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In situ monitoring of corrosion processes is important to fundamentally understand the kinetics and evolution of
materials in harsh environments. A quasi in situ transmission electron microscopy technique was utilized to study
microstructural and chemical evolution of a Ni-20Cr disc sample exposed to molten KCI-MgCl; salt for 60 s in
consecutive 20 s iterations. In situ synchrotron X-ray nano-tomography was performed to characterize the
morphological evolution of a Ni-20Cr microwire exposed to molten KCI-MgCl,. Both techniques captured key

corrosion events and revealed mechanisms at different time and length scales, potentially bringing greater in-
sights and deeper understanding beyond conventional analysis.

1. Introduction

The molten salt reactor (MSR) is one of the most promising genera-
tion IV reactor technologies that is being increasingly studied and
developed by many private and governmental entities worldwide.
Molten salts can serve as either a coolant or a fuel in a variety of MSR
designs [1]. The use of molten salts in MSRs has many advantages such
as enhanced safety due to passive cooling and low-pressure operation,
better nuclear waste management and increased fuel efficiency and
utilization [2,3]. Molten salts also find applications as high-temperature
heat transfer fluids (HTF) in concentrated solar power (CSP) plants and
thermal energy storage (TES) systems due to their excellent thermo-
physical properties [4-6]. One major challenge of molten salts is their
corrosivity towards structural materials under anticipated operational
conditions [7-10]. At present, Ni-based alloys are most commonly used
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in applications as salt-facing materials. Understanding corrosion
mechanisms of Ni-based alloys in molten salts is critical to widespread
industrial applications of molten salt-based systems.

Localized corrosion attacks can depend on a variety of factors, such
as the nature of the grain boundary (GB), presence of a second phase and
its distribution, grain sizes and orientations, local stress or defect con-
centrations [8,11-13]. Many traditional ex situ characterization tech-
niques are only used after a certain amount of corrosion time. This
makes identification of initial corrosion attack sites very challenging. In
addition, analyzing small areas using scanning electron microscopy
(SEM) or obtaining tiny transmission electron microscopy (TEM) sam-
ples from a relatively large corroded specimen may not be representa-
tive of all corrosion events. Therefore, in situ monitoring of corrosion
processes is crucial to understand the fundamentals of corrosion
mechanisms.
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In situ monitoring of molten salt corrosion has been previously re-
ported by using electrochemical noise studies [14,15], X-ray diffraction
[16] or by measuring changes in magnetic susceptibility [17]. Recent in
situ TEM study on molten salt corrosion of Ni-based alloys revealed
corrosion kinetics using diffraction pattern analysis, however, couldn’t
give good visualization of microstructural evolution [18]. In situ mi-
croscopy analysis of molten salt corrosion is only a recent development
in X-ray [19] and electron-based techniques [18], and the method
development in both techniques remain an active research area. More-
over, correlating the direct visualization of microstructural changes
during molten salt corrosion at different time and length scales remains
unexplored. In situ imaging of corrosion processes using TEM and
scanning TEM (STEM) along with observations of real-time changes in
composition and oxidation states using energy dispersive X-ray spec-
troscopy (EDS) and electron energy loss spectroscopy (EELS) can pro-
vide very important insights into reaction pathways and degradation
behavior during early stages of corrosion. However, such experiments
can be very expensive and involve specialized sample holders and
time-consuming specimen preparation routines [18,20-22]. Recently,
the use of quasi in situ TEM experiments to study corrosion processes
have gained increasing attention especially in the field of aqueous
corrosion of structural alloys [23-32]. Such experiments involve the
corrosion of TEM samples in ex situ conditions for multiple iterations
while observing the evolution of the same feature with TEM, thus
creating an in situ like effect. Zheng et al. [23] successfully used a quasi in
situ TEM technique to understand pitting behavior in stainless steel
originating from dissolution of MnS inclusions during corrosion in
aqueous NaCl solution. Jin et al. [30] used quasi in situ TEM to prove
preferential dissolution of a MgyCa phase during corrosion of
Mg-0.5Zn-0.2Ca in aqueous NacCl solution. This paper for the first time
reports a quasi in situ TEM study of corrosion in a molten salt environ-
ment. The high spatial resolution of the TEM (~sub-angstroms) uniquely
enables characterizing detailed phenomena associated with the early
stages of the dealloying and corrosion processes, especially considering
the complex chemical interactions at metal-salt interfaces.

