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ABSTRACT 

The corrosion kinetic model coupling the effect of creep deformation was proposed. Molten salt 

corrosion (MSC) damage was quantitatively described using the corrosion kinetic and the distance of 

materials point from corrosion surface. Employing the Wen-Tu model and the proposed damage model, 

a corrosion cracking mechanism-based model was developed and implemented using finite element 

analysis. The corrosion-assisted cracking ahead of crack tips in accordance with the corrosion cracking 

mechanism was simulated. Additionally, the predicted corrosion depth, corrosion morphologies, and 

multi-site corrosion cracking behaviours were in good agreement with the experimental results.   

INTRODUCTION 

Under the background of carbon neutrality, conventional energies will be gradually replaced by 

renewable energy in terms of power generation. However, renewable energy such as wind, solar power, 

and tidal energy, are referred to as intermittent energy sources since they are not constantly available 

and predictable(Kluger, Haji, and Slocum 2023). Bridging the gap between the supply and demand of 

electricity, molten-salt based thermal energy storage (TES) plays a significant role in the utilization of 

renewable energy. The growing role of TES among energy storage technologies has increased the 

importance of understanding its long-life design, which requires a further understanding of the failure 

mode of components in TES. 

The main concerns in the aspect of failure or deterioration for components in TES are primarily 

the high-temperature corrosion caused by molten salt and creep deformation from mechanical load, 

self-weight, residual stress, etc. Those two factors can degrade the structure material independently, 

resulting in the corrosion depletion of the surface or the accumulation of creep damage. However, the 

premature failure of structure materials could be caused by the coupling effect of molten salt corrosion 

(MSC) and creep. Corrosion cracking is the typical characteristic of structural material, especially for 

austenitic stainless steel which has been widely used in TES systems. Hence, it is of critical importance 

to investigate the coupling effect of MSC and stress/deformation and to reveal the corrosion cracking 

mechanism of the structural steel. 

Owing to the difficulties in testing the corrosion crack initiation and crack growth under the 

interaction of the harsh molten salt environment and creep load, the conclusive results were limited. 

Using finite element models as a tool to examine fracture mechanics problems over a range of length 

scales and for different mechanisms, it is possible to model the damage development due to the 

combined effects of MSC and tensile deformation. Biglari et al(Biglari and Nikbin 2014) investigated 

the crack growth of oxidation-creep interaction using the linear accumulation of damage. The oxidation 

damage evolution was described by the parabolic law. Efforts to explore the crack growth caused by 

oxidation-carburization-creep(Biglari and Nikbin 2015), oxidation-creep-fatigue interaction(Zhao and 

Nikbin 2018), using various models exist. Actually, the stress and creep deformation can affect the 

oxidation/corrosion behaviour of structure materials by accelerating the corrosion depletion and/or 

leading to different corrosion morphologies. However, few studies reported the MSC kinetic model 

considered the consideration of creep and chloride impurity. In addition, the MSC assisted cracking 

ahead of the crack tips was not considered in above investigations. 

In the present work, the corrosion kinetic models were proposed for grain and GB with the 

consideration of creep deformation, as well as chloride impurity. Meanwhile, a damage model for MSC 

was developed. All the models were implemented in user subroutines UMAT and USDFLD. Modelling 

is presented to predict the MSC and cracking behaviours of austenitic stainless steel in molten solar salt. 

The proposed model was verified by the experimental results. 

EXPERIMENTAL 

Materials and Methods 
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NaNO3, KNO3 were separately kept in muffle furnace at 150 ℃ for 2 h to remove moisture. Then, 

the solar salt was prepared by mixing 60 wt% NaNO3 and 40 wt% KNO3. Isothermal long-term 

corrosion tests were carried out for 316L stainless steel in solar salt. Two samples were extracted at 

time intervals of 500, 1000, 1500, 2000 and 3000 h for measuring the weight loss and characterizing. 

