
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

4:
19

:2
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Corrosion kinetic
Nuclear Engineering Program, Department o

Blacksburg, VA 24061, USA. E-mail: zjinsuo

Cite this: RSC Adv., 2025, 15, 19013

Received 19th January 2025
Accepted 20th May 2025

DOI: 10.1039/d5ra00451a

rsc.li/rsc-advances

© 2025 The Author(s). Published by
s of pure metals (Fe, Cr, Ni) and
alloys (A709, SS316) in thermal and chemical
purified molten chloride salt

Mingyang Zhang, Amanda Leong, Siheng Ren and Jinsuo Zhang*

There has been notable research interest in utilizing chloridemolten salt as both a heat transfer and thermal

energy storage medium in nuclear and solar energy systems. However, a significant concern remains

regarding the compatibility of structural materials with chloride molten salt. In this study,

electrochemical methods were applied to investigate the corrosion kinetics and mechanisms of pure Ni,

Fe, Cr, SS316, and A709 in thermally and chemically purified molten MgCl2–KCl–NaCl salt to explore the

underlying corrosion mechanisms. It was found that the corrosion of metals and alloys in the salt was

governed by the diffusion of corrosive impurities at temperatures of 600, 650, and 700 °C. The

corrosion rates of each metal/alloy were determined using Tafel analysis under impurity diffusion-

controlled conditions. The results showed that the corrosion resistance hierarchy for pure metals was Ni

> Fe > Cr, while for alloys, SS316 demonstrated superior corrosion resistance compared to A709 within

the tested temperature range and conditions.
1. Introduction

The escalating issue of energy consumption and its detrimental
impact on greenhouse gas emissions represents a signicant
global challenge. Among sustainable energy sources, nuclear
and solar energy are expected to play pivotal roles in future
electricity generation. Next-generation concentrated solar
power (CSP) plants and advanced nuclear power systems, such
as molten salt reactors, are designed to achieve higher power
cycle efficiencies by operating at temperatures exceeding 600 °
C. Consequently, chloride molten salts are considered prom-
ising candidates for high-temperature applications due to their
favorable thermophysical properties as heat transfer uids and
thermal energy storage media.1 However, structural material
degradation remains a critical challenge in the application of
molten salts in both nuclear and solar power plants, primarily
inuenced by the chemistry of the molten salt and the proper-
ties of the containment vessel materials.2–4

For structural material corrosion studies, sample immersion
tests in crucibles5,6 and electrochemical corrosion measure-
ment methods7,8 are widely utilized. Electrochemical corrosion
methods involve applying advanced electrochemical techniques
to evaluate the rate and extent of corrosion processes occurring
at the metal-molten salt interface.9–11 Among these, the poten-
tiodynamic (PD) scan is a commonly used technique,12

providing critical data for material selection, molten salt
chemistry optimization, and the development of corrosion
f Mechanical Engineering, Virginia Tech,

5@vt.edu
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mitigation strategies.13–16 Although PD is a powerful method to
study corrosion mechanisms, signicant methodological
inconsistencies exist. These inconsistencies include performing
partial ts to either the cathodic or anodic branch17–19 or
applying ts across both branches under ideal and non-ideal
conditions.20,21 The application of PD in molten salt system
needs more investigation.

For structural material selection, it is known that nickel-
based superalloys are particularly attractive due to their high
corrosion resistance in molten salt applications,16 therefore,
most previous studies on corrosion in molten salt focused on
Ni-based alloys. However, their extremely high cost poses
a signicant barrier to widespread implementation. In contrast,
iron-based alloys, such as SS316, are considered primary
candidates for construction materials in such environments.22

Since 2013, Argonne National Laboratory in Illinois, USA (ANL),
Idaho National Laboratory in Idaho, USA (INL), and Oak Ridge
National Laboratory in Tennessee, USA (ORNL) have collabo-
rated to evaluate Alloy 709 (A709), an austenitic stainless steel,
as a material for nuclear power plants.23 Research ndings
indicate that A709 exhibits exceptional strength, toughness,
good fatigue resistance, and notable corrosion resistance in
atmospheric conditions.24,25 Therefore, the present study
focuses on corrosion of SS316 and A709 in molten chloride salts
for which experimental data are still scarce.

