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The eﬀects of temperature on the corrosion of 316 stainless steel (316SS) in puriﬁed NaCl-MgCl2 eutectic salt
under Ar were investigated through immersion test. The corrosion of samples accelerated and intergranular
corrosion became obvious with increased temperature. The corrosion of 316SS was attributed to the selective
dissolution of Cr, and corrosion had strong temperature dependence. The corrosion mechanism under the NaClMgCl2 eutectic salt was the combined eﬀect of a dissolution mechanism with matrix metal element, which was
attributed to the accelerating eﬀect of surface chromium-dissolution and intergranular-diﬀusion rates with increased molten salt temperature.

1. Introduction

high-temperature operating condition [2]. Many studies have investigated the corrosion behavior of various alloys in molten chloride
salts [11–29]. Vignarooban et al. [11] investigated the corrosion behavior of Hastelloy N, C276, C22 in molten NaCl-KCl-ZnCl2 at 250 °C
and 500 °C and observed that Hastelloy N shows high corrosion rate
because of its low Cr content. Ambrosek [12] evaluated the corrosion
resistance of various Ni-based alloys, such as Hastelloy N, Inconel 617,
Inconel 625, Inconel 718 and Haynes 230 in molten KCl-MgCl2 at
850 °C and indicated that Hastelloy N exhibits the least attack depth
because of its low Cr content. Alkhamis [13] compared the corrosion
performance of Hastelloy C276 and Haynes 230 in molten KCl-MgCl2
and NaCl-KCl-ZnCl2 at 800 °C and observed that Hastelloy C276 with
high Mo shows better corrosion resistance than Haynes 230 with high
W. Wang et al. [14,15] assessed the corrosion behavior and mechanisms of pure nickel (Ni), GH4033 and GH4169 in 793 K molten eutectic
NaCl-MgCl2. They reported that the corrosion resistance of pure Ni was
better than GH4033 and GH4169. The experimental results showed that
Fe-based and Ni-based alloys experienced the selective dissolution of
Cr, resulting in the formation of subsurface voids in molten NaCl-KClMgCl2 salt at high temperature [16,17]. Studies have shown that many
factors aﬀect the Cr selective dissolution in chloride molten salts, such
as alloy pretreatment [19], chromium content of alloy [20–23],

Molten chloride salts are promising candidate media of heat transfer
ﬂuid (HTF) and thermal energy storage (TES) for next-generation
concentrated solar power (CSP) systems because of their beneﬁcial
characteristics, such as low costs, wide operating temperature ranges
and good heat transfer property [1–6]. Chloride salts, such as NaCl, KCl,
MgCl2, and ZnCl2, are abundant in nature and boil at higher temperature than 1400 °C. As potential high temperature HTF, NaCl-KCl-ZnCl2
and KCl-MgCl2 eutectic systems are selected as candidate salts for nextgeneration CSP systems because of their excellent thermophysical
properties for heat transfer and energy storage [2,7]. NaCl-MgCl2 eutectic system may be more competitive than KCl-MgCl2 and NaCl-KClZnCl2 because the cost of NaCl is approximately one-seventh of KCl
although they share similar thermophysical properties for heat transfer
and energy storage [1,8]. However, the corrosion of chloride salts to
structural materials is a main challenge that limits their commercial use
in next-generation CSP systems at high temperatures [1,4,5,9,10].
Therefore, the structural material degradation caused by molten
chloride salt corrosion is a key issue related to next-generation CSP
systems.
Corrosion is a major problem in next-generation CSP system under
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resistance furnace connected to a glove box full of high purity Ar
(99.995 %), as shown in Fig. 1. Al2O3 crucibles were divided into three
groups, namely, 1# (500 °C), 2# (600 °C) and 3# (700 °C). Each crucible was ﬁlled with 60.0 g of molten NaCl-MgCl2 salt. Five 316SS
samples were placed in each Al2O3 crucible. All the above operations
were handled inside the glove box full of high purity Ar (99.995 %),
where the concentration of H2O was less than 10 ppm. The furnace was
heated to 500 °C, 600 °C and 700 °C, and each temperature was maintained for 240.0 h.

