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Corrosion of structural materials is a key engineering challenge for the development of molten salt
reactors (MSRs). Metal ion impurities in the salt, which are inevitable due to their natural evolution in a
reactor (e.g., fission products, corrosion products, etc.) can significantly impact the corrosion
performance of structural materials. In this work, we investigated the effects of one fission product, Eu
in its 3+ oxidation state, on the corrosion behaviors of pure Nimetal andNi-20Crmodel alloy inmolten
LiCl-KCl eutectic using in situ optical spectroscopy, post-corrosion inductively coupled plasmamass
spectrometry (ICP-MS), and electron microscopy-based techniques. The EuCl3-containing salt was
found to be extremely corrosive to both Ni and Ni-20Cr. Detailed microstructural characterization
revealed that pure Ni primarily exhibited planar corrosion fronts with occasional shallow intergranular
attacks, while Ni-20Cr alloy showed severe localized intergranular attacks with selective Cr leaching
and salt penetration near grain boundaries. Additionally, this study uncovered the unique intragranular
crystallographic attack of Ni-20Cr under exposure to EuCl3-containing salt. Overall, these findings are
crucial for understanding how oxidizing salt impurities such as EuCl3 affect corrosion reactions and
diffusion kinetics at the salt-material interface, thereby influencing corrosion microstructure evolution
pathways.

Molten metal halide salts are prime candidates for use as high-temperature
heat transfer fluids in concentrated solar power (CSP) plants1, molten salt
reactors (MSRs)2,3, and electrochemical media for pyrochemical processing
of spent nuclear fuel, metal extraction, batteries and catalysis4–7. MSR
technology stands out amongstGeneration IVnuclear reactor concepts as it
uses amixture ofmolten salt coolant and soluble fuel that circulates between
the reactor core and the heat exchanger. While many MSR designs utilize
fluoride salts, chloride salts have gained attention for fast reactors due to the
low neutronmoderation of chlorine.Molten chloride salts offer advantages
such as lowermelting temperatures, higher solubility offissilematerials, and
lower costs compared to fluoride-based systems8,9. However, corrosion of
structuralmaterials in the presence ofmoltenchlorides remains a significant
challenge. Understanding material degradation under extreme environ-
ments offered by molten salt is therefore critical for the development and
demonstration of sustainable energy systems such as MSRs10–12.

The native passive oxide layers formed on many structural alloys help
them resist corrosion in high-temperature, oxygen-containing

environments.However, these passive oxide layers are reported either to not
formor to lose their protective ability inmolten halide salts, according to the
literature12–14, leading to corrosion degradation through direct interfacial
reactions betweenbare alloy and salt. Corrosion inmolten salts is influenced
by a variety of factors including thermodynamics, the presence of oxidizing
salt impurities, gradients in activity, solubility, temperatures and residual
stresses, irradiation damage, and galvanic effects due to secondary phases in
the structural alloy10–12,14–19. Redox potential vs. temperature diagrams
indicate that alkali chlorides are very stable and thermodynamically should
not have any reaction with structural materials11. Nevertheless, even well-
purified salt in MSRs will contain impurities such as fission products from
fuel burnup, including rare earth elements such as La, Nd, Ce, Eu, Pr, Sm,
etc.20, which can enter molten salts as stable ions, corrosion products (e.g.
metal ions like Ni2+, Cr2+, Cr3+, and Fe3+, etc.)21–23, and moisture, given the
hygroscopic nature of some chloride salts10. Many of these impurities are
known to severely accelerate the corrosion of structural alloys by increasing
the oxidation potential of molten salt24–28. Among these rare earth fission
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products, Eu is unique in possessing two salt-stable oxidation states (Eu2+

and Eu3+) inmolten chloride salts, whereasmost others (La, Nd, Ce, Pr, Sm)
are stable only as 3+ ions and therefore lack a readily accessible reduction
pathway to drive oxidation of structural metals.

Previous reports have demonstrated various microstructures observed
during molten salt corrosion of structural alloys. Commonmicrostructural
features reported in the literature include grain boundary (GB) attack
(intergranular corrosion), selective leaching of the most electrochemically
susceptible alloying elements (e.g., chromium (Cr)), resulting in their
depletion followed by void formation and salt penetration along GBs, and
percolation dealloying. In our previous work, we directly visualized inter-
granular corrosion and Cr depletion inNi-20Cr alloy during both early and
later stages of molten salt corrosion in KCl-MgCl2 salt using novel quasi
in situ transmission electronmicroscopy (TEM) and in situ synchrotron 3D
nanotomography techniques29. Recently, Yang et al.30 proposed a new
mechanism called ‘wormhole’ type intergranular corrosion, where parts of
GBs inNi-20Cr alloy were attacked in an interconnectedwormhole fashion
after exposure to molten fluoride salt. Liu et al.31 observed percolation
dealloying-type bi-continuous salt-filled porous structures during in situ
synchrotron 3D tomography studies of Ni-20Cr exposed to KCl-MgCl2 salt
at 800 °C. In contrast, at lower temperatures (500–600 °C), the same system
exhibits intergranular corrosion, likelydue to the relative rates of diffusionof
elements/ion species and reaction rates at the salt-metal interface for the
different microstructure evolution pathways observed during molten salt
corrosion16.

Metal ion additives in molten salts can directly influence corrosion
behavior, including morphological evolution, due to their redox potentials
relative to structural metals and their ability to modify interfacial chemical
kinetics and mass transport rates21. For example, the fission product euro-
pium (Eu) has two salt-stable oxidation states, Eu2+ and Eu3+. In molten
chloride salts, the formal potential of the Eu3+/Eu2+ redox couple is con-
siderablymore positive than the redox couples ofNi, Fe, andCr, theprimary
components of structural alloys32–34. A more positive Eu3+/Eu2+ redox
couple suggests that Eu3+ has a strong tendency to reduce to the Eu2+ state.
Consequently, Eu3+ acts as a potent oxidant, facilitating the oxidation of
these metals and leading to their accelerated dissolution in the salt. Guo
et al.32 studied the corrosion of Alloy 709 stainless steel and Inconel 718 Ni-
based superalloy in LiCl-KCl eutectic molten salt with added EuCl3. The
addition of EuCl3 caused severe dissolution of alloying elements as well as
intergranular and intragranular cracking in both alloys. Chang et al.25

reported that the addition of 2% EuCl3 increased the corrosion rate of
commercial alloys like Haynes C276, Inconel 600, Inconel 800, and SS316L
by over two orders of magnitude. These early reports clearly established the
detrimental effects of Eu3+ on the corrosivity of molten chloride salts.
However, they did not report a detailed analysis of the mechanisms behind
the interfacial andmicrostructural evolution of the structural alloy. Further
systematic studies are needed to identify how the reactivity of Eu3+ impacts
salt and alloy chemistries, reactions at the interface and thereby micro-
structural evolution during molten salt corrosion.