It has been recognized that corrosive impurities, such as H+,
OH−, Ni2+, are the primary contributors to corrosion26,27 in
molten salts. Therefore, previous studies on molten salt corro-
sion have largely focused on introducing corrosive impurities
into the system to assess their effects.28–30 The corrosion
RSC Adv., 2025, 15, 19013–19022 | 19013
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mechanisms in puried molten salt with very low corrosive
impurities are not well identied and the exploration of low-
impurity-diffusion-controlled electrochemical corrosion in
chloride salt systems remains limited.

In this study, we conducted electrochemical investigations
on three pure metals (Ni, Cr, Fe) and two alloys (SS316 and Alloy
709) in chemically puried molten MgCl2–NaCl–KCl salt (53.9–
24.4–21.8 wt%, 44.7–25.8–29.4 mol%), referred to in this paper
as Magnak. This composition was recommended by the
National Renewable Energy Laboratory in Colorado, USA
(NREL) in 2019 as a potential candidate for third-generation
concentrated solar power plants.31 This eutectic salt has
a melting point of approximately 385 °C.32 The study aims to
investigate corrosion mechanisms in puried molten Magnak
salt by conducting electrochemical tests on pure metals,
including Ni, Fe, and Cr, as well as iron-based alloys such as
SS316 and A709.33,34 The experiments were performed at
temperatures ranging from 600 °C to 700 °C. Furthermore, an
analytical approach was developed for interpreting PD scan data
in systems governed by corrosive impurity diffusion.
Table 1 Chemical composition of SS316 and A709 in wt%

Elements Cr Ni Fe Mn Mo Si Nb Ti

A709 19.93 24.98 ∼52 0.91 1.51 0.44 0.2 0.04
SS316 18–20 11–14 59–67 1–2.5 2–3 0.3–0.65 — —

Elements Cu N C P B S

A709 — 0.148 0.066 0.014 0.0045 —
SS316 0.75 — 0.03 0.03 — 0.03
2. Experimental
2.1 Molten salt preparation

The individual chloride salts—MgCl2, KCl, and NaCl—were
purchased separately from Thermo Fisher Scientic with
a stated purity of 99%. These salts were stored under ambient
conditions prior to the experiments. It is important to note that
chloride salts are highly hygroscopic, meaning they readily
absorb moisture during shipping and storage. To minimize
impurity levels, the salts were transferred into a glovebox and
subjected to a thermal purication process in alumina crucibles
at 200 °C for over 24 hours. During this process, moisture and
oxygen levels within the glovebox were carefully monitored. It
was observed that both moisture and oxygen levels initially
increased but returned to normal levels as the purication
progressed.

The heat-treated salts were weighed using a high-precision
digital balance (MS 105DU, Mettler Toledo) and physically
mixed in alumina crucibles (MSE Supplies). The mixture
underwent a thermal purication process based on a previously
established method,35 in furnace (FB1315M, Thermo Scientic).
This process involved heating the salt mixture to 500 °C at
a ramp rate of 3 °C min−1 and allowing it to settle for at least 5
hours. Aerward, the mixture was carefully poured onto a pure
nickel plate to rapidly cool and solidify the salt. It is important
to note that during this process, insoluble particles settled at
the bottom of the crucible.

A clean alumina crucible was used to melt the physically
separated and thermally puried Magnak salt at 500 °C, into
which 10 wt% magnesium metal (Mg) was added to the molten
salt. The system was then heated at a controlled rate of 3 °
C min−1 until it reached 800 °C, where it was held isothermally
for 2 hours. Subsequently, the system was cooled to 550 °C, and
the remaining magnesium metal was carefully separated from
the salt using appropriate tools.
19014 | RSC Adv., 2025, 15, 19013–19022
The chemically puried salt was then allowed to settle for an
additional 8 hours at 550 °C to facilitate the precipitation of
MgO formed during the purication process. Following this, the
same quenching process described earlier was applied. The
chemical purication of Magnak salt to remove MgOHCl has
been extensively studied by Zhao and Vidal.36 Their report
indicated that thermal purication alone did not signicantly
reduce the MgOHCl content. However, the introduction of
magnesium metal effectively decreased the MgOHCl content to
0.11 wt%. In this study, the puried salt was characterized by
electrochemical experiments using Gamry workstation (Inter-
face 1000), inductively coupled plasma mass spectrometry (ICP-
MS) (Agilent 7800 Agilent 7800), and G6 LEONARDO O/H
analyzer (Bruker).