Transmission X-ray microscopy (TXM) in a synchrotron is another
useful technique that can be used to characterize molten salt corrosion,
albeit at lower resolutions (~30 nm). Ronne et al. [33] used synchrotron
X-ray nano-tomography with TXM to study the three-dimensional (3D)
morphological evolution of pure Ni and model Ni-20Cr alloy systems
exposed to a molten KCI-MgCl, salt mixture at 800 °C with a multi-
modal, multi-scale imaging approach, combining synchrotron TXM
nano-tomography with TEM analysis to obtain complementary infor-
mation. A recently developed compact heater system has allowed direct
visualization and quantification of molten salt corrosion damage in alloy
microwire samples in real-time using in situ synchrotron X-ray
nano-tomography [34]. More recently Liu et al. [19] conducted operando
synchrotron X-ray nano-tomography using TXM to directly visualize, in
3D, the progression of molten salt corrosion of a Ni-20Cr alloy under
elevated temperature at 700 °C. The results showed formation of an
interconnected, so-called ‘bicontinuous’, pore/ligament network in
Ni-20Cr, which was attributed to a percolation dealloying mechanism,
namely leaching of Cr into the molten salt while Ni atoms rearrange via
surface diffusion, coupled with an impurity-driven corrosion mecha-
nism. The ability to image larger sample sizes than can be measured in
TEM at a decent spatial resolution (tens of nm) in 3D makes in situ X-ray
nano-tomography an ideal tool to characterize later stages of molten salt
corrosion and is highly complementary to the quasi in situ TEM
technique.

In this work, we demonstrate a time-resolved imaging using electron
and X-ray based techniques at different length scales (~30 nm to sub-
angstrom) to study molten salt corrosion, where quasi in situ TEM and
in situ X-ray nano-tomography techniques were combined as a holistic
approach to understand time-dependent microstructural, micro-
chemical and morphological evolution. A model system of Ni-20Cr alloy
reacted in a molten 68:32 mol% KCI-MgCl, salt mixture at 500 °C was
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directly visualized by both techniques during corrosion. As these two
techniques operate at different time and length scales, the comple-
mentary nature of these two techniques enables each imaging method to
provide unique information and together effectively capture key events
to explain fundamental mechanisms at the interfaces in both the early
and later stages of molten salt corrosion.

2. Materials and methods
2.1. Quasi in situ TEM for molten salt corrosion

As-rolled thin foil (thickness of ~250 um) of Ni-20Cr model alloy was
obtained from Goodfellow, USA. A 3 mm disc was punched from the foil
using a Gatan disc punch system. The disc was polished down to 80 ym
thickness using a series of SiC grit paper in the following order: 600, 800,
and 1200. The TEM sample was prepared by thinning the Ni-20Cr disc
using precision ion polishing system (Gatan PIPS-II) at the Center for
Advanced Energy Studies (CAES). Argon ion milling was continued until
a perforation appeared at the center of the disc using ion energies
ranging from 4 keV to 0.5 keV. Final polishing at a low energy (0.5 keV)
was performed to limit ion milling damage. Microstructural character-
ization was performed on the disc using a Thermo Scientific Titan TEM
operated at 200 kV and the instrument was equipped with a Super-X EDS
system at the Irradiated Materials Characterization Laboratory (IMCL)
facility of Idaho National Laboratory (INL).