corrosion atmosphere [11–14,24] and oxide/hydroxide impurities [26].
Among these factors, the operating temperature of molten salts has
huge inﬂuence on the corrosion of alloy materials [16]. High temperature requires high stability of molten chloride salts, and the increase in temperature leads to the deterioration of structural materials.
316SS can be a suitable candidate alloy for next-generation CSP
because of its low costs and corrosion resistance [9,10]. However, high
temperatures generate favourable conditions to increase the corrosion
susceptibility of stainless steels. The aggravated corrosion performance
of 316SS in high-temperature molten chloride salts could lead to severe
damage and high costs. The corrosion behaviour of 316SS in thermal
storage medium of molten NaCl-MgCl2 eutectic salt has been rarely
reported in the literature. The corrosion behaviour and mechanism
remain unclear. This study aimed to investigate the corrosion of 316SS
alloys in puriﬁed NaCl-MgCl2 eutectic salt at diﬀerent temperatures in
Ar atmosphere for evaluating the impact of temperature on the corrosion behaviour of 316SS. Corrosion behaviour was investigated based
on the changes in mass, analyses of chemical composition and microstructure of specimens following induced corrosion. The corrosion
mechanism was discussed. The corrosion performance of 316SS alloys
in puriﬁed molten NaCl-MgCl2 eutectic salts is important to select the
suitable operation temperature range of CSP with NaCl-MgCl2 as HTF
and 316SS as structural material.

2.3. Characterisation
The pre- and post-corrosion weight of the samples were measured
by using an electronic balance with an accuracy of 0.1 mg. The postcorrosion 316SS specimens were cleaned with deionised water and
absolute ethanol by using an ultrasonic cleaning machine for 30.0 min
to remove the residual salt. Then, the specimens were dried with cold
air and weighed with an analytical balance to determine the mass
change during corrosion. The weight change was calculated by using
the following formula [30]:

W=

m 0 − m1
S

where m0 is the original weight of each specimen in grim, m1 is the
weight of samples after corrosion test, S is the initial surface area and W
is the variation of alloys during the study.
The surface and cross-sectional images of the specimens were
evaluated through scanning electron microscopy (SEM, Merlin
Compact) to analyse the change of corroded samples. The element
distributions of cross-section were assessed through electron probe
microanalysis (EPMA, Shimadzu EPMA-1720). The concentrations of
residual H2O and O2 in puriﬁed NaCl-MgCl2 were determined through a
LECO oxygen analyzer and Karl–Fischer titration, respectively. Prior to
the microscopic characterisation experiment, the prepared cross-sections were sprayed with Au or Pt to ensure the conductance of the
specimens. The concentrations of main impurities in the salt pre- and
post-corrosion were analysed through ICP-OES. The crystal phases of
316SS alloys on the surface in the pre- and post-corrosion were characterised through X-ray diﬀraction (XRD, D8 Advance) with a Cu Kα
radiation source (λ = 1.5406 Å). Accelerating voltage and electric
current were 40 kV and 40 mA, respectively. The samples were scanned
from 20° to 90° with a step length of 0.02°.

2. Experimental
2.1. Materials
The puriﬁed NaCl-MgCl2 eutectic salt was supplied by Shanghai
Institute of Applied Physics, Chinese Academy of Sciences. The concentrations of residual H2O and O2 in puriﬁed NaCl-MgCl2 were 20 ppm
and 30 ppm as determined through a LECO oxygen analyzer and
Karl–Fischer titration, respectively. The impurities in molten NaClMgCl2 eutectic salt were analysed through inductively coupled plasmaoptical emission spectroscopy (ICP-OES). The concentrations of main
impurities in the puriﬁed salt are shown in Table1. Other elements were
presented in concentrations below the quantitative limits of detection
for ICP-OES. The preparation of salt involves dehydrating oxygen, then
the transfer and use of puriﬁed NaCl-MgCl2 eutectic salt are determined
in the glove box covered by high-purity argon, where the high-purity
argon content of H2O and O2 are below 1.0 mg/kg and 10.0 mg/kg,
respectively.
316SS alloy samples were cut to 15.0 mm × 10.0 mm × 2.0 mm by
using a linear incising machine tool. The chemical compositions are
shown in Table 2. The specimens were abraded with grind paper from
140 to 3000 grit and polished by 0.05 μm Al2O3 paste to obtain a
mirror-like ﬁnish for corrosion experiment. The 316SS specimens were
labelled by using a marking machine and cleaned with deionised water
and acetone in ultrasonic cleaning machine for 20.0 min. After drying,
the 316SS alloy sample dimensions were measured by using a vernier
calliper and weighed with an analytical balance with an accuracy of
0.01 mg. Al2O3 crucibles were chosen as the reaction container before
corrosion tests, and Al2O3 crucibles were cleaned with ethanol (AR
grade) in ultrasonic cleaning machine for 60.0 min. These crucibles
were dried for 10.0 h at 600 °C to clean them extremely.