In this study, we utilized in situ optical spectroscopy along with post-
corrosion ICP-MS to investigate the evolution of salt chemistry during the
corrosionofNiandNi-20Crmodel alloy inmoltenLiCl-KCl salt, both in the
absence andpresence of 1 wt%EuCl3. Togain a deeper understanding of the
corrosion mechanisms, we examined the nanoscale microstructural and
chemical evolution at the interface of corroded Ni and Ni-20Cr samples
using scanning transmission electron microscopy (STEM) coupled with
energy-dispersiveX-ray spectroscopy (EDS), precession electron diffraction
(PED) and electron energy loss spectroscopy (EELS) techniques. Addi-
tionally, we employed the three-dimensional (3D) focused ion beam-
equipped scanning electron microscopy and EDS (3D FIB-SEM-EDS)
tomography technique to visualize and analyze the complex localized cor-
rosion features, particularly in Ni-20Cr exposed to EuCl3-containing salt.
Our goal is to fundamentally understand the physicochemical processes at
the salt-material interface that governmicrostructural evolution inNi-based
model systems (Ni and Ni-20Cr alloy) under exposure to molten chloride

salts with oxidizing additives like EuCl3. This fundamental study provides
insights thatwill informcorrosionmodeling and simulation, aswell as guide
future strategies to understand and mitigate the corrosion of complex
engineering alloys in molten salts in the presence of impurities.

Results and discussions
In situ optical spectroscopy measurements during corrosion
The optical spectra of the molten LiCl-KCl and LiCl-KCl-1wt%EuCl3 salts
after the addition ofNi andNi-20Crwires are shown in Fig. 1. Figure 1a and
b display the spectral monitoring of Ni wire dissolution in LiCl-KCl and
LiCl-KCl-1wt%EuCl3molten salts, respectively. It is evident that absorption
peaks corresponding to Ni2+ (due to Ni dissolution) are detectable only in
the LiCl-KCl-1wt%EuCl3 mixture. Similarly, for Ni-20Cr, a clear growth of
Ni2+ absorption spectra is evident in the LiCl-KCl-1wt% EuCl3 mixture
(Fig. 1d). The absence of any detectable Ni2+ in systems without EuCl3
(Fig. 1a and c) demonstrates that EuCl3 plays a crucial role in promoting the
oxidative dissolution of bothNi andNi-20Cr. Comparing the dissolution of
Ni andNi-20Cr wires in LiCl-KCl-1 wt% EuCl3 (Fig. 1b and d), it is evident
that the Ni2+ absorption peaks for Nimetal are much stronger as compared
to the Ni-20Cr alloy. It is worth noting that Cr2+ and Cr3+ ions were not
detected in the optical spectra during thedissolutionofNi-20Crwire in both
LiCl-KCl and LiCl-KCl-1 wt% EuCl3 (Fig. 1c and d). The lack of observed
Cr2+ and Cr3+ peaks in the salt could be explained by the formation of Cr
oxide particles, as shown later in Section 3.3 (see Fig. 6).

Chemical analysis of salt after corrosion using ICP-MS
To determine the concentration of Ni and Cr species corroded into the salt,
the post-corrosion solidified salt was analyzed with the ICP-MS technique.
After the corrosion of Ni wire, the LiCl-KCl salt showed negligible dis-
solution of Ni at 0.048 ppm, compared to a significantly higher 39.8 ppm in
the LiCl-KCl-1wt%EuCl3 salt. This indicates that the addition of 1 wt%
EuCl3 in LiCl-KCl increased the dissolution of Ni by approximately ~800
fold for the Ni wire sample. Similarly, for Ni-20Cr wire, dissolution of Ni
into LiCl-KCl salt was 0.036 ppm, while it was substantially higher (over
~600 fold) at 22.8 ppm in LiCl-KCl-1wt%EuCl3. The dissolution of Cr from
Ni-20Cr wires into LiCl-KCl and LiCl-KCl-1wt%EuCl3 was 12.8 ppm and
497ppm, respectively, indicating that the additionof 1 wt%EuCl3 causedan
approximately 40-fold increase in Cr dissolution. It is worth noting that Cr
dissolution in both LiCl-KCl and LiCl-KCl-1wt%EuCl3 was significantly
higher than Ni dissolution by ~360 and ~22 fold, respectively. This obser-
vation alignswith thewidely reported selective leachingofCr in alloys due to
its electrochemically less noble nature.

Post-corrosion characterization using electron microscopy
To gain mechanistic insights into the microstructural and interfacial
changes resulting from corrosion, detailed post-corrosion character-
ization of the Ni and Ni-20Cr samples was carried out using advanced
electron microscopy techniques. Figure 2a displays a STEM bright-field
image and the corresponding EDS mapping of the interface between
pure Ni metal and LiCl-KCl salt after corrosion. The microstructure
reveals intergranular corrosion and salt penetration, as indicated by the
cyan color arrows in Fig. 2a. The EDS elemental composition results for
region 1 (salt region near the interface) and region 2 (Ni metal region
near the interface), are shown in the form of doughnut charts in Fig. 2b.
The salt region shows significant dissolution of Ni (~20.8 at%) near the
interface, along with the notable concentrations of lithium (35.2 at%),
chlorine (~10 at%) and oxygen (~33.6 at%), but negligible potassium
(~0.3 at%). The significant oxygen content in the salt region could be due
to the hygroscopic nature of the salt even in a well-controlled glovebox
environment, and it indicates strong involvement of oxygen in corrosion
reactions near the interface. As expected, the EDS composition analysis
of region 2 (Ni metal) shows elemental Ni at ~ 96.2 at%.

To assess the impact of EuCl3 addition, similar characterization was
performed on Ni samples corroded in LiCl-KCl-1wt%EuCl3. Figure 3a
shows a STEM bright-field image and the corresponding EDS mapping of
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the interface between LiCl-KCl-1wt%EuCl3 salt and pure Ni metal. The
shallow intergranular attack with salt penetration is evident in the micro-
structure as indicated by the cyan colored arrows in Fig. 3a. Based on the
EDSmapping, salt region is divided into two regions, namely,K-rich (region

1) and Ni- and O-rich (region 2), as shown in Fig. 3a. The Ni metal is
represented by region 3. Figure 3b shows the EDS elemental composition
analysis of regions 1, 2 and 3. Region 1 constitutes 49.8 at% K and 47.7 at%
Cl, closely matching pure KCl, along with small amounts of Ni, Li and O.

Fig. 2 | STEM-EDS analysis of Ni corroded in LiCl-KCl without EuCl3. a STEM-bright-field image and corresponding EDS maps of the salt-metal interface, (b) EDS
elemental composition (at%) analysis of regions 1 (salt) and 2 (Ni metal).

Fig. 1 | In-situ optical spectroscopy during molten salt corrosion.Optical spectra recorded during the in situ corrosion experiments of (a) Ni in LiCl-KCl, (b) Ni in LiCl-
KCl-1wt%EuCl3, (c) Ni-20Cr in LiCl-KCl, and (d) Ni-20Cr in LiCl-KCl-1wt%EuCl3, at 4-min intervals during isothermal heating at 500 °C.

https://doi.org/10.1038/s41529-026-00874-w Article

npj Materials Degradation Article in Press

www.nature.com/npjmatdeg


This provides strong evidence of phase separation of the salt into Li- and
K-rich regions during solidification. Consequently, region 2 is Li-rich in
addition toNi andO.EDS results for region2 show35at%Li, 20.9 at%ofNi,
33.3 at% of O and 10.5 at% of Cl and negligible K. This result is similar to
whatwas observed for pureNi corrosion inblankLiCl-KCl shown inFig. 2a,
b, where Ni and O tend to partition to the Li-rich part of the salt during
solidification. It is assumed that this result may not significantly impact
corrosionmechanisms because the molten salt itself a well-mixed LiCl-KCl
eutectic mixture (blank or with EuCl3), and elemental partitioning likely
occurred only during solidification.