2.2 Metal sample preparation

The materials investigated in this study include Ni (99%, Alfa
Aesar by Thermo Fisher Scientic), Fe (99%), and Cr (99.95%,
American Elements). For comparison, two alloys, SS316 and
A709, were also studied. The chemical compositions of these
alloys are provided in Table 1. All materials, except for A709,
were in rod form. The A709 samples were cuboid-shaped, with
dimensions of 3 mm in width and 1.5 mm in thickness. The
immersion depths of all samples were measured aer the
experiments. Prior to testing, the surfaces of all samples were
polished using SiC sandpaper with progressively ner grit sizes,
ranging from 240 to 1200.

2.3 Electrochemical corrosion testing methods

A three-electrode electrochemical cell (Fig. 1) was employed as
described in previous studies.35,37 In this study, we modied
a Mg2+/Mg metal reference electrode (RE) based on our earlier
work.35 An image of theMg2+/Mg reference electrode is shown in
Fig. 1. The Mg2+/Mg reference electrode was integrated into an
alumina tube with a 1 mm hole drilled at the bottom, allowing
molten salt to ow into the tube and to contact with the Mg
metal electrode. Experimental results conrmed the stability of
the reference electrode throughout the duration of the
experiments.

Electrochemical corrosion experiments were conducted at
three temperatures, gradually increasing from 600 °C to 700 °C,
within a glovebox lled with pure argon gas. The glovebox
environment-maintained oxygen levels at 15 ppm and moisture
levels at 2–3 ppm. The procedure began by ramp-heating a 30 g
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Three-electrode electrochemical cell setup and pictures of
Mg2+/Mg reference electrode and alumina container. RE: Mg2+/Mg,
WE: tungsten or corrosion sample, CE: counter electrode, tungsten.

Table 3 O/H concentration of Magnak salt at each stage

Salt

O (wppm) H (wppm)

Average St. dev Average St. dev

As received 7343 998 672 117
Thermally puried 183 22 228 25
Chemical puried 66 22 48 30
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sub-batch of salt in an alumina crucible at a rate of 5 °C min−1

until reaching 600 °C. At this temperature, ICP-MS samples
were collected, and cyclic voltammetry (CV) scans were per-
formed using a tungsten working electrode (WE) before intro-
ducing the corrosion specimens. Once the corrosion specimens
were inserted, open circuit potential (OCP) measurements were
conducted for 1 hour. This was followed by a potentiodynamic
(PD) scan in the positive direction at a rate of 2 mV s−1,15 within
a scan window of ±0.25 V relative to the OCP. The selected scan
Fig. 2 Cyclic voltammetry scans of each sub-batch salt at 600 °C with
scan rate at 100mV s−1, the WE is tungsten, the RE is Mg2+/Mg, and CE
was tungsten.

Table 2 ICP-MS result of the sub-batch salt before pure metal testing (

Na Mg K

Sub-batch_Fe 28.92 44.93 26.16
Sub-batch_Ni 29.12 44.66 26.23
Sub-batch_Cr 29.23 44.34 26.43
Average 29.09 44.64 26.27

© 2025 The Author(s). Published by the Royal Society of Chemistry
rate was designed to minimize the release of corrosion products
into the molten salt. For tests on pure metals, one specimen was
tested at each temperature. In contrast, when studying alloys,
three separate specimens were tested at each temperature to
ensure reproducibility.
3. Results and discussion
3.1 Salt impurity analysis

Fig. 2 shows the CV curves of each sub-batch of salt before
immersing the test samples at 600 °C, using a scan rate of
100 mV s−1. The prominent peaks observed at the le end
correspond to the redox reaction of the Mg2+/Mg couple,
occurring near zero potential. The stability provided by the
Mg2+/Mg reference electrode ensures consistent potential
measurements across different tests. The scanning potential
range was xed between −0.025 V and 2 V. Within this range,
two weak impurity peaks were detected between 1 and 1.25 V vs.
unit: mole%)