More details for the long-term corrosion test can be found in (Li, et al. 2021; Li, et al. 2021). A specially 

designed setup was employed to perform the creep test in molten salt environment. Interrupted creep 

tests were carried out for 316L steel at 25%, 70%, 90% of rupture time in SS salts at 565℃. An initial 

nominal stress 270 MPa was applied to the sample. The detailed material preparation, testing methods 

for corrosion test and creep test in molten salt environment can be found in Fig.1. 

Before the microstructural characterization, the remaining salts were removed from the tested 

samples by rinsing them with warm distilled water. A thin nickel plate was coated on the cleaned sample 

to protect the corrosion layer from descaling during metallographic preparation. The cross-sectional 

morphologies were observed by field emission scanning electron microscope (FE-SEM) using Zeiss 

Ultra 55 equipped with energy dispersive spectroscopy (EDS). The interrupted specimens were further 

investigated by Electron BackScatter Diffraction (EBSD) using TESCAN CLARA. 

 
Fig.1 Schematic diagram of long-term corrosion tests and creep tests 

Experimental results 

Fig.2 shows the corrosion kinetics curves(Li, Yang, et al. 2021) of 316L steel in solar salt. The 

corrosion behaviour of 316L exhibits the parabolic kinetic with solid-state diffusion mechanism. The 

corresponding parabolic corrosion rate constant kp of 316L steel in different salts is presented in Fig.2.  

 
Fig.2 Corrosion kinetic curves of 316L steel in different salts(Li, et al. 2021) 

 
Fig.3 (a) Creep curves of 316L steel at different time intervals; (b) comparison of the corrosion kinetic 

between creep test and corrosion test 
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Fig.3a shows the interrupted creep curves for 316L steel in solar salt. The tertiary creep stage 

dominates the whole creep life under the initial nominal stress of 270 MPa. The oxide thickness of 316L 

steel in molten salt under creep was measured from the SEM images (as shown in Fig.3b). It is shown 

that creep load significantly increases the corrosion rate of 316L steel compared with the results of 

corrosion test. Fig.4 shows the cross-sectional morphologies of the corresponding tested sample from 

interrupted creep tests. The evolution of the corrosion and cracking of GBs can be clearly observed. At 

the initial stage of creep in molten salt, few microcracks can be found but the corrosion products formed 

on the surface. It is noted that the corrosion of GB occurs due to the accumulation of microstructures 

such as dislocations and dislocation substructures in the GB under plastic deformation, which will act 

as the short diffusion tunnel for the chemical ions(Muránsky et al. 2020). Under continuous creep 

deformation, the fragile corroded GB will crack, exposing the fresh substrate ahead of the crack tip. 

The penetration of molten salt will lead to further corrosion of the crack tip. This process repeats and 

finally causes the corrosion and cracking of GB.  

 
Fig.4 Evolution of corrosion cracks along GBs at 295 h, 830 h, 1068 h and 1187 h, respectively. 

MATERIAL MODEL 

Constitutive equation 

The total strain rate consists of elastic strain rate, plastic strain rate and creep strain rate: 

 e p cr

ij ij ij ij   = + +  (1) 

The elastic strain rate can be obtained by Hooke’s law. The plastic strain can be simply calculated 

by the power law model: 

 ( )p N

ij ijK 
=  (2) 

where, K and N  are material constants. Using the differential self-consistent method and considering 

the effective area reduction in the damaged cell, the creep constitutive equation containing closely-

spaced micro-cracks can be given by: 
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where, A, n and m are material constants.
cr

ij and 
ij  (i, j=1, 2, 3) are the creep strain tensor and 

deviatoric stress tensor. t is the test time. totD  represents the total damage, which will be given in the 

next section. 

The proposed corrosion kinetic model 

(1) The effect of deformation on corrosion kinetic 
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According to Wargner’s theory, the oxide thickness can be expressed as follows (Yao 1965). 
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= −   is the corrosion rate constant. 

cD  is the diffusion coefficient of cations.  

