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a b s t r a c t

Understanding compositional and microstructural changes in functional intermetallic

coatings is of great importance for fusion energy and nuclear materials applications. Tritium

(3H) and lithium (6Li, 7Li) transport within a neutron irradiated target rod employing an

aluminide-coated austenitic stainless-steel cladding was investigated using state-of-the-art

multimodal imaging. Specifically, a scanning electron microscope augmented with focused

ion beam (SEM-FIB) was used to prepare lift-out samples of the irradiated coating for micro-

analysis. Scanning transmission electron microscopy (STEM) was used to acquire atomic-

scale information on the coating surface microstructure, morphology, and composition.

Atomic forcemicroscopy (AFM) was used to determine lift-out dimensions nondestructively.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) revealed the presence of carbo-

naceous species and unexpected lithium isotopic distributions in the irradiated tubing, sug-

gesting light isotope mobility between internal target components during irradiation. SIMS

chemical mapping of aluminide coatings at core midplane and lower core locations of the

cladding shows that light isotopic (e.g., 3H, 6Li, 7Li) distributions are different in the irradiated

coating. Advance correlative imaging results suggest lithium transport during the tritium

production process and give new insights into the fundamental transportmechanismwithin

the target during irradiation and non-equilibrium conditions.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
economical cost compared to steels. Although the use of bulk

1. Introduction

Iron aluminide, FeeAl alloys with about 20e50 at. % Al are

among the most widely studied intermetallic compounds due

to their oxidation and wear resistance, low density, and
(X.-Y. Yu), walter.luscher

by Elsevier B.V. This is
).
iron aluminide is limited due to relatively poor low tempera-

ture ductility and poor high temperature creep resistance, its

coatings are frequently utilized to protect steel substrates

[1e4]. Surface characterization techniques are often used to
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interrogate thin coatings and deposits of iron aluminide [5,6].

Many techniques including electronmicroscopy, imaging, and

depth/surface profiling spectroscopy are used [7]. Scanning

electron microscopy (SEM) is a popular choice to characterize

iron aluminide coating [8e13]. For example, the intermetallic

character and mechanical properties of iron aluminide was

elucidated using SEM [14e16]. Another attractive approach is

transmission electron microscopy (TEM) [17e24]. Time-of-

flight secondary ion mass spectrometry (ToF-SIMS) offers

sensitive mapping of elements, isotopes, and molecules with

submicrometer spatial resolution, which makes this an

attractive technique among the known tools used in iron

aluminide characterization [25]. One unique capability of SIMS

is that it can be used to characterize hydrogen isotopes

[26e28], this capability is not available in other microscopy

and microanalysis, such as SEM, TEM, or optical microscopy.

However, its use in coating characterization is not as wide-

spread compared to electron microscopy [29,30]. Advance-

ments in microanalysis and microscopy in the past decade

havemade it possible to study irradiatedmaterials withmuch

improved spatial resolution. SEMeFIB, scanning transmission

electron microscopy (STEM), atomic force microscopy (AFM),

and ToF-SIMS were chosen to validate the hypotheses and

demonstrate the feasibility of studying irradiated materials in

ways that were previously impossible.

Hydrogen isotope production can be achieved by irradi-

atingmaterials or targets with specified isotopic compositions

using neutron irradiation. Target constituent isotopes are

consumed during irradiation through various nuclear pro-

cesses, such as neutron capture and decay, producing a

desired isotope. Target materials are typically held within

irradiation vehicles designed to accommodate the irradiation

environment and often include features that ensure success-

ful containment and recovery of the isotope produced by the

target material. The FeAl3 coating investigated in this work is

part of a tritium breeding target [31]. A stack of annular, 6Li-

enriched lithium aluminate (LiAlO2) pellets is contained

within an austenitic Type 316 stainless steel (316SS) cladding

tube. Tritium is produced in the pellet stack via the following

reaction 6Liþ(n)/4Heþ3H. The pellet stack is surrounded by a

series of concentric tubes that catalyze a variety of surface

reactions including hydrogen reduction and sorption.

Aluminum-rich phases (>16e18 at%), like FeAl3, provide a

protective surface layer of aluminum oxide that offers

enhanced oxidation resistance and forms an effective

hydrogen diffusion barrier [1,32,33], making them frequent

candidates for specialized applications [3,18]. This was the

driver for depositing an aluminide barrier on the inner diam-

eter of the 316SS TPBAR cladding tube. However, the influence

of irradiation on the surface chemistry and structure of the

aluminide coating at the microscale is not well established. In

addition, surface discoloration of the aluminide coating

observed during post irradiation examination indicates that

carbonaceous compoundsmay be deposited during irradiation.