Fe Ni Cr

<1.25 × 10−6 <1.17 × 10−6 3.64 × 10−3

<8.51 × 10−7 <7.95 × 10−7 2.48 × 10−3

<6.40 × 10−7 <5.97 × 10−7 1.52 × 10−3

<9.15 × 10−7 <8.54 × 10−7 2.55 × 10−3

Fig. 3 One-hour OCP curve of pure Fe sample before conducting PD
scan. WE: iron, RE: magnesium, CE: tungsten.

RSC Adv., 2025, 15, 19013–19022 | 19015
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Mg2+/Mg. ICP results (Table 2) indicate that the major metallic
impurities are below detectable levels, suggesting that the
impurities are non-metallic in nature. The O/H concentrations
in the salt at each stage were measured, and the results pre-
sented in Table 3. These samples, collected from different
purication batches but subjected to the same procedure,
conrm that chemical purication effectively reduces oxygen
and hydrogen content. This indicates that both metallic and
non-metallic (O and H) impurities were minimal in the salt.
Evidently based on the CV scan results in Fig. 2, the oxidation
peaks' potential (1) was more negative than that of the reduc-
tion peaks (2), indicating distinct reaction origins for these
peaks. According to Kanzaki and Takahashi's38 calculations,
peak (1) corresponds to the reaction of 2O2− − 4e− / O2,
Fig. 4 PD scan of pure metals in molten Magnak at (a) 600 °C, (b) 650

19016 | RSC Adv., 2025, 15, 19013–19022
possessing a standard potential of −1.173 V vs. Cl2/Cl
−. On the

other hand, peak (2) corresponds to the reaction of 2H+ + 2e−/

H2, with a standard potential of −1.016 V vs. Cl2/Cl
−. Both O2

and H2 are released from the system, resulting in the absence of
discernible reverse peaks.
3.2 Electrochemical corrosion test of pure metals

The CV scan and ICP-MS results conrmed the presence of
minor impurities in the chemically puried Magnak salt. Before
performing the PD scan, a one-hour OCP measurement was
conducted to monitor the system's equilibrium.

Fig. 3 shows the OCP results for Fe at various temperatures.
Generally, the OCP of the metal specimens increased with
°C, (c) 700 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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immersion time, reecting continuous corrosion during the
measurement process, as depicted in the gure.

Following the OCP measurement, a PD scan was carried out
over a range of ±0.25 V relative to the OCP, with a scan rate of
2 mV s−1. Fig. 4(a)–(c) present the PD curves for the pure metals
at different temperatures. The PD scan was initiated from the
negative potential direction and swept toward the positive
potential relative to the OCP. As noted previously, corrosion
during the one-hour OCP measurement introduced corrosion
products into the salt. This explains the initially higher PD
current, which rapidly dropped within the rst 10–15 mV of the
sweep. Once the corrosion products near the working electrode
(WE) surface were consumed, the cathodic current became
dominated by the reduction of impurities. Fig. 4(a) and (b) show
that the cathodic current density slopes for Fe and Cr were very
similar within the scan range of approximately−0.2 V to−0.1 V,
whereas Ni exhibited a distinctly different behavior. The simi-
larity between Fe and Cr was attributed to the fact that the
cathodic current was limited by the diffusion of impurities in
the salt when the overpotential was sufficiently negative. At
600 °C, the PD curves revealed that Fe and Cr were governed by
impurity diffusion control, whereas Ni fell into the impurity
activation control region. As the temperature increased, the
diffusion rate of impurities also rose, leading to a broader
activation zone. Consequently, at 700 °C, the slope of the Fe
corrosion curve approached that of Ni.