Under the plastic deformation, a chemical potential of dislocation model has been proposed by 

Gutman et al.(Gutman 1999): 
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where 
0N  and N  represent the dislocation density under plastic deformation and dislocation density 

under the elastic limit, respectively. N  has the following relationship with 
0N : 
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where 
dn  is the number of dislocations in a dislocation pile-up,   is the hardening stress, 

9 11 210 ~10  cm − , 
maxN  is the maximum dislocation density. Accordingly, the macro plastic 

increment 
p  can be defined as: 
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where   is an orientation-dependent factor,   represents the increment of shear strain. Combining 

Eqs. (31) ~ (34) yields the deformation-affected chemical potential  : 
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where 
0  is the corresponding strain at the elastic limit. Further integrating Eq.(9) yields: 
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where subscript “o” and “i” represent the corrosion layer/corrosive medium interface and corrosion 

layer/substrate interface. 

Assuming that the corrosion layer is unbearable, then 0o o

m p    . Rearranging Eq.(10) 

yields: 
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Replacing d
o

i




  with 

o

d
i




  in Eq.(5) yields the proposed corrosion kinetic model 

considering the effects of plastic deformation and impurity: 

i.e.: 
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where 
GR

pk  represents the corrosion rate parameter under plastic deformation. pk  is the corrosion 

rate parameter. 

Moreover, the GB corrosion of Fe-based steels occurs under continuous deformation in high-

temperature corrosive medium. In addition, the GB exhibits a higher corrosion rate during the 

deformation, which could result from the stress-assisted grain boundary oxidation (SAGBO) effect. 
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Evans et al (Evans, Li, and Bowen 2013) have proposed a stress-diffusion coupling factor 
pS  to 

mathematically describe the SAGBO effect, as follows: 

 m m
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where x  and 
0x  represent the oxide growth rate under stress and stress-free, respectively.  is the 

Pilling-Bedworth ratio, m  represents the atom volume. Therefore, the corrosion kinetic of GB under 

deformation can be obtained by multiplying 
GR

pk  and factor 
pS : 
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Eq.(42) is the proposed corrosion kinetic model for GB in high temperature corrosive medium 

considering the deformation and impurity, as well as the SAGBO effect. 

Damage evolution 

Components in TES system that contact with molten salt could be exposed to different damage 

mechanisms, such as rate-dependent creep deformation and time-dependent MSC, which can 

significantly reduce their lifetime inducing premature failure. The rate of creep damage can be obtained 

according to the ductility dissipation theory incorporation of Wen-Tu model: 

 c

 =cr

f

D


 *
 (15) 

 
m

eq

2 0 5 0 5
exp[ ( )]/exp[2( ) ]

3 0 5 0 5

. .

. .

f

f

n n

n n

 

 


− −

=
+ +

 (16) 

where 
*

f  represents the multiaxial rupture strain. m and
eq represent the hydrostatic stress and 

equivalent stress, respectively. 

For MSC damage, two different damage evolution law for grain and GB were proposed, which 

depends on their different corrosion kinetics. For the solid-state diffusion mechanism, corrosion kinetics 

can be described by parabolic corrosion model: 

 GR

GR ph k t=  (17) 

 GB

GB ph k t=  (18) 

where 
GRh  and 

GBh  represent the thickness of corrosion layers for grain and GB, respectively.  

It is known that there is no existence of a certain boundary between fully corroded material with 

uncorroded substrate, but a corrosion-affected interface. Damage of material points in this interface lies 

in the range of damage threshold rnd

THD  to 0, i.e. from corroded surface to substrate. Therefore, in this 

work, the corrosion damage of grain is defined as follows: 
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where
rnd

THD is the random damage threshold of materials point, which will be discussed later. c is the 

width of corrosion-affected layer.  represents the exponent of damage distribution.  

As for the GB, the corrosion damage reaches 
rnd

THD  near the corroded surface, while it exhibits 

the gradient distribution characterization when the distance is higher than the corroded depth.  