Fig. 1a shows the experimental setup for quasi in situ corrosion. A
rolled Ni foil (thickness ~125 um) was folded in the middle to hold the
TEM disc sample. A small hole (diameter ~1.5 mm) was punched in Ni-
foil holder near the fold to expose the TEM disc sample from both sides.
The KCI-MgCl, eutectic salt mixture (32 mol.% MgCl»-68 mol.% KCI)
was prepared at Oak Ridge National Laboratory (ORNL) and shipped to
INL for the corrosion test. The MgCl, salt was purified via fractional
distillation from commercial anhydrous salt at 925 °C under 1 x 1073
torr to remove contaminations including hexahydrate or MgO, following
a procedure detailed in prior publications [19,33,35]. The KCI-MgCl,
eutectic mixture was prepared by fusing the distilled MgCly, with
anhydrous KCl procured from Alfa Aesar (99.998%, Lot N11F052) in the
required proportions. For the corrosion tests at INL, a small top-loading
furnace (Kerr Auto Electro-Melt Furnace Series 1258) housed inside an
argon atmosphere glovebox (mBraun MB200B series) was used. The
KCl-MgCl, mixture was melted at 500 °C in a glassy carbon crucible
(GAZ 5, 50 mL Sigradur cylindrical crucible, HTW Germany). The cru-
cible was cleaned with HPLC grade isopropanol (99.9% purity,
Sigma-Aldrich) prior to use and baked at 700 °C under Ar for 4 h to
remove any residual moisture and organic compounds adsorbed on the
surface. The Ni-20Cr TEM disc sample secured in the Ni-foil holder was
exposed to molten KCI-MgCl, salt for 20 s at a time, for a total of 3
repetitions. After each molten-salt bath treatment, the Ni-20Cr TEM disc
along with the sample holder was cooled inside the glovebox for 30 min.
It was then transferred out from the glovebox and the TEM disc was
carefully removed from the Ni-foil holder for cleaning and removal of
residual salts. The TEM disc was cleaned using glycerol (Equate 99.5%
anhydrous, USP grade) in an ultrasonic bath for 30 s, followed by
ethanol (Pharmco, 200 proof, absolute anhydrous, ACS/USP grade). The
corrosion-induced microstructural changes in the treated, cleaned
Ni-20Cr disc sample were then studied using the Thermo Scientific Titan
Themis 200 TEM equipped with a Super-X EDS detection system at
IMCL. This entire procedure was repeated for two more iterations of 20 s
each (i.e., total 40 s and 60 s of corrosion, respectively). TEM analysis
was performed at the same disc locations after each exposure-clean
iteration to observe the continuous evolution of molten salt corrosion
damage via this quasi in situ TEM approach.
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Fig. 1. Experimental setup for (a) quasi in situ molten salt corrosion of TEM sample, (b) in situ X-ray nano-tomography experiment setup for observing the 3D

morphology evolution of Ni-20Cr in molten KCI-MgCl, at 500 °C.

2.2. In situ 3D X-ray nano-tomography in synchrotron during molten salt
corrosion

A 20 ym as-drawn Ni-20Cr wire (80 wt% Ni and 20 wt% Cr, 99.5%
pure, Goodfellow, USA-NI055105) was used to perform the in situ syn-
chrotron experiment. The wire was put into an open-ended quartz
capillary (0.1 mm outer diameter, Charles Supper). The wire-capillary
sample assembly was baked out in a box furnace (CASCADE TEK,
120 °C) overnight to remove adsorbed surface moisture and transferred
into an argon-filled glovebox immediately. The KCl was purchased as
the 99.999% Suprapur reagent grade, opened and stored in the glove-
box. In the glovebox, the purified KCl-MgCl, (50-50 mol.%) was melted
in a quartz boat to ~ 550 °C. The molten salt was then drawn into the
wire-capillary sample with a syringe, which is attached to the funnel side
of the capillary. The molten salt was quickly solidified in the wire-
containing capillary. Subsequently, the wire-capillary-salt sample was
inserted into a larger quartz capillary with an outer diameter of 1.0 mm.
The funnel side of the larger capillary was first temporarily sealed with
epoxy and cured overnight inside the glovebox. The epoxy sealed sample
was taken out and flame-sealed using a miniature benchtop hydrogen
torch (Rio Grande). This methodology was developed and published in
our prior work [19].