The corrosion potentials of the materials were determined
using both the OCP method and the PD scan method at various
temperatures, as listed in Table 4. In this study, the corrosion
potentials obtained from the OCP method (EOCPcorr ) were consis-
tently more positive than those obtained from the PD scans
(EPDcorr) as shown in the table. The phenomenon was described by
de Assis et al.39 as being attributed to the large initial reduction
potential that disrupts the passive layer, resulting in a switch to
a more negative potential in aqueous solutions. However, this
explanation may not apply to molten salt environments due to
the instability of the passive layer in these systems. Further-
more, Zhang et al.12 highlighted that de Assis et al.'s theory fails
Table 4 Corrosion potentials (vs. Mg2+/Mg) obtained from OCP and
PD tests at varying temperatures

Temp. (°C) Samples EOCPcorr (V) EPDcorr (V) EOCPcorr − EPDcorr (V)

600 Fe 0.985 0.983 0.002
Ni 1.190 1.161 0.029
Cr 0.801 0.784 0.017
A709 0.960 � 0.004 0.935 � 0.005 0.025
SS316 1.011 � 0.005 0.985 � 0.004 0.026

650 Fe 0.969 0.964 0.005
Ni 1.170 1.134 0.036
Cr 0.786 0.769 0.017
A709 0.949 � 0.001 0.922 � 0.004 0.027
SS316 0.985 � 0.003 0.965 � 0.002 0.020

700 Fe 0.954 0.941 0.013
Ni 1.130 1.109 0.021
Cr 0.761 0.744 0.017
A709 0.918 � 0.008 0.895 � 0.005 0.023
SS316 0.928 � 0.005 0.906 � 0.005 0.022

© 2025 The Author(s). Published by the Royal Society of Chemistry
to explain why EPDcorr shis further to negative potentials as the
PD scan rate increases in aqueous solutions.

Brad and Faulkner40 examined the role of double-layer
capacitance in potential sweep experiments. They observed
that a charging current density (icharging) proportional to the
scan rate and interface capacitance is always present. In a PD
scan, the EPDcorr of the polarization curve occurs when the total
current density (i) equals zero. The total current iPD is given by:

iPD = icharging + ia + ic (1)

In eqn (1), ic and ia refer to the cathodic current density and
anodic current density. For OCP measurements, there is no
charge current involved, resulting in a total current of zero when
ia = −ic. However, during a PD scan, the positive charge stored
in the interface capacitor continues to increase, indicating that
electrons are being driven away from the interface by the
external power source. Consequently, the charging current
ows in the same direction as the anodic current during
a positive scan. As a result, a lower EPDcorr is required to achieve
a total current density of zero compared to EOCPcorr . It is worth
noting that a higher scan rate results in a larger charging
current density and a greater potential shi. In our current
experiments, the results presented in Table 4 indicate that,
except for Fe, all other samples exhibited a potential shi
ranging from 17 to 30 mV in the negative direction. This
discrepancy is shown as an error in Fig. 5. In Fig. 5, the
potentials were converted from theMg2+/Mg reference electrode
to the Cl2 reference electrode using the redox potential corre-
lation reported by Zhang et al.35

Once the potential difference between EOCPcorr and EPDcorr is
known, the corrosion current density, typically determined
using the intersection of EPDcorr with the cathodic current density
Fig. 5 Corrosion potential from potentiodynamic scan of pure metals
and alloys.

RSC Adv., 2025, 15, 19013–19022 | 19017
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Fig. 6 Theoretical PD curves for illustration of the correlation
between the OCP corrosion current density and PD corrosion current
density under cathodic diffusion-controlled condition.
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when corrosion is controlled by the cathodic reaction becomes
less accurate. Fig. 6 illustrates the correlation between the OCP
corrosion current density and the PD corrosion current density.
The charge current density inuences the PD current density.
Since the icharge in the same direction as ia, it reduces EOCPcorr to
EPDcorr within the potential range B to C (see Fig. 6). However,
within the potential range of A to B, when ic is signicantly
higher, the inuence of ia and icharge is minimal. Extending the
cathodic tting line (solid red) in the A to B range allows
determination of its intersection with EOCPcorr , which, through eqn
(2), yields the corrosion current density at EOCPcorr . Importantly,
regardless of whether the cathodic PD curve lies within the
impurities' activation zone or diffusion zone, at EOCPcorr , the
cathodic current density remains lower than the anodic current
density. This observation signies that the cathodic current
density corresponds to the iOCPcorr . Consequently, the corre-
sponding corrosion current density at EOCPcorr is calculated and
detailed presented in Table 5.