Accordingly, the corrosion damage evolution of GB is defined as follows:  
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(20) 

Although the mechanical and MSC damage are separate mechanisms, they can interact and affect 

each other. Development of MSC damage is independent of applied load, but the resulting surface 

corrosion layer and corroded GB can be brittle and prone to microcracking, then accelerating stress 

corrosion crack growth by offering preferential crack initiation sites. Linear accumulation of 

mechanical and MSC damage is used: 

 
TOT MECH MSCD D D= +  (21) 

This linear expression allows the two damaging mechanisms to be combined or to be dealt easily 

with in cases where one of the two is not acting. More details on the evolution of the two damages are 

provided in the next sections. The total damage variable TOTD  is accumulated for every element at 

each time increment. Once the local corresponding damage initiation criteria are satisfied, material 

stiffness is degraded according to: 

 rnd

TH TOT = ( )D D−σ σ  (22) 

where 
rnd

THD  is defined as the random damage threshold for each element, which is used to simulate 

the invariably random attack on material points due to micro-scale level variability. The value of 
rnd

THD  

can be determined by introducing a random multiplier nr : 

 rnd

TH TH nD D r=   (23) 

 
TH10%nr D=  (24) 

where THD  represents the damage threshold which can be determined by tensile test. 

MODELLING RESULTS AND DISCUSSION 

FE model design 

The microstructure of a polycrystalline material has been incorporated into a finite element model. 

To allow the development of intergranular and transgranular cracks in the structure, the two-

dimensional model of grain and grain boundary was developed by using Voronoi tessellation and cell 

offsetting techniques(Pettina 2017). In the present work, the FE model containing random grains and 

grain boundary is created with the average grain size of 316L steel given by metallographic images. 

The generated random grains are shown in Fig.5, where the average grain size is 58 μm. A finite width 

of 1 μm is adopted for the pseudo GB as this dimension of the grain boundary is beneficial to avoid the 

element distortion(Biglari and Nikbin 2014; Biglari and Nikbin 2015), and is in accordance the size of 

the corroded GB that was measured from SEM image. The microstructure with the dimension of 

0.3×0.3mm2 is meshed with global size of 2 μm, generating 27184 continuum axis-symmetric 

quadrilateral elements with reduced integration (CAX4R) in FE models. The adopted mesh size is 

proved to be more accurate and computational time-saving by carrying out the mesh sensitivity study. 

The model was constrained at x direction (y symmetry boundary condition), and the displacement 

constraint at y direction was applied to the top surface of the model.  
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Fig.5 (a) Microstructure of 304 steel and (b) The corresponding FE model 

Determination of material parameters 

The elastic material parameters of Young’s modulus, E, Poisson’s ratio, ν, and initial yield stress, 

σy0, as well as the plastic parameters K and N  , can be determined by uniaxial tensile curves. Four 

sets of creep tests at different initial nominal stress in air were used to identify the parameters A, n, 
f  

in creep model. The parameters related to the MSC damage, such as the exponent of damage distribution, 

β, the width of MSC affected area, c, the diffusion coefficient of cations, Dc, will be identified by long-

term corrosion tests. Due to the depletion of Cr underneath the corrosion layer, the distribution of Cr 

from corrosion layer to substrate can be used for determining the exponent of damage distribution, β. 

First, according to the normalized concentration of Cr, 
or

cr

NC , can be obtained. Then, the constant β, 

can be determined by fitting the scatter point of (1-
or

cr

NC , distance) using power law function. The width 

of MSC affected area, c, is the width of Cr-depletion area.  

The diffusion coefficient of cations in corrosion layer, Dc, however, is difficult to measure 

experimentally. Dc can be determined when the creep curve and corrosion kinetic data of grain under 

creep are given. Inputting the accumulated strain increments, constant Dc can be obtained by fitting the 

corrosion kinetic data from creep test. All the determined material parameters are presented in Table 1. 

