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Abstract
Corrosion behaviour of stainless steel 347 was investigated in a molten nitrate salt (60 wt%  NaNO3 + 40 wt%  KNO3) immer-
sion at 565 °C for up to 3000 h. A growth of stratified oxide layers consisting of  NaFeO2,  Fe2O3 and  Fe3O4 was observed on 
the stainless steel surface with a constant gravimetric corrosion rate of ~ 0.4 µm/year. The feasibility of using  Ni3Al coat-
ings deposited by means of air plasma spray for suppression of corrosion was investigated.  Ni3Al coatings were observed 
to undergo a fast oxidation with a corrosion rate of ~ 2.7 µm/year in the first 500 h, and subsequently stabilise between 500 
and 3000 h with no observable changes in microstructure, composition and weight at a corrosion rate of ~ 0.02 µm/year. The 
results presented in this study strongly suggest that  Ni3Al coating suppresses the formation of oxide layers on the surface of 
stainless steel substrates and can be used as protection against corrosion in the presence of molten nitrate salts, which is of 
relevance to thermal energy storage applications.
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Abbreviations
TES  Thermal energy storage
LCOE  Levelised cost of energy
CSP  Concentrated solar power
SS  Stainless steel
IPA  Isopropyl alcohol
APS  Air plasma spray
SEM  Scanning electron microscope
EDS  Energy-dispersive X-ray spectroscopy
XRD  X-ray diffraction
Ra  Arithmetic average surface roughness

1 Introduction

Thermal energy storage (TES) is arguably the key to further 
lower the levelised cost of energy (LCOE) of concentrated 
solar power (CSP) into a comparable level with other elec-
tricity generation technologies [1–6]. TES allows continuous 
power generation beyond sunset and over periods of overcast 
[7]. A feasible storage medium for TES is molten salt with 
high temperature stability, low melting point, low viscosity 
and high thermal conductivity [8–10]. Binary nitrate eutectic 
salts such as 60%  NaNO3–40%  KNO3 are commonly used 
as heat storage media because of their high heat capacity 
of ~ 1495 J  kg−1  K−1 at 300 °C, high thermal conductivity of 
0.55 W  m−1  K−1 at 400 °C and ease of handling and storage 
[11–14]. One of the challenges associated with molten salts 
is corrosion at elevated temperatures [15–21]. The com-
monly used solution to accommodate corrosion is to use 
thicker walls, as it would extend the lifetime operation of the 
material. However, it does not solve the corrosion issue and 
may not be applicable for components with fixed dimensions 
or tight tolerance [22]. The use of high purity nitrate salt to 
avoid corrosion aggravation from chloride and water impu-
rities has been proposed, although not widely implemented 
due to higher costs [7, 22, 23]. Ni-based superalloys have 
also been proposed to suppress corrosion, as they provide 
high temperature stability and resistance for molten salt cor-
rosion compared to iron-based alloys [22, 24, 25]. However, 
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they are significantly more expensive as compared to struc-
tural stainless steel [24, 25]. The use of corrosion resistant 
coatings has been considered as the most viable solution, as 
it provides barrier to suppress corrosion while maintaining 
the structural stability of substrate material [25–28].