Similar analysis was carried out on Ni-20Cr samples corroded in LiCl-
KCl to examine the role of Cr in corrosion. A STEM bright-field image and
corresponding EDS mapping of the interface between Ni-20Cr and LiCl-
KCl salt are shown inFig. 4a. TheNi-20Cr alloy shows veryfine grains at the
surface as confirmed by the STEM bright-field image in Fig. 4a and the
orientation mapping obtained by using the PED technique in TEM (see
Fig. 4b). These fine grains were already present in as-received Ni-20Cr alloy
before corrosion as shown in STEM bright-field image in Fig. S1 in sup-
plementary information. The intergranular attack is evident from the
STEM-BF indicated by the cyan colored arrows in Fig. 4a. The EDSmaps of

Fig. 3 | STEM-EDS analysis of Ni corroded in LiCl-KCl with 1 wt% EuCl3. a STEM bright-field image and corresponding EDS maps of the salt-metal interface, (b) EDS
elemental composition analysis of regions 1 and 2 (salt), and 3 (Ni metal).

Fig. 4 | STEM-EDS-PED analysis of Ni-20Cr corroded in LiCl-KCl. a STEM
bright-field image and corresponding EDS maps of salt-alloy interface at low
magnification, (b) PEDorientationmap ofNi-20Cr fromdotted red rectangle region

in Fig. 4a, (c) EDS elemental composition analysis of region 1 (salt), 2 (Cr depleted
Ni-20Cr alloy) and 3 (Ni-20Cr alloy).
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Cl and K reveal salt penetration in the pore regions around the fine-grained
surface region. The EDS mapping also revealed Cr depletion in the fine-
grained surface region. The Cr loss was even stronger at the GBs (see inset
image at the Crmap from thewhite dotted square region). This implies that
the GBs were preferential diffusion pathways for Cr to selectively leach out
in the molten salt. It is clear that all the corrosion features, including
intergranular attack, salt penetration and Cr depletion, were limited around
the fine-grained surface region (~2 µm from the surface), and there is no
indication of damage in the larger bulk grains. Figure 4c shows EDS com-
position analysis from region 1 (salt near the interface), region 2 (larger bulk
grains of Ni-20Cr alloy away from the salt-alloy interface), and region 3 (Cr
depleted surface fine grains of Ni-20Cr alloy). The EDS elemental compo-
sition analysis of region 1 (salt) shows 50.4 at% Li, 22.9 at% Cl, 20.1 at% O
and5.2 at%Niwith small amounts ofK (0.8 at%) andCr (0.5 at%). Based on
previous discussions, the smaller amount of K likely indicates a pre-
dominantly Li-rich salt. Interestingly, although the microstructural and
microchemical features obtained from STEM-EDS suggest a stronger dis-
solution of Cr compared to Ni, the salt region near the interface is mostly
rich in Ni rather than Cr (see Fig. 4c, EDS quantification of region 1).
However, the ICP-MS analysis in section 3.2 does indicate that Cr dis-
solution in the bulk LiCl-KCl salt was approximately 360 times higher than
that of Ni. The EDS elemental composition analysis of bulk grain (region 2)
shows the expected20.1 at%Cr, in contrast to the outerCrdepleted grains in
(region 3) of Ni-20Cr alloy, which contain only 5.7 at% Cr, as shown
in Fig. 4c.

Figure 5a shows a STEM bright-field image and corresponding EDS
mapping of the interface between a Ni-20Cr sample and LiCl-KCl-1wt%
EuCl3 salt. EDSmapping showsCr depletion in the outermost regions of the

sample. The corresponding PED orientation map in Fig. 5b shows fine
grains in the outermost sample, but these grains are not attached to the
larger bulk grains of Ni-20Cr alloy. This suggests that heavy GB attack and
salt penetration caused the outer fine grains to detach and float in the salt
near the interface. The EDS map of Cl suggests extensive salt penetration
alongGBs throughout the entire lamella (height ~ 10 µm).The cyan colored
arrows in the STEM-BF image in Fig. 5a indicate regions of intergranular
attack. TheEDSmapsofCrandNialso indicate significantCrdepletion and
thereby Ni enrichment in the regions close to the GBs of larger bulk grains.
This behavior is different from the Ni-20Cr corroded in blank LiCl-KCl,
where the larger bulk grains were spared from corrosion attack (see Fig. 4).
One notable feature observed after the corrosion of Ni-20Cr in LiCl-KCl-
1wt%EuCl3 was intragranular attack (see orange arrows in Fig. 5a). This
behavior is discussed in detail in the following paragraphs.

EDS elemental composition analyses of different regions are shown in
Fig. 5c. Region 1 represents Cl-rich salt, region 2 represents Cr-depleted
floatingfine grains, and region 3 represents larger bulk grains of theNi-20Cr
alloy. Region 1 shows enrichment of Li (59.5 at%), Cl (18.4 at%) andO (21.3
at%) with small concentrations of dissolved Ni (0.6 at%). However, the
microstructure of Ni-20Cr after corrosion in LiCl-KCl-1wt%EuCl3 indi-
cates strong selective leachingofCr and aggressive salt penetrationdeep into
the material, the latter of which suggests significant dissolution of Ni. The
ICP-MS results (Table 1) show significant amount of Cr andNi in the LiCl-
KCl-1wt%EuCl3 salt after corrosion of the Ni-20Cr alloy. This result is
consistent with the STEM-EDS analyses that indicate extensive localized
corrosion of Ni-20Cr alloy in EuCl3-containing salt. The STEM-EDS of the
salt region at high magnifications are shown in Fig. 6 and are further dis-
cussed in the following paragraphs. Region 2 represents heavily Cr-depleted

Fig. 5 | STEM-EDS-PED analysis of Ni-20Cr and LiCl-KCl-1wt%EuCl3 salt
interface. a STEM bright-field image and corresponding EDS maps of salt-alloy
interface at lowmagnification, (b) PED orientation map of Ni-20Cr from dotted red

rectangle region in Fig. 6a, (c) EDS elemental composition analysis of region 1 (salt),
2 (Cr depleted Ni-20Cr alloy) and 3 (Ni-20Cr alloy).
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outer fine grains. The EDS elemental composition analysis shows amajority
of Ni and a negligible amount of Cr at 0.16 at%. The small concentrations of
Cl andOmay be due to the surrounding salt region, further confirming very
strong Cr depletion in Ni-20Cr after corrosion in EuCl3-containing salt.
Region 3 represents one of the larger grains of Ni-20Cr, showing amajority
ofNi and 17.7 at% of Cr. Thismeans someCr depletion also occurred in the
larger bulk grains of the Ni-20Cr alloy.