The in situ X-ray nano-tomography was conducted at the Full-field X-
ray Imaging beamline (FXI, 18-ID) [36,37] at National Synchrotron
Light Source II (NSLS-II) of Brookhaven National Laboratory. A minia-
ture furnace was previously developed for the FXI beamline, as
described in our prior work (Fig. 1. b) [34]. After calibrating the tem-
perature, the furnace was heated to 500 °C with a ramp rate of
25 °C/min. Once the furnace reached the target temperature, 3D
tomographic scans were then collected continuously. The incident X-ray
energy was set to 8.33 keV to ensure an optimized imaging contrast. The

field of view was 51.2 x 43.2 um? with a pixel size of 40.0 nm. Each
projection was collected with 50 ms exposure time, and a full tomo-
graphic measurement of 180° took ~2 or 3 min. Tomographic re-
constructions were conducted using a python package Tomopy [38,39].
The Dragonfly (2020.1, Object Research Systems Inc) and Avizo
(Thermo Fisher Scientific, v9.3) software were used to visualize the 3D
reconstructed volumes.

3. Results and discussion

3.1. Tracking the early stages of molten salt corrosion using quasi in situ
TEM

Molten salt corrosion-induced microstructural changes were tracked
at four different locations (I-IV) of the Ni-20Cr TEM sample. These lo-
cations were selected randomly after the first iteration of corrosion and
were tracked over subsequent iterations. Fig. 2a-c show STEM bright-
field (STEM-BF) images of Location I after three iterations of molten
salt corrosion, namely, 20, 40, and 60 s, respectively. Molten salt
corrosion caused the formation and subsequent growth of cracks in the
Ni-20Cr TEM sample as shown in Fig. 2a-c. The extent of corrosion
damage was measured in terms of crack width at the edge and crack
length. Molten salt corrosion for 20 s formed a relatively small crack
0.2 ym wide and 1.5 ym long as shown in Fig. 2a. After the second
corrosion iteration (i.e., 40 s), the crack width increased from 0.2 ym to
1 um, and the crack length increased from 1.5 pym to 3.8 pm as shown in
Fig. 2a and b. The crack that formed after 20 s corrosion at Zone 1
continued to broaden after 40 s, as shown in Fig. 2a and b. It should be
noted that a narrow region of the crack in Zone 2 after the second
iteration (40 s) indicates propagation of corrosion damage, leading to an
increase in the overall crack length (see Fig. 2b). Fig. 2c shows the
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Fig. 2. STEM-BF images of the Ni-20Cr TEM sample (Location I) after corrosion in molten KCI-MgCl, at 500 °C for (a) 20 s, (b) 40 s, and (c) 60 s.

microstructure after the third iteration of corrosion (60 s). Both the
crack width and length increased significantly to 1.7 ym and 5.5 pm,
respectively, as shown in Fig. 2c. Corrosion propagation followed a
similar pathway in the second iteration (40 s). The crack continued to
broaden in Zone 1 and Zone 2, followed by a narrow, extended region at
Zone 3 as shown Fig. 2c.

Selected area electron diffraction (SAED) pattern analysis in TEM
was performed by choosing regions close to and on either side of the
cracks shown in Location I, as shown in Fig. 3. The SAEDs (Fig. 3b-f)
showed that among the four cracks analyzed, three were intergranular
(marked with black solid arrows and numbers 1-3 in Fig. 3a) and one
was intragranular (marked with a blue dashed arrow and number 4 in
Fig. 3a). The intergranular crack denoted by number 2 is the same one
tracked with corrosion time in Fig. 2. It should be noted that the intra-
granular crack was small as compared to the intergranular cracks (see
Fig. 3a). This observation supports the assertion that GBs are the most
preferred attack sites at early stages of molten salt corrosion in this
system. The dotted red rectangle in Fig. 3a points to a region where
thinning along the GBs likely occurred, just before the formation of
cracks. Therefore, the formation of cracks can be attributed to prefer-
ential material removal along GBs from both surfaces (top and bottom)
of the TEM disc sample because of molten salt corrosion. This means that

(a) Intragranular
attack ~

Intergranular
attack

molten salt corrosion of bulk sample will result in the formation of
grooves along the GBs rather than the cracks due to attack only on one
surface.

Fig. 4a and b show the microstructural evolution of Location II of the
Ni-20Cr TEM sample after the first two iterations of quasi in situ corro-
sion (20 s and 40 s). The microstructure of Location II shows the for-
mation of cracks at various locations after the first corrosion iteration
(see Fig. 4a). The formation of a new crack (indicated by the solid red
arrow in Fig. 4b) can be observed after the second corrosion iteration
(40 s). This means that the corrosion process also propagates by new
localized attacks to form cracks, along with growth of existing cracks.
Similar to our observations at Location I, the broadening of existing
cracks is evident in Fig. 4 (see dotted yellow circles). The corrosion
attack is not limited to the formation of cracks but also the dissolution of
edges of the TEM disc sample at locations indicated with green dotted
arrows in Fig. 4a and b. After 60 s corrosion, most features in this
location (II) were fully dissolved and therefore not included in Fig. 4.