log
���iOCP

��� ¼ log
���iPD

���� EOCP
corr � EPD

corr

bc

(2)
Table 5 Summary of cathodic slope and corrosion current density

Temp.
(°C) Samples

Slope bc
(V per decade)

iPDcorr
(mA cm−2)

iPDcorr
(mA c

600 Fe 0.7505 0.1256
Ni 0.3853 0.0528
Cr 0.6104 0.1965
SS316 0.4347 0.1240 0.451
A709 0.2846 0.1484 0.158

650 Fe 0.8766 0.2616
Ni 0.3130 0.0525
Cr 0.7327 0.3626
SS316 0.5533 0.2605 0.843
A709 0.3074 0.2924 0.267

700 Fe 0.4823 0.4161
Ni 0.3439 0.0861
Cr 0.8193 0.8079
SS316 0.3598 0.4942 0.447
A709 0.3746 0.5197 0.430

19018 | RSC Adv., 2025, 15, 19013–19022
Upon analyzing the results, the disparity between the corro-
sion current densities determined using the corrosion potential
from the PD and OCP methods for pure Fe and Cr is approxi-
mately 10%. However, for Ni, the corrosion current density
exhibits a 20% difference between the two methods. This
discrepancy arises due to Ni's inherently low current density at
both the passivation potential (PD) and OCP. Consequently,
even a slight variation in the current density results in
a substantial change in the calculated ratio.
3.3 Electrochemical corrosion test of SS316 and A709

For alloys, the polarization curves obtained through PD exhibit
signicant differences compared to those of pure metals.
Fig. 7(a) shows that the PD curves for the alloys display a wide
noise band, with SS316 exhibiting a noise band of approxi-
mately 30 mV and A709 around 20 mV. To enhance data visu-
alization, a smoothing lter was applied to the current data
using the Gamry Echem Analyst soware. Specically,
a Savitzky–Golay lter of the fourth order with 16 points was
utilized. Fig. 7(b) illustrates the three smoothed curves of A709
obtained at 600 °C. These curves correspond to three individual
A709 samples from the same sub-batch of salt, denoted as S1,
S2, and S3. The obtained EOCPcorr and EPDcorr values from the
smoothed curves of the alloys at different temperatures were
compiled in Table 4. The standard deviations of the corrosion
potentials were less than 8 mV, indicating high reliability and
repeatability of the results. The corrosion potentials determined
using the PD method for the alloys were also plotted in Fig. 5.

Additionally, for alloys, the Nernst potential of the majority
element shis positively compared to the Nernst potential of
the corresponding pure metal because the activity coefficient of
the element in the alloy. Therefore, even though A709 and SS316
contain Cr, their corrosion potential is signicantly higher than
that of pure chromium metal. As shown in Fig. 5, at 600 °C and
650 °C, SS316 exhibits a similar corrosion potential as pure Fe.
However, at 700 °C, the corrosion potential of SS316 decreases
m−2) Tafel tting
iOCPcorr

(mA cm−2)
iPDcorr − iOCPcorr

(mA cm−2)
iPDcorr � iOCPcorr

iOCPcorr
ð%Þ

0.1248 0.0008 0.6155
0.0444 0.0084 18.9230
0.1842 0.0123 6.7034

1 0.1147 0.0093 8.0935
0 0.1371 0.0113 8.2041

0.2581 0.0034 1.3220
0.0403 0.0122 30.3215
0.3442 0.0184 5.3552

7 0.2426 0.0179 7.3779
7 0.2772 0.0152 5.4862

0.3907 0.0254 6.5047
0.0748 0.0113 15.0971
0.7696 0.0383 4.9822

0 0.4433 0.0508 11.4642
2 0.4677 0.0520 11.1276

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Potentiodynamic scan of alloys. (a) Original data of the first sample of SS316 and A709 at 600 °C. (b) Smoothed PD curves of three A709
samples at 600 °C.
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to a value lower than Fe. The corrosion potential of A709
remains consistently lower than that of pure iron, with
a difference of approximately 50 mV.