To further investigate the localized chemical environment near the
interface, high-resolution imaging was performed on the salt region
adjacent to Ni-20Cr. Figure 6a shows high-magnification STEM-BF
images and the corresponding EDSmapping of the LiCl-KCl-1wt%EuCl3
salt near the interface (region 1 of Fig. 5a). EDS mapping reveals various
regions of interest in the salt labeled as regions 1, 2, 3 and 4. Figure 6b
shows EDS elemental composition analysis of these regions. Region 1 is
predominantly Ni-rich, with a concentration of 88.5 wt%. This suggests
that these are likely breakaway grains of Ni-20Cr alloy that have lost
almost all Cr due to selective leaching and significant amounts of Ni,
which led them to shrink in size. The small concentration of Cl and O
could indicate that the grains are embedded in the surrounding salt.
Region 2 is also Ni-rich (46.9 wt%) but contains substantial amounts of Li
(33.3 at%), Cl (11.1 at%), and O (24.1 at%) as well. Notably, this region
contains negligible amounts of dissolved Cr. Region 3 is primarily rich in
Li (57.4 at%), Cl (23.2 at%), and O (18.1 wt%), with negligible K, Cr, and

Ni, implying that it largely consists of LiCl and Li2O. Lastly, region 4 is Cr-
rich (19.8 at%) with significant amounts of Cl (26 at%), Ni (12.1 at%), and
O (33.2 at%) as well.

To visualize the three-dimensional structure of corrosion pathways
and elemental segregation at the interface, Fig. 7 shows 3D FIB-SEM-EDS
tomography of the interface between LiCl-KCl-1wt%EuCl3 and Ni-20Cr
alloy. 3D EDS reconstructions of different elements of the salt region near
the salt-alloy interface are shown in Fig. 7a. The phase separation of salt
into K-rich and Li-, Ni-, and O-rich salt is evident from Fig. 7a. Cr is also
present in certain areas within the salt, and its 3Dmorphology agrees well
with the Cr STEM-EDS map shown in Fig. 6a. The 3D FIB-SEM tomo-
graphy of salt/void interconnected network along the GBs in Ni-20Cr is
shown in Fig. 7b. The single slice view SEM images in Fig. 7c also show
corrosion attacks along GBs, twin boundaries (TBs) and triple junc-
tions (TJs).

To further examine the intragranular corrosion features observed in
Ni-20Cr after corrosion in LiCl-KCl-1wt%EuCl3, Fig. 8a, b present
STEM-BF images and corresponding EDS mappings of the intra-
granular attack region in Ni-20Cr near the salt-alloy interface at low and
high magnifications, respectively. Figure 8a reveals interesting direc-
tionality, indicating orientation dependence in both the Cr depletion
pathways and subsequent salt penetration. Figure 8b confirms Cr
depletion and salt penetration in channels that are 10–15 nmwide. Some
channels exhibit only Cr depletion, while others show salt penetration to
a certain depth followed by Cr depletion. The salt penetration suggests
the dissolution of Ni in addition to Cr. Figure 8c shows EDS line scans on
two channels, one showing Cr depletion and another showing salt
penetration. The line scans indicate that Cr reaches approximately 1–3 at
% in the channel. In the first channel, without salt penetration, Ni
enriches to more than ~70 at%, while in the second channel with salt
penetration, Ni goes below 50 at%. This indicates significant dissolution
of Ni in the salt. It is also possible that the channels do not span the entire
thickness of the TEM lamella.

To analyze the directionality of these intragranular attack channels, we
aligned the larger Ni-20Cr grain with the 001½ � zone axis and acquired

Table 1 | ICP-MS analysis of salt composition after corrosion
(units: ppm (10-4 wt%))

Sample Salt Composition

Ni Cr

Ni LiCl-KCl 0.048 ± 0.002 -

LiCl-KCl-1wt%EuCl3 39.8 ± 1.4 -

Ni-20Cr LiCl-KCl 0.036 ± 0.001 12.8 ± 0.4

LiCl-KCl-1wt%EuCl3 22.8 ± 0.8 497 ± 15.7

Fig. 6 | High-magnification STEM-EDS analysis of the LiCl-KCl-1wt%EuCl3 salt. aHigh-magnification STEM bright-field image and corresponding EDS maps of LiCl-
KCl-1wt%EuCl3 salt, (b) EDS elemental composition analysis of different regions of interests.
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STEM-BF images. The low-magnification on-zone STEM-BF overview
image in Fig. 9a showsdifferent intragranular corrosion regions. Figure 9b, c
show the high-magnification images of the regions denoted by cyan and
yellow dashed squares in Fig. 9a. The selected area diffraction pattern
(SADP) and corresponding stereographic projections are shown in Fig. 9d,
e. The stereographic projection shows the orientation of different crystal-
lographic planes. From Fig. 9b, c, it is evident that Cr depletion and salt
penetration occurred preferentially along the 001f g family of crystal-
lographic planes in the FCC lattice of the Ni-20Cr alloy.

Chemical reactions during corrosion
Corrosion in molten salts is a complex process where the rates of chemical
reactions and elemental diffusion in surfaces/interfaces, in molten salts and
in structural materials play a significant role in determining the extent and
the nature of damage16,21,29,31,35–37. In this work, the combination of in situ
optical spectroscopy, ICP-MS, and electron microscopy techniques was
used to gain insights into the governing mechanisms behind the chemical
evolution of salts and themicrostructural evolution of pure Ni andNi-20Cr
model alloy duringmolten salt corrosion in the presence of highly oxidizing

Fig. 7 | 3D FIB-SEM-EDS tomography of the interface between LiCl-KCl-1wt%
EuCl3 andNi-20Cr alloy. a 3D elemental reconstructions showing phase separation
in the salt and distribution of key elements near the interface, and (b) 3D

morphology of a larger volume showing surface salt and GB attack in Ni-20Cr alloy.
c Single-slice SEM images highlighting extensive corrosion attacks at GBs, TBs
and TJs.

Fig. 8 | STEM-EDS analysis of the intragranular attack region of Ni-20Cr. STEM bright-field images and corresponding EDS maps near the salt-alloy interface at (a) low
and (b) high magnifications, (c) EDS line scans along intragranular corrosion channels.
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EuCl3. The reactions by which EuCl3 oxidize alloying elements like Ni and
Cr while reducing itself to EuCl2 are expressed as follows:

Niþ 2EuCl3 ! NiCl2 þ 2EuCl2 ð1Þ

Cr þ 3EuCl3 ! CrCl3 þ 3EuCl2 ð2Þ

Cr þ 2EuCl3 ! CrCl2 þ 2EuCl2 ð3Þ
To better understand the thermodynamic driving forces behind the

observed corrosion behavior, we evaluated the Gibbs free energies of these
relevant redox reactions (normalized as kJ/mol of e- transferred). Figure 10

shows the Gibbs free energy of these reactions (ΔGrxn) obtained using HSC
Chemistry software38. In the context of the reactions betweenCr and EuCl3,
the ΔGrxn values are more negative, which indicates a higher thermo-
dynamic tendency for chromium to dissolve during corrosion. It must be
noted that, although Ni is more noble than Cr in the presence of EuCl3, its
ΔGrxn values are still negative, indicating that the reaction is spontaneous
(see Fig. 10). This means that Cr and Ni dissolution is thermodynamically
spontaneous in the presence of EuCl3, withCr showing a higher tendency to
dissolve, consistent with its more negative ΔGrxn values. This is evident in
the ICP-MS measurements, where significant Ni dissolution was seen after
corrosion of Ni and Ni-20Cr in EuCl3-containing salt. Moreover, Cr dis-
solution from Ni-20Cr wire after corrosion in LiCl-KCl-1wt%EuCl3 was

Fig. 9 | On-zone STEM imaging and diffraction analysis of Ni-20Cr corroded in
LiCl-KCl-1wt%EuCl3. a Low magnification STEM bright-field image of the salt-
alloy interface showing an intragranular corrosion region, (b, c) high-magnification
STEMbright-field images of intragranular corrosion regions denoted by dotted cyan

and yellow squares in (a, d) selected area diffraction pattern (SADP) from Ni-20Cr
alloy region, (e) corresponding stereographic projection showing orientations of
different planes.