Due to a large variation in operational temperature, it is 
best practice to match the thermal properties of the coating 
with substrate material to minimize cracking or spallation 
with temperature change [29]. For stainless steel substrate, 
commonly used in TES, the most suitable coating material 
would ideally be Fe-based, Cr-based or Ni-based. Cr-based 
material forms a slow growing protective  CrOx under an 
oxidising environment. However, it is unsuitable for use in 
molten nitrate salts due to its high solubility [15, 17, 19, 
25, 29–32]. Ni-based coating is preferred over Fe-based 
because of its ability to form a protective oxide layer, whilst 
Fe oxide is non-passivating [21]. Ni-based coatings have 
been reportedly used to provide wear, oxidation and hot 
corrosion resistance in ash and flue gases inside a coal-fire 
boiler [33, 34]. Among many potential different combina-
tions of Ni-based coatings,  NiAlx are favoured because of 
their strong adhesion, high-temperature mechanical strength, 
high melting temperature, high thermal conductivity, attrac-
tive stiffness, good oxidation resistance and metal-like elec-
trical conductivity [35, 36].  Ni2Al3 coatings showed very 
low mass changes after 1000-h immersion in molten 60% 
 NaNO3– 40%  KNO3 salt at 580 °C [25]. NiVAl has been 
reported to have a corrosion rate of 0.11 nm/h after 2000-h 
immersion in 60%  NaNO3–40%  KNO3 salt at 500 °C, which 
is more than two orders of magnitude lower than uncoated 
high temperature Grade P91 9Cr-1Mo steel [22]. Compared 
to the aforementioned different phases of  NiAlx,  Ni3Al is 
more favourable because of lower concentration of Al to 
avoid brittleness after oxidation.  Ni3Al coating was effective 
in decreasing the weight gain to about one-third as compared 
to uncoated Fe-based superalloy in molten  Na2SO4–60% 
 V2O5 salt at 900 °C [28]. The  Ni3Al coating have been 
effectively used in a coal-fired boiler at 450 °C and 900 °C, 
as well as in molten  NaNO3–(KNO3)–Na2O2 salt at 650 °C 
[15, 37, 38]. Numerous studies on  Ni3Al coatings and their 
corrosion resistance in different high-temperature atmos-
pheres have been reported in the literature. However, the 
long-term corrosion behaviour of  Ni3Al coatings in molten 
binary nitrate salt at 565 °C, emulating a realistic CSP–TES 
environment, has not been systematically investigated [1, 5, 
12, 13, 39].

The study presented herein investigates high tempera-
ture behaviour of  Ni3Al coatings immersed in molten 
60%  NaNO3–40%  KNO3 salt to address the challenge of 
hot corrosion on stainless steel substrates typically used 
in CSP–TES application. The results of this investigation 
show that  Ni3Al yields a practically negligible change in 
microstructures, elemental composition and corrosion rate 

at a constant temperature of 565 °C for up to 3000 h. This 
suggests  Ni3Al coatings may be highly suitable for use as 
protective coatings in applications with long term isothermal 
exposure to molten salt, such as the hot TES tanks and pip-
ing systems. Furthermore, this study provides a more suit-
able approach to approximate corrosion behaviour which 
should be adapted in other studies and applied to future 
coating systems.

2  Materials and methods

High temperature stainless steel AISI 347 circular coupons 
with a dimension of 10-mm diameter and 2-mm thickness 
(Goodfellow, temper annealed) were used as substrates. All 
coupons were cleaned in an ultrasonic bath of isopropyl alco-
hol (IPA) for 10 min at 25 °C to remove oil and dirt before 
coating or testing. Some of the SS347 coupons were left 
uncoated and denoted herein as SS347. The remaining set of 
coupons were coated with ~ 200-μm thick  Ni3Al layer on all 
sides of the substrate, denoted herein as  Ni3Al/SS347, using 
air plasma spray (Fig. 1a). Prior to the coating deposition, 
the substrates were grit blasted with 80 grit alumina powders 
to clean and roughen. The  Ni3Al coatings were introduced 
by an air plasma spray (APS) system with a current setting 
of 500 A and a voltage of 35 V (Multicoat system, 9MPE-CL 
feeder and 9 M spray gun).  N2 gas at 5600 sccm was used as 
carrier gas to deliver  Ni3Al powder (Goodfellow NI716010, 
20–45-µm particle size) at a feed rate of 67 ± 5 g/min (see 
Supporting Information Fig. S1). Ar and  H2 gases were used 
as the primary and secondary plasma gases with a flow rate 
of 36,700 and 7000 sccm, respectively. The powders were 
characterised by scanning electron microscopy (SEM) and 
energy-dispersive X-ray spectroscopy (EDS) prior to APS 
deposition to confirm particle size distribution and elemental 
composition (see Supporting Information Table S1). The 
coatings were deposited at a spray distance of 150 mm. All 
corrosion behaviour assessments were carried out by immer-
sion in eutectic solar nitrate salt mixture consisting of 60 
wt%  NaNO3 (Sigma-Aldrich, BioXtra, ≥ 99.0%) and 40 wt% 
 KNO3 (Sigma-Aldrich, BioXtra, ≥ 99.0%) at a constant tem-
perature of 565 °C for up to 3000 h unless otherwise stated. 
Both salts were mixed for 20 min in a ball mill (Fritsch Pul-
verisette 5) until a homogeneous mixture was obtained and 
then filled into alumina crucibles (volume of ~ 10 ml). Prior 
to use in the corrosion test, the mixture was fully melted by 
heating at 400 °C for 24 h. Each of the SS347 and  Ni3Al/
SS347 samples was individually immersed in a separate 
crucible to avoid cross corrosion and contamination. The 
crucibles, each containing a single piece of the test sample, 
were placed back in the furnace purged and filled with Ar 
gas to prevent gaseous phase oxidation from  O2 or moisture 
in the air (Fig. 1a). The furnace temperature was then slowly 
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raised to 565 °C and maintained throughout the duration 
of the corrosion tests. The samples were removed from the 
furnace after every 500-h interval to be weighed (Sartorius 
CP225D balance; 0.01-mg resolution) and characterised. 
After removal from the furnace, each sample was thoroughly 
cleaned in an ultrasonic bath of deionised water for 10 min at 
25 °C to remove any salt residues from the surface.

