but reduces the ductility, with an optimal content
of approximately 2 wt% for low-cycle fatigue performance [184].
Additional LCF studies on HK40 demonstrated improved fatigue resis-
tance at elevated temperatures under large stress amplitudes [185].
Long-term service assessments of HK40 tubes after 21 years of operation
employed the Z-parameter method to estimate the accumulated damage,
residual life, and degradation of the rupture properties, effectively
linking the confidence levels to the damage progression over time [186].

In the automotive sector, comparative evaluations of steels for
exhaust manifold applications have identified ferritic steels as cost-
effective alternatives to traditional austenitic steel grades. These
ferritic steels exhibit excellent creep and fatigue resistance at tempera-
tures of up to 1000 °C, making them promising options for high-
temperature cyclic services [187].

Despite the acknowledged significance of thermal and thermo-
mechanical fatigue in high-temperature components, experimental data
concerning these mechanisms within molten-salt environments remain
exceedingly limited. This constraint is primarily attributed to the
absence of specialized testing facilities capable of concurrently applying
controlled cyclic mechanical loads and thermal gradients while safely
containing the highly corrosive molten salts. Consequently, most of the
fatigue data available for austenitic steels have been generated in air or
aqueous environments, necessitating cautious extrapolation to
Concentrated Solar Power (CSP) molten salt systems. Nonetheless, in
CSP hot tanks and piping systems, repeated start-up and shutdown op-
erations, load following, and temperature stratification during char-
ge—discharge cycles impose cyclic thermal stresses that may
synergistically interact with corrosion processes. Even in the absence of
direct experimental fatigue data for molten salts, these combined effects
are anticipated to play a critical role in crack initiation, damage accu-
mulation, and life prediction under highly corrosive high-temperature
service conditions.

Fig. 15 summarizes the findings of the studies described above and
underscores the importance of temperature as the dominant failure
factor, enabling targeted inspection and prevention strategies based on
operating conditions.

e Above 300 °C: Failures are dominated by SCC, especially in stainless
steels. Additionally, corrosion is frequent in cooler or condensing
regions, where the protective oxide layers are compromised.
Around 400 °C: At this temperature, the damage mechanisms are
primarily related to thermal fatigue and mechanical fatigue, often
arising from thermal cycling and stress concentration points. In some
cases, localized oxidation can coexist with fatigue, accelerating
material degradation through surface embrittlement.

Above 400 °C: The most common mechanisms are general corrosion,
mainly due to sustained high-temperature oxidation, sensitization,
IGC, and creep, especially in components exposed to prolonged
thermal stress. These processes can significantly affect the long-term
mechanical integrity of high-temperature components.

Fig. 15 illustrates the activation temperature ranges of the predom-
inant degradation mechanisms under generic high-temperature
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conditions. In contrast, within aggressive molten salt chemistries, such
as fluoride and chloride salts, corrosion emerges as the primary failure
mechanism above approximately 500 °C, frequently accelerating or
obscuring other mechanisms, such as creep, fatigue, or stress corrosion
cracking (SCC).

3. Design implications and mitigation strategies for CSP molten
salt tanks CSP

From the above, reviewed failure mechanisms, some strategies can
be deduced regarding the application of austenitic stainless steels at a
working temperature of approximately 560 °C in high-temperature CSP
molten-salt storage tanks.

Although the current ASME and API design codes offer comprehen-
sive guidelines for mechanical integrity and permissible stress levels,
they do not explicitly address long-term degradation mechanisms
associated with molten salt chemistry, impurity accumulation, or ther-
mal cycling. Therefore, mitigation strategies such as welding optimiza-
tion, material stabilization, and salt chemistry control are crucial
supplements to code-based design for CSP hot tanks.

3.1. Material selection and alloy design

In conventional austenitic stainless steel families, stabilized grades of
steel, such as AISI 347H, have been found to resist the degradation of
both creep and corrosion more efficiently than non-stabilized counter-
parts, such as AISI 316L, particularly in the presence of liquid molten
nitrate salt environments for longer periods of time. Additionally, the
presence of Nb in the composition aids in the precipitation of stable NbC,
thereby increasing the resistance to creep. A disadvantage of the stabi-
lization process is that it is not solely capable of resisting sensitization
and intergranular attack at higher temperatures, particularly in welded
areas. Nickel-based alloys, such as Inconel 625, perform better in cor-
rosive environments, particularly in molten salt environments; however,
they can experience accelerated degradation in environments contain-
ing chlorides, and their use is economically prohibitive at the tank scale
[188].Recent investigations into high-temperature steam environments
have revealed that the integrity of oxide layers is predominantly influ-
enced by the residual stress and strain gradients within multilayer oxide
scales. Notably, ultrasonic surface rolling processing (USRP) has been
shown to markedly enhance the fracture resistance of Fe304/CryO3
oxide systems by diminishing tensile stress gradients, fostering
compressive interfacial bonding, and alleviating strain incompatibility
at the oxide-metal interfaces. Although these studies were conducted in
steam, the findings offer pertinent mechanistic insights for concen-
trating solar power (CSP) molten salt systems, where brittle oxide
cracking and interfacial decohesion can similarly expedite
corrosion-assisted damage under thermal and mechanical load condi-
tions [189].