3. Results
3.1. Mass change of the 316SS samples
After static corrosion test, the weight change of 316SS is shown in
Fig. 2. All 316SS samples suﬀered weight loss. The weight loss of
samples slightly increased with increased temperature from 500 °C to
600 °C. The corrosion weight loss was 0.80 mg/cm2 with increased
molten salt temperature to 600 °C. The corrosion weight loss of 316SS
sample at 700 °C was 4.49 mg/cm2. The weight loss value of 316SS
sample at 700 °C was lower than the weight loss of GH4169 immersed
in common NaCl-MgCl2 molten salt under air environment [14].
The corrosion rate of the specimens was evaluated by weight loss
measurement in the reference [24]. The calculated corrosion rates of
the specimens at 500 °C, 600 °C, 700 °C were 17.12 μm/year, 38.28 μm/
year and 205.36 μm/year, respectively. Table 3 shows the corrosion

2.2. Experimental methods
Three temperature static corrosion tests were conducted on a

Table 1
Concentrations of main impurities in molten puriﬁed eutectic NaCl-MgCl2 salts before tests (mg/kg).
Salt

Fe

Cr

Ni

Si

Mn

W

SO42−

NO2−

NaCl-MgCl2

1.678

< 0.006

< 0.003

0.167

0.094

0.078

0.045

0.047
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Table 2
Chemical compositions of 316SS alloys (wt. %).
Alloy

Fe

Cr

Ni

Mn

Si

P

N

Cu

Mo

C

316SS

69.04

16.84

10.12

1.284

0.472

0.021

0.008

0.09

2.08

0.0375

Table 3
Corrosion rates of alloy in diﬀerent kinds of chloride salt.
Molten salts
system

Atmosphere

T (°C)

Alloy

Corrosion rate (μm/
year)

NaCl-KCl-MgCl2

Inert

700

Stainless steel
310
Inconel 800H
Hastelloy C-276
Inconel 625
Hastelloy X
Hastelloy B-3
Stainless steel
347
Stainless steel
310
Inconel 800H
Inconel 625

1581 [18]

NaCl-CaCl2MgCl2

Air

600

NaCl-LiCl

Inert

650

364 [18]
79 [18]
121.09 [24]
153.16 [24]
144.59 [24]
7490 [29]
6420 [29]
5940 [29]
2800 [29]