Scanning electron microscopy (SEM) images of sample 
surfaces and cross-sections were collected by secondary 
electron detectors (TESCAN VEGA3) under the accelera-
tion voltage of 20 kV. Material characterisation was car-
ried out by means of energy-dispersive X-ray spectroscopy 
(EDS) for elemental analysis collected by a 20-mm2 sili-
con drift detector (Oxford Instrument X-max with AZtec 
software) under acceleration voltage of 20 kV along with 
X-ray diffraction (XRD) for crystallography analysis (Sie-
mens D5005 X-ray diffractometre with DIFFRACT plus 
software) collected under Cu Kα radiation at power setting 
of 40 kV and 40 mA. Cross-sectioning was carried out by 
mounting samples in Bakelite resin at 185 °C, grinding using 
sandpaper with a gradual increase from 120 to 2500 grit 
paper, polishing using diamond coarse polish (Met-prep, 
Durasilk 3-µm diamond suspension) and silica final polish 
(Struers, OP-S 0.04-µm colloidal silica suspension), rinsing 
with detergent and tap water to remove residual substances 
from the metallographic process, and drying with a hot air 

blow dryer. The arithmetic average surface roughness  (Ra) 
was measured by a stylus profilometre (Bruker DektakXT).

2.1  Results and discussion

The overall corrosion behaviour of any metallic samples 
is typically assessed by gravimetric analysis in a form of 
mass changes per unit surface area (ΔM/A) [40]. The ΔM/A 
of  Ni3Al/SS347 at 565 °C is observed to increase rapidly 
within the first 500 h to ~ 1.05 ×  10−1 mg/cm2 at an apparent 
rate of ~ 2 ×  10−4 mg/cm2/h (Fig. 1b). After 500-h immersion 
in molten salts, ΔM/A of  Ni3Al/SS347 stabilises at a much 
lower rate of ~ 1.8 ×  10−6 mg/cm2/h. This results in ΔM/A of 
just ~ 1.1 ×  10−1 mg/cm2 after 3000 h. Assuming the  Ni3Al 
coatings remain at a constant density of 6.67 ×  103 mg/cm3, 
this is equivalent to an effective corrosion rate of ~ 2.7 µm/
year within the first 500 h and a practically negligible rate 
of ~ 0.02 µm/year from 500 to 3000 h. In contrast, ΔM/A 
of SS347 increases monotonically with increasing molten 
salt immersion time at a rate of ~ 4.7 ×  10−5 mg/cm2/h within 
the first 1000 h, and subsequently at a rate of ~ 3 ×  10−5 mg/
cm2/h to reach an ΔM/A of ~ 1.07 ×  10−1  mg/cm2 after 
3000 h (Fig. 1b). Assuming the SS347 substrates remain at 
a constant density of 8.03 ×  103 mg/cm3, this is equivalent 
to an overall corrosion rate of ~ 0.4 µm/year in molten salts. 
This corrosion rate is in agreement with previous studies, 

Fig. 1  (a) Schematics of air 
plasma spray deposition of 
 Ni3Al coatings and molten 
nitrate salt tests at 565 °C. 
 Ni3Al powder is melted in a 
stream of plasma at atmospheric 
pressure and propelled towards 
the substrate. Each of the SS347 
and  Ni3Al/SS347 coupons is 
then immersed in  NaNO3:KNO3 
salts contained in individual 
alumina crucibles at a constant 
temperature of 565 °C for up 
to 3000 h. (b) Time dependent 
area-normalised weight change 
(ΔM/A) of  Ni3Al/SS347 and 
SS347 in molten nitrate salts 
and air at 565 °C. Here, the 
weight change is normalised 
with the surface area of the 
coupons. Solid and dashed 
lines indicate piecewise linear 
regressions for weight change 
in molten nitrate salts and air, 
respectively.
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where that for SS347 at 500–600 °C prior to descaling was 
observed between 0.1 and 2.2 µm/year (see Supporting 
Information Table S2) [21, 41].