High magnification STEM-BF images in Fig. 5 focus on a crack tip
(Location III) to understand the corrosion propagation mechanisms.
After 20 s corrosion, the microstructure shows that a part of the Ni-20Cr
alloy near the crack tip denoted by a yellow arrow (see Fig. 5) remains
undissolved, while corrosion and salt penetration occur around it. The

Fig. 3. STEM-BF image (a) and corresponding SAED patterns (b-f) at different locations in Ni-20Cr TEM sample (Location I) after corrosion in molten KCI-MgCl; at
500 °C for 60 s. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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Fig. 4. STEM-BF images of Ni-20Cr TEM sample (Location II) after corrosion in molten KCI-MgCl, at 500 °C for (a) 20 s and (b) 40 s. (For interpretation of the
references to colour in this figure, the reader is referred to the web version of this article.)

Fig. 5. STEM-BF images of Ni-20Cr TEM sample (Location III) after corrosion in molten KCI-MgCl, at 500 °C for (a) 20 s and (b) 40s.

white dashed line tracing the salt/alloy interface illustrates this phe-
nomenon clearly. Fig. 5b confirms that the second iteration of corrosion
(40 s) dissolves this remaining Ni-20Cr alloy part to form a wider crack
tip as compared to 20 s corrosion (see Fig. 5a). The morphology of the
undissolved Ni-20Cr alloy part after 20 s corrosion (Fig. 5a) and its
subsequent dissolution during the second iteration of corrosion provide
an important visualization of the propagation of molten salt corrosion
along the cracks.

Fig. 6 shows a STEM-BF image (Fig. 6a) and its corresponding EDS
line scan (Fig. 6b) and maps (Fig. 6¢) of another crack feature (Location
IV) after 20 s corrosion. As mentioned in Section 2.1, after corrosion, the
TEM sample was sonicated in glycerol, followed by further cleaning
using ethanol to remove residual KCI-MgCl, salt. However, some KCl-
MgCl, salt remained in the narrow cracks. This is evident from the line
scan in Fig. 6b, which shows enrichments of Cl, Mg, and K in the crack
region. The line scan also shows a small amount of Ni and Cr in this
residual salt region, indicating alloy dissolution during molten salt
corrosion. The line scan direction is shown in the STEM-BF image in
Fig. 6a. EDS mapping around the crack confirms the enrichment of Cl,
Mg, and K as shown in Fig. 6¢. The features denoted by solid white
circles in Fig. 6a appear to be particles barely clinging on the tip and
edges of the crack. This feature is very similar to the remaining Ni-20Cr
alloy part observed in Location III in Fig. 5a. The EDS mapping in Fig. 6¢
shows that these particles are Ni-rich and Cr-depleted. This means that
Cr preferentially dissolves in the salt, leaving behind Ni-rich particles

attached to the cracks. The wider crack tip in Fig. 5b proves that these
Ni-rich particles will eventually dissolve with additional corrosion time.

3.2. Visualizing the later stages of molten salt corrosion using in situ X-ray
nano-tomography

The in situ synchrotron X-ray nano-tomography results are presented
in Fig. 7. The 2D pseudo cross-sectional views along the transverse (XY
plane, Fig. 7a) and longitudinal (YZ plane, Fig. 7b) directions show the
morphological evolution of a Ni-20Cr microwire with increasing reac-
tion time in molten KCI-MgCl, salt at 500 °C. The morphologies at the
initial and final time points are shown in an enlarged view, for both the
XY view (red rectangles) and ZY view (blue rectangles). The onset of the
corrosion propagates rapidly, creating sharp features; these features in
the early corrosion stage are consistent with grain boundary attack as
seen in the TEM analysis, while the TEM provides higher resolution to
resolve the details.insitu