Fig. 10 |Gibbs free energy of reaction (ΔGrxn) for the
relevant reactions (normalized as kJ/mol of e-

transferred) studied in this work.
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considerably higher ( ~ 22 times) than the amount of dissolved Ni, con-
sistent with the calculated thermodynamic driving forces. However, ther-
modynamic driving forces alone cannot account for the dramatically
enhanced dissolution rates in EuCl3-containing salt compared to blank
LiCl-KCl. The Eu3+/Eu2+ redox couple is fast and reversible in LiCl-KCl33,34,
facilitating rapid electron transfer at the metal surface and thereby sig-
nificantly lowering the activation barrier for Ni and Cr dissolution. EuCl3 is
therefore the primary oxidant driving accelerated corrosion in EuCl3-con-
taining salt.

It is worth noting that corrosion progresses in the blank LiCl-KCl as
well, even if it is to a much smaller extent as compared to that in EuCl3-
containing salt. The corrosion experiments and subsequent characterization
in this paper were conducted in a manner that the exposure to air and
moisture was kept as low as possible, but the cuvette was still open to the
glovebox atmosphere. It is well known that chloride salts are extremely
hygroscopic so the presence of trace amounts of residualmoisture in the salt
cannot be ruled out. Accordingly, the STEM-EDS and FIB-EDS tomo-
graphy results clearly indicate the considerable presence of oxygen near the
salt-material interface in all samples. In the molten chlorides, the residual
moisture can dissociate to form oxygen ions and HCl by the following
reaction39,40:

H2Oþ 2Cl� ! O2� þ 2HCl ð4Þ

Previous studies have shown that the presence of even very small
amounts of moisture in molten chloride salts can lead to the formation of
HCl and dramatically increase corrosion rates of structural alloys (by 1–2
orders of magnitude)10,35,41,42. The primary oxidant that drives the corrosion
in the absence of EuCl3 is actually HCl, according to reactions (5-6) listed
below.

Niþ 2HCl ! NiCl2 þH2 ð5Þ

Cr þ 3HCl ! CrCl3 þ
3
2
H2 ð6Þ

2EuCl3 þ 3H2O ! Eu2O3 þ 6HCl ð7Þ

We compared ΔGrxn values at 500 °C for HCl and EuCl3-driven oxi-
dation reactions (see Fig. 10). AlthoughHCl-drivenNidissolution is slightly
positive at 500 °C (ΔGrxn ¼ þ5:1kJ=molof e�Þ the H₂ generated by the
reaction can continuously escape from the molten salt. The resulting
decrease in H2 activity shifts the reaction equilibrium toward the products,
allowing a limited amount of Ni dissolution to be seen during corrosion in
blank LiCl-KCl. The HCl-driven Cr dissolution remains spontaneous,
consistent with the small but measurable Cr content in the salt after cor-
rosion. EuCl3 itself is also very stable in the presence ofmoisture. TheΔGrxn
of the possible reaction between EuCl3 and moisture (see reaction (7)) is
positive (ΔGrxn ¼ þ42:1kJ=mol), making it thermodynamically unfavor-
able. EuCl3 therefore dominates corrosion through the combination of
sufficient thermodynamic driving force, high concentration (1 wt%), and
fast electron transfer kinetics via the Eu3+/Eu2+ redox couple33,34.

The chemical analysis of the interfacial salt using EDS clearly reveals
that oxygen is mainly collocated with Ni and Li-rich regions of salt after
solidification. Thepresence ofNi2+ peaks during in situ optical spectroscopy
measurements with both pure Ni and Ni-20Cr alloy wires in LiCl-KCl-1wt
%EuCl3 salt means that Ni dissolves as a soluble product. The anodic
reaction involving dissolution of Ni to Ni2+ ions in the molten salt as
expressed in reaction (5) for blank LiCl-KCl and reaction (1) in the case of
EuCl3-containing salt. These Ni2+ ions can react with O2- ions to form
insoluble NiO as shown in reaction (8). Depending on local changes in the
oxygen potential due to the consumption of O2-, the reaction (8) can reverse
itself to form Ni2+ ions again42,43. This means that the resulting Ni-rich
corrosion product can be a mixture of soluble Ni2+ ions and insoluble NiO
that are in equilibrium. STEM-EDS results of all samples showLi,Ni,O, and

Cl-rich salt regions, which are likely to be a mixture of oxides/oxychlorides
of Li and Ni. We couldn’t identify these compounds using the current
results. It is interesting to note that K-rich salt regions show negligible Ni,
meaning most Ni ions partition to Li-rich corrosion products. The STEM-
EDS-EELS results ofNi-20Cr corroded in LiCl-KCl-1wt%EuCl3, showCr in
the oxide form (Fig. 6), Cr2O3 as per reaction (9). It is thermodynamically
favorable for Cr2O3 to form at amuch smaller oxygen potential thanNiO43.
The solubility of Cr2O3 in molten chloride salts is very low ( ~ 0.1 wt% at
727 °C inNaCl-KCl44, andexpected tobe lower still at 500 °C.Consequently,
Cr3+ ions precipitate rapidly as insoluble Cr2O3 particles rather than
remaining as dissolved ionic species, explaining the absence of Cr2+/Cr3+

peaks in optical spectra. These particles migrate into bulk salt, consistent
with Fig. 6 (Region 4), and are captured by ICP-MS acid digestion, recon-
ciling the apparent discrepancy between the three characterization techni-
ques. Guo et al.32, have shown oxide products forming as powders away
from the salt-material interface. Although EuCl3 is a primary oxidant in
EuCl3-containing salt, the presence of moisture still plays an important role
in the formation of corrosion products.

Ni2þ þ O2� ! NiO ð8Þ

2Cr3þ þ 3O2� ! Cr2O3 ð9Þ

Planar and intergranular corrosion of Ni
Microstructural evolution can be better visualized using the schematic
representation shown in Fig. 11a-d. In pure Ni, the corrosion manifests
mainly as shallow intergranular cracks in both molten LiCl-KCl and LiCl-
KCl-1wt%EuCl3. The GB attack can be attributed to their higher free
energies as compared to the bulk, which makes them thermodynamically
more susceptible to corrosion. The in situ optical spectroscopy and ICP-MS
measurements clearly indicate much higher dissolution of Ni in LiCl-KCl-
1wt%EuCl3 as compared to LiCl-KCl. This means the intergranular cor-
rosion rate is only slightly higher than the planar corrosion rate. At the
surface, the area of the grain interior exposed to the molten salt is clearly
higher than that of the near-GB region. This means that most dissolved Ni
erodes from the surface of exposed grain interiors, as shown by double
arrows Fig. 11a, b, suggesting a dominant planar corrosion front.

Pure Ni coatings are amongst one of the alternatives to mitigate cor-
rosion of structural alloys exposed to molten salts. Ni-coated alloys have
shown 1-2 orders of magnitude improvement in molten salt corrosion
resistance depending on the processing techniques, microstructures and
thicknesses of coatings45–50. Bhave et al.47 used phase field simulations to
study the effectiveness of Ni coatings on Ni-Cr alloys. The corrosion
resistance of Ni coating was attributed to the decrease in fast diffusion paths
forCr along the coatingGBs.They showthat lower susceptibility to localized
corrosion in pure Ni can be beneficial to mitigate molten salt corrosion
damage. However, our results indicate that rapid dissolution of Ni in the
presence of strongly oxidizing additives like EuCl3 still cannot be avoided.