3.2. Microstructural analysis of the 316SS samples
Fig. 3 presents the pre-and post-corrosion surface morphologies of
316SS exposed in puriﬁed NaCl-MgCl2 eutectic salt under Ar atmosphere at 500 °C, 600 °C, 700 °C for 240.0 h. The surfaces of 316SS
samples before corrosion test were relatively smooth. The grainboundary corrosion of 316SS was uniform in molten NaCl-MgCl2 eutectic salt. Although all the corroded 316SS samples showed signs of
grain-boundary corrosion, the severity was obviously diﬀerent from the
surface SEM morphology. The grain-boundary corrosion was unremarkable, and many small discontinuous corrosion pits appeared at
the grain boundaries than that at other locations at 500 °C. The grainboundary corrosion was intensiﬁed, the small corrosion pits at the grain
boundary developed into lines, and the grain boundary on the 316SS
surface was clearly distinguishable after corrosion with increased
temperature of molten NaCl-MgCl2 salt was 600 °C. The grain-boundary
corrosion became serious, and the depth of grain-boundary corrosion
signiﬁcantly increased with increased temperature to 700 °C. The surface morphology of 316SS samples showed intensiﬁed grain-boundary
corrosion with increased corrosion temperature.
The cross-sectional SEM images of alloys immersed in puriﬁed NaClMgCl2 eutectic salt under inert atmosphere at 500 °C, 600 °C, 700 °C for
240.0 h are shown in Fig. 4. At 500 °C, the 316SS samples showed no
obvious corrosion, the surface of the sample was ﬂat, and the trace of
grain-boundary corrosion was not observed in the section. The corroded
316SS samples exhibited slight corrosion attack with maximum corrosion depth approximately 13 μm with increased corrosion temperature
to 600 °C, and uneven surface of samples was observed caused by corrosion. At 700 °C, the corroded 316SS samples accelerated, and intergranular corrosion became obvious. It should be noted here that the
maximum corrosion depth is approximately 67 μm. The molten salt
temperature increased by only 100 °C, but the severity of grainboundary corrosion sharply increased with increased temperature from
600 °C to 700 °C.
Fig. 5 shows the EPMA results of 316SS samples immersed in three
diﬀerent temperature molten puriﬁed NaCl-MgCl2 eutectic salts, which
are consistent with that of SEM results. The corrosion was slight, and no
obvious intergranular corrosion was observed at 500 °C. A slight nickel
enrichment on the surface was observed, which may be due to the
dissolution of the surface Fe and Cr element and the increase in relative
concentration of nickel. 316SS samples exhibited excellent corrosion
resistance when the molten NaCl-MgCl2 salt temperature was 500 °C.

Fig. 1. Diagram of the corrosion experimental set up.

Fig. 2. Mass changes of 316SS immersed in puriﬁed NaCl-MgCl2 eutectic salt
under Ar and diﬀerent temperatures for 240.0 h.

rates of alloy in diﬀerent kinds of chloride salt in the literature
[18,24,29]. It is apparent that the corrosion loss rate of 316SS specimen
in puriﬁed NaCl-MgCl2 molten salt is lesser than that alloy in diﬀerent
kinds of chloride salt. Obviously, the 316SS specimen in puriﬁed NaClMgCl2 molten salt present superior corrosion resistance in contrast to
the data from Table 3. It is well demonstrated that corrosion resistance
of 316 stainless steel in puriﬁed NaCl-MgCl2 eutectic salt is excellent at
high temperature.

3
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Fig. 3. Surface SEM images of 316SS immersed in molten puriﬁed eutectic NaCl-MgCl2 under Ar for 240.0 h: (a) Original; (b) 500 °C; (c) 600 °C; (d) 700 °C.

3.3. Crystalline structure change of the 316SS samples

After 240.0 h of corrosion at 600 °C, selective dissolution of Cr element
was observed at the grain boundary of the corroded 316SS sample
shallow surface. Compared with the 500 °C corrosion temperature, the
nickel-rich region slightly shifted from the surface to the inside of the
corroded sample, and intergranular corrosion started to appear. Considerable Cr were selectively dissolved on 316SS corroded samples at
700 °C. Cr depletion distance reached more than 60 μm. At the same
time, the relative contents of Fe and Ni increased because of chromium
depletion at the grain boundaries, thereby causing the phenomenon of
iron and nickel at the grain boundary.
In the deep part of the chromium depleted layer, chromium enrichment occurred at the grain boundary, strongly suggesting that
chromium tended to diﬀuse along the crystal, which may be the root
cause of 316SS grain boundary in molten NaCl-MgCl2 eutectic salt.