The interesting phenomenon from the TXM analysis is that, with
prolonged reaction time, the dissolution of Cr occurred at the salt/alloy
interface, leading to the formation of voids. This evolution is better
observed with the 3D volume rendering view of the region near the
interface (green dashed rectangle in Fig. 7a), as shown in Fig. 8. The
voids are shown in yellow in Fig. 8a. With increasing time, the voids,
which are filled with molten salt, propagated from the salt/alloy inter-
face into the center of the sample. At ~ 121.2 min, these pores can be
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Fig. 6. STEM-EDS (a) mapping and (b) line scan and (c) EDS mapping of a Ni-20Cr TEM sample with residual salt (Location IV) after corrosion in molten KCl-MgCl,

at 500 °C for 20 s.

Fig. 7. 2D XY (a) and YZ (b) planes of the Ni-20Cr morphology evolution during the insitu heating experiment. The green frame highlighted the region for 3D
visualization in Fig. 8. Enlarged views are shown for the initial and final time points, with further details shown in Fig. 8 as 3D views. (For interpretation of the
references to colour in this figure, the reader is referred to the web version of this article.)

observed at the center of the wire. Subsequently, the size of the voids
became larger with prolonged reaction time at 500 °C as shown in
Fig. 8b. From ~106-138 min, the voids gradually grew larger. Notice-
ably, the initial voids remained elongated in shape, resembling the
cracks observed in STEM. These elongated voids or connected long

cracks then grew laterally, which indicates that the corrosion attacked
into the grain as shown in the red arrow. Here, the interplay of several
chemical reactions and transport mechanisms leads to the progression of
the material’s morphology, which is discussed in the next section.
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Bl Pore
Ni-20Cr

Fig. 8. 3D views of the selected region in Ni-20Cr showing pore propagation from the metal-salt interface to the center of the sample. (a) An overview of the 3D
morphological evolution in the region near the interface as highlighted in Fig. 7 with green dashed rectangles. (b) A representative region (red rectangle from a)
shows the growth of the pores into the grain after grain boundary corrosion as indicated by the red arrow. (For interpretation of the references to colour in this figure,
the reader is referred to the web version of this article.)

3.3. Fundamental understanding of corrosion mechanisms mechanisms of various stages of molten salt corrosion and morpholog-
ical evolution in the Ni-20Cr alloy. Fig. 9a shows a schematic repre-
The quasi in situ TEM study provides valuable insights into sentation of microstructure evolution as a function of corrosion time.
Quasi in situ TEM Intragranular
(a) Time (s) —* corrosion (b) Crack tip

Cr ions

Early stages

Intergranular Crack/pore formation

corrosion and salt penetration

KCl1-MgCl, salt

© -\ \ \

Ni-rich particle formation/
Selective leaching of Cr

-

Cr depletion

Molten salt corrosion of Ni-20Cr

Later stages

Time (min) —

In situ X-ray nanotomography

Fig. 9. Schematic representation of (a) corrosion at grain boundaries, (b) formation of Ni-rich particles in the molten salt during quasi in situ corrosion of Ni-20Cr
TEM sample, (c) a schematic representation of the corrosion of the Ni-20Cr microwire during the in situ X-ray nano-tomography characterization.
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Corrosion damage in the TEM sample mainly manifests as cracking,
crack growth and broadening as shown in Fig. 9a. The cracking occurred
because of localized material removal on both surfaces (top and bottom)
of the TEM sample and the corrosion attack fronts on top and bottom
surfaces along same GB met each other soon after corrosion due to the
small thickness of the TEM disc sample. The STEM-BF image and SAEDs
in Fig. 3 indicate that these cracks formed preferentially along the GBs.
The GB thinning observed in Fig. 3 demonstrates preferential inter-
granular material removal. Intergranular attack during ex situ molten
salt corrosion studies has been reported by several researchers over the
years [8,40-45]. The material removal or leaching and intergranular
corrosion in multicomponent alloys could be the result of selective
dissolution of the least noble alloying element, in this case, Cr [8,9,33,
41,43-51].