Considering that the EOCPcorr of SS316 and A709 are close to that
of pure Fe, it suggests that the potential scan region in the PD
falls within the impurity diffusion control region because of the
same impurity level of salts used for corrosion tests of pure Fe
and alloys. For comparisons, the PD curves of A709, SS316, and
pure metals at different temperatures were shown in Fig. 8.
A709 exhibits a lower cathodic current compared to pure Fe at
the same electrode potential, as the its corrosion potential is
lower than that of pure Fe based on the polarization dynamic
scan as shown in Fig. 8. This indicates that certain alloying
components are readily oxidized in the alloy. The resulting
oxidation current compensates for the impurity reduction
current. The metal elements in SS316 have a relative higher
Nernst potential result in a less oxidation current compared to
© 2025 The Author(s). Published by the Royal Society of Chemistry
pure Fe. At 700 °C, the Nernst potential of the elements reduced
sufficiently but still comparable higher than that in A709. It was
observed that SS316 exhibits a higher cathodic current density,
whereas A709's cathodic current density is lower when
compared to the baseline Fe curve.

Although the concentration of corrosion products at the
beginning of the electrochemical corrosion tests is too low to
signicantly inuence the cathodic current, the dissolution of
Cr below the corrosion potential of the alloy can still affect the
cathodic current. Therefore, to accurately determine the corro-
sion current of the alloys under conditions where impurity
diffusion controls the process, it is necessary to use auxiliary
impurity data derived from pure Fe rather than tting the PD
curves of the alloys. The calculation is detailed in eqn (3).

log
���ialloy

��� ¼ log
���iPDFe

���� E i
corr-alloy � EPD

corr-Fe

bc-Fe

(3)
RSC Adv., 2025, 15, 19013–19022 | 19019
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Fig. 8 The smoothed potentiodynamic scan curves of first sample of A709 and SS316 and pure metal PD curves at various temperatures. In (b),
the purple line represents the cathodic PD curve and Nernst potential of impurities, the green and blue lines represent the anodic PD curves and
Nernst potentials of A709 and SS316, respectively.
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where Eicorr-alloy represents either EOCPcorr-alloy and EPDcorr-alloy. The
calculated corrosion current by eqn (3) as well as by directly
Tafel tting of the PD curves were given in Table 5. For the cases
of 600 and 650 °C, the corrosion current density derived from
eqn (3) is lower than that determined from the dissolution
current density. This suggests that the corrosion process is
governed by impurity diffusion. While for the case of 700 °C, the
corrosion currents obtained by Tafel tting for both of A709 and
SS316 are comparable with the currents obtained by eqn (3).
Despite the presence of wide noise in the PD curve, which
increases the error associated with the EPDcorr, the use of the
corrosion correction eqn (2) by using EOCPcorr-alloy helps mitigate
the errors introduced by data smoothing techniques.
19020 | RSC Adv., 2025, 15, 19013–19022
4. Conclusion

The observed corrosion mechanism of pure metals (Fe, Cr, Ni)
in low-impurity Magnak salt was found to be diffusion-
controlled and dominated by cathodic reactions. By assuming
that corrosion is governed by the corrosive impurity diffusion-
limited current density, the corrosion kinetics of pure metals
and two alloys (A709 and SS316) were studied. The results
indicate that at 600 °C and 650 °C, the corrosion potential of
SS316 is comparable to that of pure Fe. The corrosion current
densities based on the corrosion potential measured by OCP
for SS316 were 0.1147 mA cm−2 at 600 °C, 0.2426 mA cm−2

at 650 °C, and 0.4433 mA cm−2 at 700 °C. For A709, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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corrosion current densities were slightly higher, recorded at
0.1371 mA cm−2 at 600 °C, 0.2772 mA cm−2 at 650 °C, and
0.4677 mA cm−2 at 700 °C, showing a clear increase with
temperature. In summary, the methodology employed for the
PD electrochemical corrosion tests in this study effectively
overcomes the limitations of the Tafel method, particularly
under conditions governed by cathodic diffusion limitations.
Data are available upon request from the authors.
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