Intergranular corrosion of Ni-20Cr
In Ni-20Cr alloy, localized corrosion seems significantly more dominant
compared to planar corrosion, as shown in Fig. 11c and d. In both LiCl-KCl
andLiCl-KCl-1wt%EuCl3, corrosion initiates primarilywithCr depletion in
the near-GB regions, followed by Ni dissolution and salt penetration. The
severity of corrosion is markedly higher in LiCl-KCl-1wt%EuCl3 than LiCl-
KCl, with GB attack extending deep into the material, far beyond the salt-
material interface. The selective dissolution of Cr over Ni is consistent with
thermodynamic predictions for molten salt systems10,11,29,51–54. To under-
stand this process better, we also estimated self-diffusion (DSÞ and grain
boundary diffusion coefficients (DGB) of both Cr and Ni elements in Ni-
20Cr alloy using the data available in Moulin et al.’s paper55. The diffusion
coefficient of Cr in bulk (DCr

S ¼ 1:0 × 10�22 m2=s) is 8 orders of magnitude
slower than in GBs (DCr

GB ¼ 1:9 × 10�14 m2=s when GB width is 0.5 nm). It
should be noted that bulk diffusion involved in Cr loss is highly non-
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equilibrium,but it is unlikely to surpass an8-order-of-magnitudedifference.
Similarly, the diffusion coefficient ofNi in bulk (DNi

S ¼ 4:7 × 10�23 m2=s) is
6 orders of magnitude slower than in GBs (DNi

GB ¼ 4:5 × 10�17 m2=s when
GBwidth is 0.5 nm). Thismeans Cr diffuses fast alongGBs outward toward
the salt interface, where it is consumed by dissolution as CrCl2/CrCl3. The
preference for intergranular corrosion can be attributed to the selective
dissolution of Cr along fast diffusion pathways like GBs52,56. However, the
bulkdiffusionofCr fromgrain interiors toward theGBs is too slowat 500 °C
to replenish the Cr being lost along these short-circuit paths. This creates a
vacancy-rich, Cr-depleted zone immediately adjacent to the boundary
because Cr has left lattice sites faster than bulk transport can refill them. Ni
atoms, beingmobile along the same short-circuit GB paths and through the
bulk at 500 °Ccanpartiallyfill someof those vacant sites.However,Ni is also
being consumed by corrosion as NiCl2, especially in EuCl3-containing salt,
where it is thermodynamically favored, albeit to a lesser extent than Cr (see
Fig. 10). The near-GB regions supersaturated with vacancies can condense
into stable voids. These voids are interconnected along the boundary net-
work and become accessible to the molten salt, which wets them
readily10,11,29,52,54,57. This is evident from the 3D FIB-SEM-EDS results in
Fig. 7c. In addition to GBs, corrosion attacks also occurred along TBs and
TJs (see Fig. 7c).

It is surprising that although ICP-MS studies showed significant dis-
solution of Cr, STEM-EDS studies suggest that its occurrence near the salt-
alloy interface andwithin pores was limited as compared to dissolvedNi. Cr

dissolution likely occurs earlier and faster thanNi. Cr ions diffusewithin the
salt away from the interface in search of oxygen and form oxides, leading to
sparse occurrence of Cr-rich oxides (see Fig. 6) in the interfacial STEM-EDS
results but relatively higher concentrations of Cr in ICP-MS analysis of bulk
salt after corrosion. The significant number of Ni-rich regions in the salt
near the interface can be attributed to dissolution from largely Cr-depleted
and Ni-rich interfacial alloy regions. Mills et al.54 reported the formation of
interconnected salt-filled pores in Ni-20Cr after corrosion in molten LiF-
NaF-KF (FLiNaK) salt with EuF3 as an additive. These interconnectedpores
showedCr-rich layers at salt-alloy interfaces, whichwere attributed to time-
dependent lattice diffusion of elements from alloy to pore surface to
maintain a Cr-rich surface that is energetically favorable compared to a Ni-
rich surface facing the salt54. In this study, we mainly observed Ni-rich
surfaces facing salt after corrosion. This means that the fundamental cor-
rosion processes in molten salts are extremely complex and influenced by
multiple factors, such as the thermodynamics of salt-alloy interfaces, mass
transport of both elements within the alloy and salt after dissolution, and
need to be studied systematically using clever experimental and modeling
techniques in the future.

Intragranular crystallographic corrosion of Ni-20Cr
The STEM-EDS images of Ni-20Cr corroded in LiCl-KCl-1wt%EuCl3 also
showed a very interesting type of intragranular crystallographic corrosion
where dissolution of Cr and then followed by Ni occurred along different

Fig. 11 | Schematic diagram depicting corrosion mechanisms in Ni and Ni-20Cr exposed to LiCl-KCl with and without 1 wt% EuCl3. aNi in LiCl-KCl, (b) Ni in LiCl-
KCl-1wt%EuCl3, (c) Ni-20Cr in LiCl-KCl, and (d) Ni-20Cr in LiCl-KCl-1wt%EuCl3.
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variants of 100f g planes (see the magnified schematic of intragranular
corrosion region in Fig. 11d). The crystallographic corrosion has been
reported before. Guo et al.’s32 work on EuCl3-induced corrosion of Inconel
718 Ni-based superalloy in LiCl-KCl molten salt also showed multiple
intragranular cracks seemingly originating from existing intergranular
cracks in different grains, but did not explain the reasons. Chan et al.37,
studied corrosion of pure Cr in molten FLiNaK salt with different electro-
chemistry techniques under open circuit as well as different applied
potentials. A faceted microstructure, indicative of crystallographic attack,
was observed after corrosion when the corrosion rate was controlled by
charge transfer processes as opposed to salt-film-mediated mass-transport
regimes37. Our previous work on quasi in situ TEM of Ni-20Cr TEM disc
sample showed single intragranular (i.e., transgranular) cracking after
corrosion in molten KCl-MgCl2 salt. Recently, Evered et al.58 observed
faceted morphology along 100f g family of planes in 316 stainless steel
samples after exposure to molten FLiNaK salt. It was attributed to pre-
ferential adsorption of F- ions on 100f g family of planes which acted as
corrosion site blockers and effectively increased the activation energy of
corrosion reactions. The crystallographic corrosion behavior in the form of
transgranular non-slip plane microcleavage behavior has been observed
during stress corrosion cracking in aqueous environments. Zhu et al.59,
proposed a cleavage dissolutionmodel to explain preferential brittle rupture
along low surface energy 100f g planes with synergistic anodic dissolution of
crack fronts in 316 L stainless steel exposed to boiling MgCl2 solution. The
low surface energyof 100f gwas attributed to synergistic adsorptionofHand
Cl atoms in the octahedral interstices of 100f g planes.