Table 1 Material constants in molten salt corrosion-tensile damage constitutive model 

Properties Symbol Value 

 E 151 GPa 

 ν 0.3 

Elastic-plastic properties K' 506.3 MPa 

 𝑁′ 0.204 

 𝜎𝑝 129.4 MPa 

 A 8.8×10-15 MPa-n 

Creep properties n 4.2 

 𝜀𝑓 0.365 

Damage properties 

Dth 0.9 

β 0.676 

c 4 μm 

Dc 9.9×10-28 μm2∙s-1 

Constants 

T 838 K 

Vm 7.12×10-6 m3∙mol-1 

R 8.314 J∙(mol∙K)-1 

ɛ0 0.002 

Ωm 1.1×10-29  

Φ 2.13(Hanbury and Was 2019) 

k 1.38×10-23 J∙K-1 

Modelling of molten salt corrosion 

Fig.6a shows the corrosion morphology of the tested sample under creep in molten salt 

environment at 830 h. Due to the micro-scale level variability, a corrosion layer with an uneven 

corrosion layer/substrate interface formed on the surface. Meanwhile, corrosion of grain boundary is 

evident, which leads to the growth of oxide intrusion with the depth greater than 25 µm. Furthermore, 

the grain boundary is fully corroded close to the surface and un-fully corroded away from surface. These 

results indicate that the corrosion of the material points depends on its distance from the surface in 

contact with molten salt. Fig.6b gives the modelling result of total damage distribution. The total 

damage distribution is a gradient in the depth direction of grains. The full damaged area and un-full 

damaged area reflect the full corroded material (corrosion layer) and un-full corroded material (Cr-

depletion area underneath the corrosion layer). Moreover, the damage depth of GB is about 33 µm. 

These modelling results have good agreement with the cross-sectional morphology.  
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Fig.6 Comparison of corrosion morphology (a) with total damage (Dtot) distribution (b) 

Fig.7 shows the comparison of the modelling corrosion kinetic curve for grain with experiment 

data under creep. Each point represents the average value of the corrosion layer thickness obtained from 

three BSE images at different sites in the tested sample. It is clear that the predicted corrosion kinetic 

curve obeys the parabolic law, which is consistent with experimental results. These results demonstrate 

that the proposed corrosion kinetic model for grain and grain boundary has good accuracy in modelling 

the corrosion behaviour of stainless steel in molten salt under creep. 

 
Fig.7 Comparison of the modelling corrosion kinetic curve with experimental results 

Prediction of molten salt corrosion cracking 

Fig.8 shows the corrosion cracking morphology of 316L steel under creep in molten salt at 850 h. 

It is clear that crack propagates along the corroded grain boundaries. According to Fig.4, corrosion of 

grain boundaries and growth of oxide occurs at an initiate stage during SSRT. However, the brittle oxide 

in grain boundaries has negligible ability of load bearing, which will induce the cracking of oxide under 

continuous deformation. The fresh substrate ahead of the crack tip will be exposed to the molten salt 

environment, leading to further corrosion of grain boundaries. Due to the stress concentration, the 

corroded grain boundaries are prone to cracking. The modelling results can also verify the corrosion 

cracking mechanism of stainless steel in molten salt under SSRT. 

 

Fig.8 Corrosion creep cracking behaviour of 316L steel in molten solar salt. 
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CONCLUSION 

Specific conclusions are as follows: 

(1) The proposed corrosion kinetic models for grain and GB were shown to successfully capture the 

effect of deformation on corrosion rates. 

(2) The MSC damage distribution under creep showed that the corrosion of grain boundary occurred at 

a higher rate compared with grain, which is in accordance with the cross-sectional morphologies of the 

studied steel. 

(3) The proposed corrosion cracking mechanism-based model was implemented using finite element 

analysis method with user subroutines UMAT and USDFLE. Modelling results show that the corrosion 

of GB occurred first. Subsequently, the corroded GB cracked, inducing the further evolution of MSC 

damage ahead of the crack tips. Those modelling results can reflect the corrosion cracking mechanism 

of the stainless steel in molten solar salt under creep. 
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