We postulate that such a rapid increase in ΔM/A of 
 Ni3Al/SS347 within the first 500 h is attributed to rapid 
oxidation of Al and Ni in the  Ni3Al coatings without nec-
essarily involving any uptake of Na. Note that the decom-
position of nitrate salt into NO and  O2 gasses in the pres-
ence of Ar atmosphere, which was used to purge and fill the 
test furnace, starts at a temperature of ~ 470 °C [10]. At a 
temperature of 565 °C, the concentration of  O2 from partial 
decomposition of molten salt is sufficiently high to facilitate 
rapid uptake of O through oxidation. To verify this postula-
tion, we carried out molten salt-free heat treatment tests in 
air at 565 °C for 500 h. In agreement with the test in molten 
salt, heat treatment in air confirms substantial increase in 
ΔM/A of  Ni3Al/SS347 due to a rapid uptake of O [42]. As 
 Ni3Al coatings act as an O sink, ΔM/A of 1.2 ×  10−1 mg/cm2 
is quickly reached within the first 500 h (Fig. 1b). A similar 
behaviour is also observed on SS347, where the increase rate 
in ΔM/A from heat treatment in air is comparable to that 
from immersion in molten nitrate salts within the first 500 h. 
This observation suggests that rapid increase in ΔM/A can 
be attributed mainly to the uptake of O through oxidation. 
The negligible increase in ΔM/A of  Ni3Al/SS347 after 500 h 
in molten salts suggests an abrupt slowdown of O uptake 
once the majority of Ni and Al in the  Ni3Al coating has been 
oxidised. In contrast, a further increase in ΔM/A of SS347 
beyond 500 h suggests the oxidation process takes place con-
tinuously and has not stopped even at 3000 h.

It is important to note that the approximation of corrosion 
rate based on ΔM/A needs to be carried out in a piecewise 
manner due to the abrupt slowdown of the O uptake at 500 h 
in molten salts. Such an approximation should not be based 
solely on the final ΔM/A value measured at the maximum 
test time, as is typically reported in literature [31]. Both dis-
tinctive trends need to be considered to fully capture the 
critical information on time dependent corrosion behaviour. 
As an illustration, the corrosion rate of  Ni3Al/SS347 would 
have been mistakenly reported as ~ 0.5 µm/year had it been 
calculated solely based on the final ΔM/A value measured 
at 3000 h. This is incorrect for both regimes as it does not 
capture the change in the O uptake that occurs at 500 h. 
Furthermore, there is currently no consensus in literature 
whether pre-descaling is required [21, 25, 30, 31, 43] or 
not [15, 22, 28, 34, 37, 38] in the measurement of ΔM/A. 
Descaling is not performed in this study to capture the full 
evolution of the oxide layers without damaging the substrate.

Cross-sectional SEM images of  Ni3Al/SS347 suggest 
that the immersion in molten nitrate salts at 565 °C induces 
minimal changes to the microstructural morphologies of 
 Ni3Al coatings and SS347 substrates.  Ni3Al/SS347 at 0 h 
exhibits lamellar coating morphology with numerous un-
melted  AlOx particles and air cavities, which is typical for 
metal alloy coatings deposited by APS with high powder 
feed rate (Fig. 2a). APS allows direct deposition of  Ni3Al 
coatings on SS347 substrates with good contact and with-
out the need of bond coat. The cross-sectional SEM image 
of  Ni3Al/SS347 at 3000 h appears similar to that of the as 
deposited one, albeit with less cavities within the lamellar 