We utilized DFTmethods to calculate surface energies of 100ð Þ, 110ð Þ,
and 111ð Þ planes in Ni-20Cr. The surface energies of the three crystal-
lographic planes were calculated for all surface terminations. After relaxing
all the structures and calculating the surface energies, it was found that,
depending on the surface terminations, there was a range of possible
energies for each crystallographic direction. For the twenty different ter-
minations possible in the 100ð Þ surfaces, the surface energy varied between
2.32 J/m2 and 2.52 J/m2. In this case of the 110ð Þ surfaces, the surface
energies varied between2.49 J/m2 and2.67 J/m2,while for the 111ð Þ surfaces,
the surface energy ranged from 2.11 J/m2 to 2.30 J/m2. Comparing the
surface energies the order of increasing surface energy, and therefore
decreasing stability of the surfaces, is determined to
be 111f g < 100f g < 110f g.

When there is ongoing dissolution in a concave geometry (as in the
experiment), it is expected that slow facets appear and persist in accordance
with the kinetic Wulff shape construction60,61. Thus, kinetically, the
appearance of the 100f g facet at the corrosion frontwouldbe explained if it is
most stable against corrosion. Our DFT calculations show the full vacuum
phase ordering as 111f g < 100f g < 110f g. By this ordering alone 111f g
should be the least corrosion-susceptible surface, a prediction consistent
withArkoub et al.‘s62 ReaxFF-MDstudy ofNi-25Cr alloy exposed tomolten
FLiNaK salt. Yet this is not what we observe: neither in our experiments nor
the literature shows 111f g as the least corrosion-susceptible surface. In fact,
the cross-section of channel walls in Fig. 9c showed facets/terraces with
100f g orientation, indicating that the 100f g-oriented channel walls have the
lowest interfacial energy.

Sun et al.63 showed that localCr content at the surface ofNi-12Cr alloys
can alter the vacuum surface-energy ordering: varying the near-surface
concentration shifts the ordering from 111f g < 100f g < 110f g at zero Cr to
110f g < 111f g < 100f g at full Cr coverage. This clearly indicates that the
surface energy ordering is dependent on local Cr content. However, across
the range of surfaceCr contents examined, Sun et al.63 never identified 100f g
as the lowest energy surface, so Cr depletion alone does not fully account for
why 100f g is preferentially selected. These results indicate that vacuum
surface energy is not the governing descriptor of corrosion susceptibility in
this system, but rather the salt-alloy interfacial energy and/or kinetic stability
(not thermodynamic stability), which need not follow the same ranking, are
likely the more relevant parameters. For example, greater anion adsorption
may lead to lower interfacial energy or allow molten salt to penetrate the

surface layer, thereby increasing the corrosion rate62,64. The experimental
observation of 100f g-oriented channel walls thus confirms the thermo-
dynamic stability (i.e., low interfacial energy) and kinetics stability (i.e., the
low corrosion rate) of the 100f g facets.

We are the first to report such deep, narrow channel intragranular
crystallographic corrosion morphology after molten salt exposure. It is
worth noting that the mechanisms presented here are speculative because
the metal-salt interfacial energies, orientation-specific anion adsorption
behavior, or the facet-resolved dissolution kinetics are not known for this
specific alloy-salt system. This remains an open question and will require
extensive combined experimental and computational research work in the
future.

Summary
This paper investigated the effects of EuCl3 addition in themolten LiCl-KCl
salt on the corrosionmechanisms of pureNi andNi-20Crmodel alloy using
novel in situ optical spectroscopy, post-corrosion ICP-MS chemical analysis
of salt, and electron microscopy analysis of salt-material interface. The
molten LiCl-KCl-1wt%EuCl3 salt was found to be extremely corrosive for
bothpureNi andNi-20Cr alloy andcaused accelerateddissolutionofNi and
Cr as compared to blank LiCl-KCl. In both Ni and Ni-20Cr, significant
dissolution ofNi in the formofNi2+ ionswas confirmed using in situ optical
spectroscopy measurements when exposed to EuCl3-containing molten
salt. The post-corrosion ICP-MS chemical analysis of the salt showed an
800-fold increase inNidissolution inpureNi and600- and22-fold increases
in the dissolution of Ni and Cr from Ni-20Cr alloy, respectively, due to the
addition of EuCl3 in salt.

In pure Ni, the microstructure showed the presence of shallow cracks
along the GBs after corrosion in both LiCl-KCl and LiCl-KCl-1wt%EuCl3.
This is because corrosion was dominated by planar dissolution of Ni with
occasional localized attacks at the GBs. In the Ni-20Cr alloy, the micro-
structure was strongly dominated by localized intergranular attack with
selective leaching of Cr in both LiCl-KCl and LiCl-KCl-1wt%EuCl3. The
extent of corrosion attackwas very severe in theNi-20Cr sample corroded in
theLiCl-KCl-1wt%EuCl3 salt, with intergranular corrosion accompaniedby
pore formation, salt penetration, and extensive Cr depletion along the GBs.
This paper also uncovered a unique intragranular corrosion mechanism in
Ni-20Cr when exposed to EuCl3-containing salt. The intragranular attack
manifested in the form of small channels (~10–15 nm width, several
microns in length and height) with salt penetration along different variants
of 100f g crystallographic planes. This behavior was attributed to thermo-
dynamic and kinetic stability of 100f g crystallographic planes undermolten
salt attack.

Methods
In situ optical spectroscopy
Drawn wire samples (diameter = 1mm, length = 10mm) of pure Ni and
Ni-20Cr model alloy were procured from Alfa Aesar and used as received.
Anhydrous LiCl-KCl eutectic (99.99% purity, trace metals basis), EuCl3
(99.99%purity, tracemetals basis),NiCl2 (99.99%purity, anhydrous), CrCl2
(99.99% purity, anhydrous), CrCl3 (99.99% purity, anhydrous) were
sourced from Sigma-Aldrich and used as received. All procedures involving
salt handling and in situ optical spectroscopy measurements were con-
ducted within an argon-filled glovebox (Vacuum Technologies Inc.),
maintaining oxygen andmoisture levels below 0.1 ppm. Figure 12a shows a
schematic representation of the in situ optical spectroscopy corrosion
experimental setup. We utilized a Cary 5000 spectrophotometer, outfitted
with deuterium and tungsten lamps to enable coverage across the
ultraviolet-visible-near infrared spectrum from 200 to 2300 nm. High-
temperature fiber optic cables, rated for up to 700 °C and sourced from
Fiberguide, Inc., connected the externally located spectrophotometer to a
customhigh-temperature spectroscopy furnace housed inside the glovebox.
Molten salt samples were placed in a 1 cm optical pathlength quartz cuvette
placed on a graphite-constructed multi-cell rack to capture absorption
spectra in transmission mode. Further intricacies of our high-temperature

https://doi.org/10.1038/s41529-026-00874-w Article

npj Materials Degradation Article in Press

www.nature.com/npjmatdeg


spectroscopy system are described elsewhere65. To ensure accuracy, the
wavelength calibration of the spectrophotometer, from 280 to 880 nm, was
validated using a NIST-certified didymium perchlorate reference material.
This aqueous solution is sealed in a high-grade far-UV quartz cell, with
certificate number 72641.