A continuous leaching process leading to crack and pore formation
requires both chemical reactions and mass transport processes to take
place. In a molten salt bath with a static, isothermal environment, the
primary transport mechanism is solid-state diffusion of alloying ele-
ments towards the salt/alloy interface to react with the molten salt. The
oxidation reactions of the alloy components (Ni and Cr) with molten salt
leads to dissolution (Egs. 1-3). It should be noted that oxidized Cr exists
as either Cr*t or Cr* (Eq. 2). Our previous work on EELS character-
ization of ex situ Ni-20Cr alloy corrosion revealed that dissolved Cr was
primarily in the trivalent form cr®t [52]. The oxidation states of ele-
ments in a molten salt depend on multiple factors such as reaction
thermodynamics and the presence of impurities such as oxygen, water,
or other elements [47,53]. EELS characterization was not performed in
this work due to the relatively large thickness of residual salt in the quasi
in situ Ni-20Cr TEM sample.

Cr(a[[[,y) = Cr(z:;h) +2e” (])
Crﬁfam = Cr?;m +e” 2)
NiGattoy) = Nioyy +2€ 3)

It is well known that diffusion coefficients of alloying elements in
GBs are often higher than in the lattice [47,54]. Chen et al. [54] reported
GB diffusion coefficients of Cr to be a few orders of magnitude higher
than its volume diffusion coefficients in various Ni-Cr-Fe alloys. The
preferential intergranular attack can be attributed to faster diffusion of
Cr in GBs as compared to the lattice of Ni-20Cr. The Cr diffusion and
subsequent dissolution in the molten salt eventually creates voids along
the GBs which are then filled with molten salt, leading to an advancing
corrosion front (in this case, GB cracks) [9,12,13,33,47,55-57]. The salt
penetration in the cracks is evident in the EDS line scan and the EDS map
in Fig. 6 and illustrated in the schematic diagram in Fig. 9a. The selective
Cr dissolution was successfully visualized using the quasi in situ TEM
technique (Fig. 6). The Ni-rich/Cr-lean particle formation close to the
salt/alloy interface (see Figs. 5 and 6) is not only evidence of preferential
Cr dissolution but also provides direct visualization and insight on how
corrosion fronts propagate during the early stages of molten salt corro-
sion for the first time. This Ni-rich/Cr-lean particle formation process is
illustrated in the schematic diagram in Fig. 9b. Ni dissolution should
follow Cr dissolution during the molten salt corrosion as shown in
Figs. 5b and 9b. Although effects such as preferential attack on GBs and
selective leaching of active elements like Cr are well known in the
molten salt corrosion community, the reported results provide the first
nanoscale observations of morphological and chemical changes associ-
ated with GB attack.

It is worth noting that along with intergranular cracks, some small
intragranular cracks were also observed after molten salt corrosion as
shown in Fig. 3. The intragranular cracking may depend on the surface
or edge conditions of the TEM sample. It is well known that surface
conditions such as roughness and impurities can act as corrosion initi-
ation sites and have a profound impact on the severity of corrosion [58,
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The broadening and growth of cracks are illustrated in Fig. 9a. With
subsequent corrosion, it is possible that all intergranular and intra-
granular cracks intersect and connect to form a network such that small
pieces of Ni-20Cr alloy can detach from the bulk. The cracks can even-
tually broaden and become larger than the grain size itself, which can
obscure knowledge of the initial attack sites during molten salt corro-
sion. The quasi in situ TEM study effectively provides a detailed visual-
ization of key events and corrosion processes during the early stages of
molten salt corrosion which is not often possible with ex situ studies.

In conjunction, the in situ X-ray nano-tomography work here imaged
3D morphological evolution during molten salt corrosion in real-time
toward the later stage of the reaction. As mentioned, the interplay of
several chemical reactions and transport mechanisms (primarily diffu-
sion, as explained) leads to the progression of the material’s
morphology. In addition to the GB corrosion mechanism, additional
diffusion mechanisms may be considered for corrosion propagation into
the grains during molten salt corrosion. Firstly, after the Cr preferen-
tially reacted out along the GBs, the bulk diffusion of Cr or Ni could
occur due to a concentration gradient in the Ni-20Cr alloy (i.e. the GBs
are Cr depleted and Ni-rich). However, Zhou et al. indicated that bulk
diffusion would be too slow to compensate for the formation of pores at
650 °C [60]. The temperature used in our current study was 500 °C
which means that the bulk diffusion of Cr and Ni would be even slower
to replenish the loss of Cr at the metal-salt interface resulting in a
broadening of the intergranular pores into the grain.