3.2. Welding, fabrication, and post-weld treatments

Welded joints remain a damage-sensitive location in CSP storage
tanks. Factors such as multiple passes, thick plates, and restrained ge-
ometries contribute to high residual stresses and a coarse-grained heat-
affected zone, making it prone to stress relaxation cracking or inter-
granular creep cracking failures. Its prevention measures entail using
low heat inputs during the process, controlling interpass temperatures,
or performing adequate post-welding heat treatments to relieve residual
stresses, which may suppress the efficiency of stress stabilization. The
stabilization of stresses at the base of a storage tank or at a junction of a
tank also merits attention, where a tank may be prone to combined
failures owing to its operation or corrosion effects [190].
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3.3. Surface protection and environmental control

Surface modification methods, such as aluminide coating and
diffusion-based protection layers, show promise for suppressing the
corrosion rates in molten salt environments. However, these coating
methods are prone to degradation during thermal cycles and creep de-
formations. It is also necessary that salt chemistry, especially chloride
ion content, water, and redox states, are properly managed at the surface
[191].

3.4. Multiscale and computational approaches

Recent reviews of molecular dynamics (MD) modeling of molten
salts have highlighted the potential of atomistic simulations to augment
experimental investigations in concentrated solar power (CSP) appli-
cations. MD analyses have demonstrated that the chemical composition
of salts significantly influences their transport and thermophysical
properties, while also providing a framework for examining corrosion-
related phenomena at the interface level. Notably, large-scale and
long-duration simulations enhanced by machine learning techniques
have been proposed as a promising approach to investigate the corrosion
mechanisms and the evolution of properties in molten salts, thereby
addressing the limitations of experimental methods in long-term and
large-component testing [192].

3.5. Emerging alloys and future research directions

Existing high-temperature materials, such as alumina-forming
austenitic (AFA) steels and specific high-entropy alloys (HEAs), have
been identified as candidates for next-generation concentrated solar
power (CSP) systems operating at temperatures above 600 °C. Although
these materials showed good oxidation resistance and several samples
even showed satisfactory resistance against creep in qualification
testing, their suitability when exposed to molten nitrate or chloride salts
for long-term exposure, their joinability, and the cost-benefit ratio still
require analysis. Future analyses should focus on comprehensive testing
with respect to corrosion, creep, and fatigue performance at the opera-
tional conditions of a CSP plant, as well as the modeling of these ma-
terials at operational conditions.

4. Conclusions and future work

This review has examined the performance of austenitic stainless
steels under high-temperature service conditions, including in the
application for concentrated solar power (CSP) systems. A wide range of
austenitic grades, including stabilized and low-carbon grades, has been
examined for mechanical and chemical stability at high temperatures.
Corrosion mechanisms, particularly oxidation and carburization, are
established, and several protective strategies have been proposed in the
literature.

In addition, mechanical degradation modes such as creep, thermal
fatigue, and stress relaxation cracking (SRC) have been studied in spe-
cific high-temperature environments. However, despite the progress in
characterizing the mechanisms, experimental studies involving expo-
sure to molten salt are limited. With the growing application of molten
salts as heat transfer and storage fluids in CSP, this is a significant
deficiency in the current state of knowledge.

In order to enhance the performance and reliability of CSP systems at
high temperature, the following recommendations are proposed:

- Enhance experimental work in molten salts: While corrosion in
oxidizing conditions is well established, the behavior of austenitic
steels in molten salt conditions—especially under mechanical
stress—needs to be investigated further. This includes studies on
long-term degradation, pitting, and localized corrosion mechanisms
under static and dynamic salt exposure.
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Table 4
Key comparative findings and design implications for CSP applications.
Failure Dominant CSpP Key driver Mitigation
mode material relevance
Creep 347H High Temperature + Nb stabilization
time
SRC 347H (welds) Very high Residual stress PWHT, weld
control
SCC 316L Moderate Cl™ + stress Salt control
Fatigue All High Thermal cycling Design
flexibility

- Implement mechanical testing in service-like conditions: Mechanical
properties such as creep resistance, fatigue life, and stress relaxation
susceptibility to cracking should be tested in molten salt environ-
ments at the operating temperatures (typically 500-600 °C).
Thermo-mechanical and corrosion combined testing will give a more
realistic indication of the performance of the material.

Compare stabilized and non-stabilized austenitic grades: Alloys such
as AISI 347H (Nb-stabilized) and AISI 316L (low-carbon) exhibit
varying mechanisms of stabilization against intergranular attack and
sensitization. Further comparative work is needed to clarify how
these variations influence long-term behavior in CSP environments.
Standardize test procedure and reporting: Creating consistent means
of corrosion and mechanical testing in molten salts will improve the
comparability of data among research. Using international standards
where feasible and modifying them for service in molten salts, would
benefit the field.

Monitoring weld and fabrication influence: Since the welded joints
are likely to be one of the vulnerabilities, research would also include
testing of SRC as well as corrosion in the fusion lines and HAZ under CSP
conditions.

The comparative analysis presented in Table 4 indicates that the
selection of materials for CSP hot tanks should not be based solely on
corrosion resistance. Instead, failure mechanisms such as stress relaxa-
tion cracking, creep, and thermomechanical fatigue, significantly
influenced by welding practices and thermal cycling, are predominant at
operating temperatures around 560 °C. Stabilized austenitic steels, such
as AISI 347H, offer enhanced resistance to these interconnected degra-
dation processes, thereby supporting their continued application in
large-scale molten salt storage systems.
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