The XRD patterns of original and corroded 316SS samples after
NaCl-MgCl2 molten salt corrosion at diﬀerent temperatures are presented in Fig. 6. The characteristic peaks at (111), (200), (220) were
clearly observed of original 316SS sample, indicating that the 316SS
alloy had face-centred cubic (fcc) crystal structures before corrosion
and after corrosion at 500 °C and 600 °C for 240 h in NaCl-MgCl2 molten
salt. The XRD patterns of corroded samples were approximately identical to 316SS blank sample when the corrosion temperature was lower
than 600 °C. A Fe0.7Cr0.19Ni0.11 phase was identiﬁed based on the International Centre for Diﬀraction Data. This condition indicated that no
obvious corrosion product was found on the surface of 316SS samples
when the corrosion temperature was below 600 °C. The new Fe-Ni
phase with body-centred cubic (bcc) characteristic peaks at (110),

Fig. 4. Cross-sectional SEM images of 316SS samples exposed in puriﬁed NaCl-MgCl2 eutectic salt under Ar for 240.0 h: (a) Original; (b) 500 °C; (c) 600 °C; (d) 700 °C.
4
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Fig. 5. Cross-sectional EPMA images of 316SS samples after exposed in puriﬁed NaCl-MgCl2 eutectic salt under Ar for 240.0 h. (a) (d) (g) 500 °C; (b) (e) (h) 600 °C; (c)
(f) (i) 700 °C.

Fig. 6. XRD patterns of diﬀerent 316SS samples before and after corrosion
testing in puriﬁed NaCl-MgCl2 eutectic salt under Ar for 240.0 h at diﬀerent
temperatures.

Fig. 7. Concentrations of dissolved 316SS elements in molten NaCl-MgCl2 eutectic salt under Ar at diﬀerent temperatures for 240.0 h through ICP-OES
analyses.

(200), (211) appeared when the corrosion temperature increased to
700.0 °C because of the large loss of Cr element in 316SS samples. The
XRD peaks of 316SS samples after NaCl-MgCl2 molten salt at 700 °C
were Fe0.7Cr0.19Ni0.11 and Fe-Ni phases. The XRD patterns of 316SS
samples were in good keep with SEM and mass change analysis.

contents of Fe and Cr compositions were determined by normalization
method, as shown in Fig. 7. Compared with the puriﬁed NaCl-MgCl2
salt before corrosion, the concentrations of Fe and Cr impurities in
NaCl-MgCl2 eutectic salt after corrosion test signiﬁcantly increased.
This ﬁnding indicated that Cr and Fe atoms were dissolved during the
corrosion test. The molten salt temperature had a huge inﬂuence on the
dissolution of Cr and Fe atoms in the puriﬁed NaCl-MgCl2 salt. At the
same corrosion time, the concentrations of Fe and Cr ions in the molten
NaCl-MgCl2 salt were signiﬁcantly diﬀerent at diﬀerent corrosion
temperatures. The amount of dissolved Cr and Fe atoms increased with

3.4. The compositions analysis of NaCl-MgCl2 eutectic salt
The compositions of NaCl-MgCl2 eutectic salt before and after corrosion test were analyzed through ICP-OES, and the percentage
5
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of 316SS samples (based on reactions 2, 3). Dissolved chromium resulted in a concentration diﬀerence between the sample surface and the
substrate. Furthermore, the diﬀerence of Cr concentration between the
surface and substrate for corroded samples increased with increased
temperature. The speed of Cr diﬀusion was greater than at 500 °C and
600 °C. The chromium in the substrate diﬀused to the sample surface to
reduce the concentration diﬀerence. The greater the concentration
diﬀerence between the surface and the substrate is, the faster the diffusion speed of chromium in the substrate to the surface will be.
Cr diﬀusion in 316SS occurred on lattice defects and grain boundaries. According to literature [32], grain boundary diﬀusion velocity
(DB) in 316SS was larger than that of lattice diﬀusion (DL). DB and DL
increased with increased temperature, where DB increased faster with
increased temperature than DL at high temperatures. Thus, grainboundary corrosion occurred, and this trend became prominent with
increased molten salt temperature [32].
The schematic of corrosion progress of 316SS in puriﬁed NaClMgCl2 eutectic salt under Ar atmosphere is shown in Fig. 8. The morphology analysis results of corroded 316 samples showed intergranular
corrosion with increased molten salt temperature. This ﬁnding was due
to the accelerating eﬀect of surface chromium-dissolution and intergranular-diﬀusion rates with increased molten salt temperature.