Fig. 2  Cross-sectional SEM 
images of Ni3Al/SS347 (a, b) 
and SS347 (c, d) at 0 h (a, c) 
and 3000 h (b, d) of immersion 
in molten nitrate salt at 565 °C. 
Dashed lines indicate the inter-
face between Ni3Al coating and 
SS347 substrate, while arrows 
indicate AlOx particles embed-
ded within the Ni3Al coatings 
(a, b). No significant change in 
the coating morphology and no 
formation of corrosion layers 
can be observed on Ni3Al/
SS347 after 3000 h. In contrast, 
formation of corrosion layers 
can be observed on the surface 
SS347 after 3000 h. A higher 
magnification SEM image (inset 
in d) shows the distinguishable 
morphologies of these corrosion 
layers. The dashed line in the 
inset indicates the interface 
between the corrosion layers 
and the original SS347 layer
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structures due to amalgamation of some lamellae into more 
continuous structures at an elevated temperature (Fig. 2b). 
The surface SEM image of the  Ni3Al/SS347 at 300 h exhib-
its surface features of ~ 1 μm (average size), in addition to the 
splats with lateral average size of ~ 5 µm in the surface SEM 
image of the  Ni3Al/SS347, prior to molten salt immersion 
(0 h) (see Supporting Information Fig. S2a, b). The  Ni3Al 
coatings exhibit no visible degradation, and no formation of 
corrosion product layers can be observed in the underlying 
SS347 substrate. This strongly suggests the potential long-
term corrosion protective nature of  Ni3Al coatings [25].

In contrast, the immersion in molten salt leads to dramatic 
changes in microstructural morphologies near the surface of 
bare SS347. Corrosion product layers, which are non-exist-
ent on SS347 at 0 h (Fig. 2c), start to form on the surface 
immediately upon exposure to molten salt at 565 °C. Both 
the thickness and the number of distinguishable layers can 
be observed to grow with the increase in molten salt immer-
sion time. SEM images of SS347 at 3000 h show at least 
four distinguishable corrosion layers with a total thickness 
of 40–50 μm (Fig. 2d). The observed stratification suggests 
each layer comprises different elemental compositions or 
crystalline structures. The two outermost corrosion layers 
exhibit distinctive porous columnar structures with numer-
ous sub-surface microscale cavities. The morphologies of 
these layers closely resemble the outer and inner layers of 
 FeOx scales formed naturally on steel alloys under strongly 
oxidising environment at elevated temperatures [44–47]. 
The corrosion layers closer to original SS347 surface appear 
more compact with numerous precipitates and multiphase 
microstructures. These layers resemble diffusion layers at 
which the oxide formation terminates [44–47]. The SEM 
image of the SS347 exhibits a typical smooth stainless steel 
surface with an average grain size of ~ 4 µm, prior to molten 
salt immersion (0 h) (see Supporting Information Fig. S2c). 
Changes in surface morphology of the SS347 could be 
observed after 3000 h, where the average size of the appar-
ent surface features decreases to ~ 1 μm (see Supporting 
Information Fig. S2d). The decrease in the surface feature 
size is not caused by the shrinkage of the alloy grains, but 
rather by the formation of fine corrosion product adlayer that 
resembles  FeOx scales on the surface of the SS347.

The rapid increase in ΔM/A of  Ni3Al/SS347 along with 
its absence of corrosion layers motivate us to carry out ele-
mental composition analysis, particularly around the inter-
face between Ni3Al coatings and SS347 substrates (Fig. 3a). 
The spatial distribution of O obtained from qualitative cross-
sectional EDS maps confirms its presence in the  Ni3Al coat-
ings and its absence in the SS347 substrates. This strongly 
suggests that the rapid increase in ΔM/A is indeed caused 
by rapid uptake of O through formation of  AlOx and  NiOx 
in the  Ni3Al coatings instead of the formation of  FeOx in 
the SS347 substrates [37, 38, 48, 49]. Note that the spatial 

correlation between O and Al is more pronounced than that 
between O and Ni throughout the coatings. This suggests 
 AlOx is more readily formed than  NiOx upon exposure to 
molten nitrate salts. As mentioned earlier, un-melted  AlOx 
particles with size of tens of μm may also be inadvertently 
introduced during the APS deposition (indicated by arrows 
in Fig. 2a, b and 3a). A much lower powder feed rate is 
needed to minimise the quantity of these un-melted  AlOx 
particles. Nonetheless, the oxidation of  Ni3Al coatings may 
contribute to the suppression of inward/outward diffusion of 
other elements, such as Na and Fe, from/to the surrounding 
molten salt environment.