Moreover, previous studies proposed a percolation dealloying
mechanism in molten salt corrosion forming a bicontinuous porous
structure at 800 °C [19,33]. Interestingly, no obvious bicontinuous
porous structure formed in this study at 500 °C. This may be attributed
to the complex chemical reactions and interfacial conditions in the
molten salt corrosion environment. For instance, the solubility of CrCl3
is ~10.9 mol.% in KCIl-MgCl, (50-50 mol.%) at 800 °C [19]. The solu-
bilities and diffusion rates of corrosion products at 500 °C in the molten
salt would be lower than at 800 °C. A local accumulation of corrosion
products may suppress the selective dissolution of Cr. On the other hand,
the surface diffusion of Ni would be too slow at 500 °C to sustain a
coarsening process, which is a pre-requisite to creating the porous
structure. Snyder et al. suggested that without coarsening, the noble
element could passivate the surface [61]. Because of the relatively low
temperature, after the initial dissolution of Cr, Ni may passivate the
grain surface from further corrosion into the grain. Further analysis and
simulation are needed to quantify how different diffusion processes
during molten salt corrosion influence the morphological evolution.

Quasi in situ TEM and in situ X-ray nano-tomography techniques
proved to be complementary to each other. The major connection be-
tween the two techniques is that the formation of interconnected pores
observed during the early stages of the in situ X-ray nano-tomography
measurements can be explained by the quasi in situ TEM experiments,
where nucleation and subsequent lengthening/broadening of cracks
along grain boundaries and within grains can eventually cause the
cracks to merge with each other. The cracks in the TEM sample can be
perceived as 2D versions of the pores in the bulk sample. The subsequent
in situ synchrotron X-ray nano-tomography gives 3D visualization of
further evolution of interconnected pores. Due to very small length
scales, localized nature of corrosion attacks and rapid growth of corro-
sion front from initial attack site, ex situ microstructural characterization
is often not enough to understand key corrosion events and their evo-
lution with time. The ability to observe microstructural and chemical
evolution of an entire corroded area with time distinguishes this work
from previously reported ex situ corrosion work. The combination of the
two techniques provides a more complete picture of molten salt corro-
sion, starting from early-stage local corrosion phenomena in TEM to
interconnected pore structure formation during prolonged corrosion
time in TXM. In the future, these techniques can be used to study the
effects of alloying elements, grain size/orientation, the presence of
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fission products in the salt, irradiation (defects and segregation
behavior), and stress (deformation) on molten salt corrosion. Some of
this work is already underway in our Molten Salts for Extreme Envi-
ronments (MSEE) Energy Frontier Research Center (EFRC). The time-
dependent 2D (quasi in situ TEM) and 3D (in situ X-ray nano-
tomography) microstructures obtained in this work can be a great
resource to benchmark simulations predicting microstructural evolution
during molten salt corrosion. Recently, Wang et al. [62] used cellular
automata simulations to predict the corrosion of Ni alloys in molten
chloride salt systems. The Yellowjacket program using MOOSE (Multi-
physics Object Oriented Simulation Environment) framework at INL is
also modeling molten salt corrosion behaviors with mesoscale phase
field simulations [63,64].

4. Conclusion

Quasi in situ TEM and in situ X-ray nano-tomography work enabled
direct observation of time-dependent evolution of molten salt corrosion
at their respective time and length scales. Quasi in situ TEM work was
successful in understanding mechanisms during early stages of molten
salt corrosion and visualizing corrosion phenomena at the nanoscale.
The quasi in situ TEM technique observed three major phenomena linked
to molten salt corrosion: intergranular corrosion, advancing of the
corrosion front, and preferential dealloying. In situ X-ray nano-
tomography work was successful in understanding 3D microstructure
and evolution of interconnected pore-salt networks in real-time. This
work provides a basis to utilize this correlative approach to gain a
fundamental understanding of molten salt corrosion involving more
complex combinations of alloys and salts, and to aid in the design and
development of new structural materials and methods to mitigate
molten salt corrosion.
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