increased temperature, indicating that the dissolution rate of Cr and Fe
atoms increased with increased temperature. However, the rate increase was not linear with the molten salt temperature. The rate slowly
increased from 500 °C to 600 °C and signiﬁcantly accelerated with increased temperature to 700 °C.
The data of Fig. 7 were analyzed by using the Arrhenius formula,
and the apparent corrosion activation energy of chromium and iron
were 5.78 kJ/mol and 20.29 KJ/mol, respectively. The activation energy of iron was signiﬁcantly greater than Chromium, which further
proved that element Cr is more susceptible to corrosion in NaCl-MgCl2
eutectic salt.

4. Discussion
316SS samples experienced corrosion in puriﬁed NaCl-MgCl2 eutectic salt at diﬀerent temperatures under Ar atmosphere for 240.0 h.
The microscopic mappings results indicated that the corroded 316SS in
molten NaCl-MgCl2 eutectic salt were largely attributed to the selective
dissolution of Cr. Although no H2O and O2 were observed in this experiment, MgCl2 salt had strong water absorption in the air and easily
formed MgCl2·6H2O, rendering it diﬃcult to completely remove the
residual moisture [31]. Hydrogen chloride and chlorine gas formed in
the molten salt were the main causes of corrosion [17,24]. The main
corrosion reactions of the alloys in molten NaCl-MgCl2 at high temperature may be predicted as follows:
MgCl2 (l) + H2O (g) = MgO (s) + 2HCl (g)

(1)

Cr (s) + 2HCl (g) = CrCl2 (s)+H2 (g)

(2)

CrCl2 (s) + 2HCl (g) = CrCl4(s)+H2 (g)

(3)

5. Conclusions
The corrosion resistance of 316SS samples was investigated through
static immersion corrosion in puriﬁed NaCl-MgCl2 eutectic salt at at
500 °C, 600 °C, 700 °C for 240.0 h under ambient atmosphere with little
H2O and O2. The corrosion of 316SS accelerated, and intergranular
corrosion became obvious with increased temperature. The corrosion of
316SS alloys was primarily because of the selective dissolution of Cr,
and the corrosion rate of 316SS obviously accelerated with increased
temperature, especially from 600 °C to 700 °C. The corrosion mechanism under the NaCl-MgCl2 eutectic salt was the combined eﬀect of
a dissolution mechanism with matrix metal element, which was attributed to the accelerating eﬀect of surface chromium-dissolution and
intergranular-diﬀusion rates with increased molten salt temperature.
Low-cost austenite alloys 316SS can be used to replace expensive materials, and the corrosion of puriﬁed NaCl-MgCl2 eutectic salt is slight,
rendering them suitable for commercial use in next-generation CSP
systems.

The corresponding standard Gibbs free energy was counted by HSC
6.0. As listed in Table 4, the standard Gibbs free energy of formed Cr
chlorides was lower than other elements, such as Fe and Ni, indicating
that Cr was preferentially attacked. Cr depletion in the corroded samples and increase in Cr ion concentration in NaCl-MgCl2 eutectic salt
after static corrosion conﬁrmed the conclusion. The ICP-OES result is
shown in Fig. 7.
As shown in Table 4, the standard Gibbs free energy of chemical
reaction (1) were -27.5, -44.8 and -66.1 kJ/mol at 500 °C, 600 °C and
700 °C, respectively. When the temperature at 500 °C, the ΔG of reaction (7) is -12.9 kJ/mol, so it is possible to occur. But at 600 °C and
700 °C the ΔG of it is more than zero, so it is diﬃcult to produce Cl2.
And then, the Cl2 could be react with Cr at 500 °C Reaction (2) occurred, and considerable HCl gases formed with increased temperature.
A schematic of the above process is shown in Fig. 8, the increased HCl
gas concentration accelerated the dissolution of Cr atom on the surface
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Fig. 8. The alloy cross-sectional schematic of the corrosion react progress for 316SS substrate immersed in puriﬁed NaCl-MgCl2 eutectic salt for 240.0 h under Ar
atmosphere at high temperature.
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