A quantitative elemental composition analysis across the 
thickness of the  Ni3Al coatings at 3000 h further confirms 
the suppression of inward and outward diffusions of Na and 
Fe, respectively (Fig. 3b). Na is practically non-existent in 
both  Ni3Al coatings and SS347 substrate as its concentra-
tion is indistinguishable from the noise level. The coating-
substrate interdiffusion zone, in which the concentration of 
Al and Ni rapidly increases to about ~ 18 at.% and ~ 60 at.%, 
respectively, is found to be about 7–8-μm thick. Note that 
the concentration of O in the  Ni3Al coatings throughout its 
thickness is only about 7–12 at.%, which is well below the 
expected stoichiometric concentration for NiO and  Al2O3. 
Such a low concentration of O suggests that  Ni3Al coatings 
are only slightly oxidised even at 3000 h. Nonetheless, it has 
been suggested that the formation of  NiOx and  AlOx prohib-
its further diffusion of O and Na, even at sub-stoichiometric 
[38, 61]. The extremely low concentration of O of < 3 at.% 
in the SS347 substrate at 3000 h also suggests that the sub-
strates remain metallic and free from oxidation. A further 
improvement in oxidation resistance of  Ni3Al coatings can 
be potentially achieved by minimising the quantity of un-
melted  AlOx particles introduced during deposition. It is also 
important to mention that a small amount of  FeAlOx is found 
on the surface of  Ni3Al coatings, and further investigation 
in future studies is required to elucidate the origin of these 
oxide compounds.

In contrast to  Ni3Al/SS347, the bare SS347 exhibits a 
formation of stratified corrosion layers with various O and 
Na concentrations that reach a total thickness of 30–45 μm at 
3000 h in molten salts. These corrosion layers are observed 
to continuously grow in thickness with the increase in molten 
nitrate salt immersion time at a growth rate of ~ 87.6 µm/year 
(see Supporting Information Fig. S3a–e and S4) [22]. The 
qualitative cross-sectional EDS maps suggests a rapid uptake 
of O and Na from the molten salt along with an outward 
migration of Fe, Ni and Cr from the SS347 (Fig. 4a). The 
uptake of O and Na by SS347 at an elevated temperature 
leads to the formation of  FeOx and  NaFeOx on the outer lay-
ers, both are known to form on the surface of stainless steel 
substrates after molten salt immersion [31, 32, 50]. The fact 
that O is found much deeper in the substrate than Na, which 



 Emergent Materials

1 3

is found only on the surface, suggests that the absorption 
kinetic of O is much higher than that of Na. This finding is 
indeed expected as  O2− anions readily react with cationic 
Fe to form a relatively stable  FeOx despite the ionic radius 
of  O2− at ~ 0.14 nm is larger than that of  Na+ at ~ 0.102 nm 
[51, 52]. The intercalation of  Na+ cations is known to be 
sluggish and highly dependent on the crystalline structure 
of the formed  FeOx [53]. The outward migration of Fe, Ni 
and Cr can be observed in the inner part of these corrosion 
layers. Such a migration is also expected as Cr is known to 
be highly soluble in molten nitrate salts [54].

A quantitative elemental composition analysis of cross-
sectioned SS347 at 3000 h suggests that the outermost layer 
formed immediately under the salt deposit is a combina-
tion of  NaFeOx and  FeOx with O:Fe at.% ratio of 4:5 and a 

relatively high Na content of 3–9 at.% (Fig. 4b). The subse-
quent  FeOx layer is also found to be Fe-rich with O:Fe at.% 
ratio of 3:5, but with a negligible amount of Na. The inner 
 FeOx layer is found to have an equal amount of O and Fe 
and contains a significant amount of Ni and Cr with a con-
centration range of 8–18 at.% and 23–38 at.%, respectively. 
It is important to note that the concentration of Ni and Cr 
in this layer, each at ~ 5 at.% and ~ 22 at.%, respectively, is 
higher than that in the substrate. Furthermore, the Fe con-
tent in the inner layer is found to be considerably low at ~ 21 
at.%, which is less than half of that in the outer layers. This 
observation is in agreement with previous studies where the 
inward diffusion of O strongly correlates with the growth 
of Cr and Ni enrichment zone through formation of pre-
cipitates and the depletion of Fe through outward migration 