Prior to use, quartz cuvettes were cleaned with isopropanol and
vacuum-dried at 125 °C overnight, along with custom quartz lids designed
to minimize salt volatilization at elevated temperatures. Each cleaned cuv-
ette was loaded with 5 g of LiCl-KCl eutectic salt and equilibrated at 500 °C
to establish a baseline spectrum (black spectrum, Fig. 12b). To obtain
reference optical spectra, LiCl-KCl was doped individually with 0.01 wt%
NiCl2, 0.1 wt% CrCl3, 0.02 wt% CrCl2, 0.01 wt% EuCl3 and 1 wt% EuCl3.
After two hours of melting at 500 °C for homogeneity, distinct optical sig-
natures were recorded for each chloride: NiCl2 (400-800 nm, red), CrCl3
(450-1100 nm, pink), CrCl2 (600-1400 nm, blue) and EuCl3 (200-400 nm,
green), as shown in Fig. 12b. A spectrum corresponding to 1 wt% EuCl3 in
LiCl-KCl (cyan curve, Fig. 12b), referred to as LiCl-KCl-1wt%EuCl3
throughout this work, shows saturated EuCl3 peaks in the UV region.
Importantly, in case of 1 wt% EuCl3, the visible and near IR range
(400–1200 nm) remains spectrally clear, ensuring clear identification of
NiCl2 and CrCl3/CrCl2 species. Ni wires were introduced into two separate
cuvettes containingmolten LiCl-KCl, one loadedwith 1 wt%EuCl3 and one
without EuCl3, to compare corrosion behavior in the presence and absence
of the oxidizing agent. Ni-20Cr wires were tested in a similar manner. The
concentration of 1 wt% EuCl3 was selected to provide sufficient oxidant to
drive measurable dissolution of Ni and Cr while maintaining Ni2+ con-
centrations within the linear detection range of the spectrophotometer. As
shown in Fig. 12b, at this concentration EuCl3 saturates only the UV region
(200–400 nm), leaving the 400–1200 nm window spectrally clear for
unambiguous identification of Ni2+ and CrCl2/CrCl3 species. This con-
centration is also comparable to the 2 wt% EuCl3 used by Chang et al.25,
where EuCl3was added to increase the corrosion driving force to observable
levels over short test durations. In situ optical spectrawere collected in cyclic
mode every 4minutes during the corrosion test, with a total of 40 and 60
cycles (160 and 240minutes) for Ni and Ni-20Cr, respectively, in both salt
conditions.

Post-corrosion characterization
After in situ optical spectroscopy experiments, the saltwas allowed to cool to
room temperature under an argon inert atmosphere and the Ni and Ni-
20Cr wires were retrieved inside the glovebox. The salt was ground and
analyzed for chemical composition using an ICP-MS technique (Agilent

7900).Approximately 0.5 gof the salt samplewasdissolved in 10mLof trace
metal gradeHNO3 anddilutedwith ultrapurewater (18.2MΩ/cm). A range
of quality assurance/quality control (QA/QC) measures were implemented
to ensure the validity of the results, including blanks, duplicates, indepen-
dent calibration verifications (ICV), and sample spikes, all of which met
acceptance criteria ( ± 10% for blanks and duplicates; ±15% for sample
spikes).

The Ni and Ni-20Cr wires were intentionally left with some residual
salt on their surface for cross section analysis. The TEM lamellae were
prepared from bothNi andNi-20Crwires using in situ lift-out technique in
FIB-SEM instrument (FEI Quanta Dual beam) at the Center for Advanced
Energy Studies (CAES) at Idaho National Laboratory (INL). The STEM-
EDS-EELS analysis was conducted using a Thermo Scientific Titan Themis
200 TEM equipped with Super-X EDS, Gatan Continuum ER EELS. It is
important to note that EDS cannot quantify lithium. We utilized the
principle of charge neutrality to estimate the concentration of Li+ ions to
compensate for the molar excess of anionic O2- and Cl- over cationic Ni2+,
Cr3+ and K+ detected by EDS. The grain orientation mapping was per-
formed using the PED technique using a Nanomegas ASTAR system in the
Thermo Scientific Spectra 300 TEM.

Additionally, the samples were analyzed by 3D FIB-EDS tomography
using a Thermo Scientific Helios G4 multibeam plasma FIB instrument
using serial sectioning technique.Wecollected twoconsecutive frames every
~200 nm, one at 5 kV to reveal grain contrast and another at 30 kV for
getting high EDS counts, yielding two corresponding sets of SEM-EDS
images. The Fast Fourier transform (FFT) method was employed to align
the SEM and EDS images. The aligned stack of SEM and EDS images was
then smoothed and croppedusing theMedian (3D) plugin and the Crop3D
routine in the FIJI package of ImageJ66. Thresholding segmentation was
performed on the SEM images to differentiate the void, light elements (Li
andK) andheavy elements (Ni andCr) regions. Thresholding segmentation
was also used to differentiate the target element regions on the EDS image
stacks. The processed image stacks were then visualized in 3D using the
software Tomviz67.

Surface energy calculations using DFT
The surface energies of the three lower Miller index surfaces 100ð Þ, 110ð Þ,
and 111ð Þ of Ni-20Cr were calculated using density functional theory
(DFT)68,69. All DFT calculations were performed using the projected aug-
mented wave (PAW) method70 within the Vienna Ab-initio Simulation
Package (VASP)71, employing the generalized gradient approximation
(GGA) with the Perdew, Burke, and Ernzerhof (PBE) functional72 for

Fig. 12 | In-situ optical spectroscopy experimental setup and optical absorption spectra of standards. a Schematic representation of the in situ optical spectroscopy
corrosion experimental setup65, (b) Optical absorption spectra of Ni2+, Cr2+, Cr3+ and Eu3+ standards in LiCl-KCl eutectic.

https://doi.org/10.1038/s41529-026-00874-w Article

npj Materials Degradation Article in Press

www.nature.com/npjmatdeg


exchange and correlation. The Ni-20Cr system has a face-centered cubic
structure, and the chemical disorder was simulated using the special quasi-
random structure (SQS)73 as implemented in the Alloy Theoretic Auto-
mated Toolkit (ATAT) software package74. A supercell consisting of 100
atoms (80 Ni atoms and 20 Cr atoms) was created using the SQS method,
and the bulk structure was subjected to geometric optimization while
maintaining the cubic geometry, with an energy cutoff of 400 eV (higher
than the recommended cutoff value) and a k-point mesh of 2 × 2 × 2. The
convergence criteria for the total energy were set to 1 × 10�6 eV. The
Methfessel-Paxton smearing method75 was employed for partial occu-
pancies, with a sigma value of 0.2 eV. After the Ni-20Cr bulk system was
fully optimized, different surface structures corresponding to the 100ð Þ,
110ð Þ, and 111ð Þplaneswere createdusing thePymatgensoftwarepackage76.
A periodic slab model was used to calculate the surface energy, and a
vacuum of 15 Å was introduced to the surface models in the direction
perpendicular to the surface, which is large enough to avoid interactions
between periodic slabs. There were twenty different slab terminations
possible for the 100ð Þ surface, ten for the 110ð Þ surface, and four for the 111ð Þ
surface. For the surface models, the Brillouin zone integration was carried
out using a 2 × 2 × 1 k-point grid centered at the Gamma point. All the
structure with different terminations was then allowed to relax uncon-
strained. The relative stabilities of the Ni-20Cr surfaces were determined
according to their relaxed surface energy (γrÞ as given by Eq. (10)77:

γr ¼
1
2A

Erelaxed
slab � NEbulk

� � ð10Þ

WhereErelaxed
slab is the energy of the slab after relaxation,NEbulk is the energyof

an equal number (N) of the bulk Ni-20Cr atoms, A is the slab surface unit
area, and the factor of 2 reflects that there are two surfaces for each slab.
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