Fig. 3  (a) Elemental maps and 
corresponding SEM image of 
cross-sectioned  Ni3Al/SS347 at 
3000 h in molten nitrate salt at 
565 °C. These maps show spa-
tial distribution of Fe, Ni, Al, O 
and Na at the interface between 
 Ni3Al coating and SS347 
substrate. Arrows indicate  AlOx 
particles embedded within the 
 Ni3Al coatings. All scale bars 
represent 50 μm. (b) Elemental 
composition in atomic percent-
age (at. %) of Fe, Ni, Al, O and 
Na of  Ni3Al/SS347 taken at the 
area indicated by white line in 
the corresponding SEM image. 
The composition is obtained at 
3000 h and presented as a func-
tion of the distance from the 
interface between  Ni3Al coating 
and SS347 substrate. Positive 
distance corresponds to coatings 
(Coat) and outer mounting resin 
(Out), while negative distance 
corresponds to substrate (Sub). 
Solid lines are ~ 5-μm simple 
moving average to guide the 
eye.



Emergent Materials 

1 3

toward the molten salts [42, 43, 55]. These inward diffusion 
of O and outward migration of Fe are the main reason for 
the discrepancy between the growth rate of corrosion lay-
ers observed by SEM (Fig. 2d) and the calculated corro-
sion rate based on gravimetric analysis (Fig. 1b; Supporting 
Information Table S2). Note that, as discussed above, the 
corrosion layers’ growth rate is about two orders of mag-
nitude higher than the gravimetrically calculated corrosion 
rate. The formation of  NaFeOx and  FeOx renders the use 
of constant density for corrosion rate calculation incorrect, 
as both have much lower densities than that of the SS347 
substrate. In addition, the depletion of Fe from the substrate 
may counterbalance the uptake of O from the molten salts 
in terms of mass and thus supresses the apparent ΔM/A. 
Despite this discrepancy, the gravimetric analysis captures 

the general growth behaviour of the corrosion layers. Fur-
ther investigation in future studies is required to elucidate 
the exact correlation between them so one can estimate the 
growth rate of the corrosion layers simply by gravimetrically 
calculated corrosion rate.

The presence of  NaFeOx and  FeOx on SS347 and their 
absence on  Ni3Al/SS347 can be further observed from their 
respective XRD patterns (Fig. 5a). For SS347 in molten 
salts, the prominent diffraction peaks observed at 1000 h are 
attributed to  Fe3O4 and (Cr, Fe)2O3. The fact that these peaks 
are much more prominent than those for CrFeNi, which are 
typical for austenitic stainless steel, suggests that the for-
mation of Cr and Ni enrichment zone takes place within 
the first 1000 h. The disappearance of diffraction peaks for 
CrFeNi at 2000 h supports our previous observation that the 

Fig. 4  (a) Elemental maps and 
corresponding SEM image 
of cross-sectioned SS347 at 
3000 h in molten nitrate salt 
at 565 °C. These maps show 
spatial distribution of Fe, Ni, 
Cr, O and Na at the surface of 
SS347 substrate. All scale bars 
represent 50 μm. (b) Elemental 
composition in atomic percent-
age (at.%) of Fe, Ni, Cr, O and 
Na of SS347 taken at the area 
indicated by white line in the 
corresponding SEM image. 
The composition is obtained 
at 3000 h and presented as a 
function of the distance from 
the interface between corrosion 
layers and SS347 substrate. 
Positive distance corresponds to 
corrosion layers (Cor) and outer 
mounting resin (Out), while 
negative distance corresponds 
to substrate (Sub). Solid lines 
are ~ 5-μm simple moving aver-
age to guide the eye.



 Emergent Materials

1 3

growth of Cr and Ni enrichment zone occurs concurrently 
with depletion of Fe and leads to the formation of  NaFe2O3 
and  Fe2NiO4 on the surface. At 3000 h, the XRD pattern 
of SS347 is fully dominated by peaks attributed to various 
oxides of Fe including  Fe3O4 and (Cr, Fe)2O3,  Fe2NiO4 and 
 NaFe2O3.

In contrast, the XRD patterns of  Ni3Al/SS347 are rel-
atively constant for up to 3000 h in molten salts where 
the main distinguishable diffraction peaks are attributed 
to  Ni3Al [33, 62–64]. Rapid oxidation of the  Ni3Al coat-
ings can be observed from the appearance of diffraction 
peaks attributed to NiO at 1000 h. Note that no peaks can 
be attributed to any  Al2O3 phases. This suggests that the 
formation of  AlOx observed in qualitative and quantitative 

elemental analysis is most likely in the amorphous form. 
It has been suggested that the formation of  AlOx and  NiOx 
inhibits diffusion of Na and further diffusion of O, espe-
cially if a stoichiometric oxide has been formed [38, 48]. 
Contrary to  CrOx that is soluble in molten nitrate salts, 
 AlOx and  NiOx are stable and dense enough to create a dif-
fusion barrier [54]. The fact that no peaks can be attributed 
to  NaFeOx or  FeOx implies that the  AlOx and  NiOx prevent 
any uptake of Na from the salts and acts as an effective 
diffusion barrier for Fe, Ni and Cr. The absence of any 
observable changes in XRD patterns from 1000 h onward 
agrees with our gravimetric analysis and strongly suggests 
that the  Ni3Al coatings are stable for at least 3000 h.

Fig. 5  (a) XRD patterns of 
 Ni3Al/SS347 and SS347 at 
different molten salt expo-
sure times: 0, 1000, 2000 and 
3000 h. SS347 exhibits peaks 
that correspond to austenitic 
stainless steel (filled circle) and 
various oxides of Fe, including 
 Fe3O4 and (Cr, Fe)2O3 (filled 
triangle),  Fe2NiO4 (filled star) 
and  NaFe2O3 (filled x mark). 
 Ni3Al/SS347 exhibits peaks 
that corresponds to  Ni3Al 
(filled diamond) and NiO (filled 
inverted triangle). Peaks are 
identified according to the 
International Centre for Dif-
fraction Data (ICDD) database 
[31, 33, 56–61] (b) Schematic 
of corrosion suppression of 
 Ni3Al coatings to the SS347 
substrate in molten salts.  Ni3Al 
coatings are rapidly oxidised 
and stabilised in the first 500 h. 
The formation of oxides within 
the  Ni3Al coatings supresses the 
diffusion of Na from the molten 
salt or the release of Fe, Ni and 
Cr from the substrate for at least 
3000 h. In contrast, continu-
ous uptake of O and Na along 
with the release of Fe, Ni and 
Cr resulting in the formation 
of corrosion layers comprised 
various oxides of iron on the 
surface of SS347
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2.2  Conclusion

In conclusion,  Ni3Al coatings provide corrosion resistance 
to SS347 in the presence of molten  NaNO3:KNO3 salt at 
565 °C for at least 3000 h.  Ni3Al coatings undergo a fast 
oxidation within the first 500 h of molten salt immersion 
with a gravimetric rate of ~ 2 ×  10−4 mg/cm2/h and then sta-
bilise at a much lower rate of ~ 1.8 ×  10−6 mg/cm2/h. While 
this gravimetric rate is only an order of magnitude lower 
than that for bare SS347 of ~ 3 ×  10−5 mg/cm2/h, the effect 
of  Ni3Al coatings on microstructure and elemental com-
position of SS347 substrates are considerably large.  Ni3Al 
coatings inhibit diffusion of Na and further uptake of O 
from the molten salts and supress outward diffusion of Fe, 
Cr or Ni from the SS347 substrate (Fig. 5b). On the other 
hand, multi-layered corrosion products consisting of various 
oxides of Fe including  FeOx,  NaFeOx,  FeNiOx and  CrFeOx 
are readily formed on the surface of SS347. These oxide 
layers grow continuously in the presence of molten salts 
and reach a total thickness of 40–45 μm within 3000 h. The 
results presented herein strongly suggest that the  Ni3Al coat-
ings are protective, by either delaying or stopping altogether 
the formation of corrosion layers, for use on stainless steel 
substrates. This enables the potential use of  Ni3Al coatings 
as protective coatings to prolong the lifetime of components 
with long-term isothermal exposure to molten salt, such as 
the hot TES tanks and piping systems. Further investiga-
tion should be undertaken beyond 3000 h to elucidate the 
long-term corrosion behaviour of  Ni3Al coatings and to cor-
relate any morphological and compositional changes to the 
gravimetric analysis. These are keys to confirm the poten-
tial of  Ni3Al coatings for use in next generation CSP–TES 
applications. Nonetheless, the approach in this study can 
be extended for investigation of other corrosion suppres-
sion solutions against molten salts to further advance the 
CSP–TES technology.
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