There is carbon impurity in the pellets, likely contributing to

the carbon content [34]. Co-deposition of carbon and hydrogen

isotopes and deposition of hydrogenate carbon radicals and

molecules are a known process for tritium retention in the

tritium barrier surface [35]. Moreover, we investigate the po-

tential gas diffusion of lithium and tritium under elevated
temperature post irradiation examination (PIE), not solid-state

diffusion. Post-irradiation characterization of this deposit and

the aluminide coating is expected to provide additional insight

regarding compositional and structural changes in-service.

Knowing the chemical composition of the surface deposits

will provide new insights into the transport of light elements

and isotopes within the tritium barrier device. Advanced

correlative chemical imaging builds a stronger technical base of

material transport and such information is crucial to improve

our fundamental understanding of material transport under

neutron irradiation and at non-equilibrium conditions.

The iron aluminide coating evaluated in this study was

used as a diffusion barrier on a Type 316SS tube tomitigate the

permeation of tritium (3H), an isotope of hydrogen, from an

isotope producing target [31]. The targets were irradiated for

approximately 500 days and the temperature of the iron

aluminide-coated cladding was about 300 �C. During PIE, black

deposits were observed in isolated locations on the stainless-

steel tube. These observations were made near the bottom of

the target where gaps between target components permit gas

communication between the target material and the FeAl3
diffusion barrier. Concerns over the potential impact of these

deposits on the functionality of the coating prompted a need

for surface deposit chemical characterization.

The potential reaction between the deposit and coating

should be mitigated by a protective alumina barrier on the

coating surface. The possible existence of the carbonaceous

deposit on the iron aluminide coating leads to the hypothesis

that tritium may be transported by carbon compounds and

deposit on the top of the coating during irradiation; thereby

by eluding the components designed for hydrogen sorption.

Additionally, Li isotopes, 6Li and 7Li, may become mobile

during tritium production under elevated temperature. Vol-

atile organic compounds are known to form via radical

induced chain reactions in the gas phase. These products

may participate in the transport of lithium species. The high

temperature and irradiation conditions could potentially

contribute to the carbonaceous deposit formation on the

aluminide coating [36e39]. However, the analysis of irradi-

ated coating materials can be difficult due to the radiological

hazards posed to the operator and the instrument. Other

complications include the fact that all surfaces everywhere

are covered in carbon and distinguishing environmental

carbon from carbon deposited during irradiation is very

difficult using traditional surface analysis methods such as

X-ray photoelectron spectroscopy (XPS).
2. Materials and methods

2.1. Sample selection

A representative target rod was selected in accordance to

previous reports [31]. The irradiated tube was sectioned to

produce a full-round sample (Figs. S1 and S2b). One-eighth of

the full-round sample was used to prepare multiple SEM-FIB

lift-out samples (Fig. S2c). Irradiated tube samples from the

lower core region and coremidplane, approximately 2m apart

during irradiation were used to investigate possible transport

of lithium isotopes along the length of the target rod.

https://doi.org/10.1016/j.jmrt.2021.06.066
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2.2. SEM-FIB

Multiple lift-out samples for STEM, AFM, and ToF-SIMS were

prepared on a Thermo Fisher Helios Dual Beam 660 FIB mi-

croscope [40e43]. Standard cross-sectional TEM lift-out

methods were used for the STEM samples with the ion beam

at 30 kV, followed by attachment with Pt to a TEM grid. A Mo

gridwas used as tritium tends to soak into Cu grids. Thinning of

STEM sampleswere performed in the following: 30 kVat 56�57�

tilt, 16 kV at 54� tilt, 8 kV at 53.5� tilt, and 5 kV at 54� tilt.

Reducing the angle in steps as the accelerating voltage lowered

was used to minimize FIB damage. Final polishing was per-

formed at 2 kV ion milling energy and 59� tilt. A thin layer to Pt

was coated onto the cladding surface to protect the surface

before performing the lift-out process for ToF-SIMS samples.

When multiple lift-out samples were used, they were chosen

close to each other in the irradiated cladding. ToF-SIMS steel

cladding samples were prepared at a reduced size of

10 mm � 10 mm � 4 mm to conform with radiological control

requirements. These samples were first coated with 300 nm of

Pt to protect the surface from the ion beam. Theywere then cut

out with a trenching pattern, similar to the preparation of the

TEM sample. However, the undercut was performed from both

sides with a stage tilt of 22�, making a wedge at the bottom. The

lift-outwas thenweldedwith Pt to the center of a clean Si wafer

prior to AFM and ToF-SIMS analyses.

2.3. STEM

High-angle annular dark field (STEM-HAADF) images were

collected on a JEOL ARM-200CF microscope operating at

200 kV, with a convergence semi-angle of 27.5 mrad and an

inner collection angle of 68 mrad. STEM energy-dispersive X-

ray spectroscopy (STEM-EDS) maps were collected using a

JEOL Centurio detector setup, with a 1 �A probe size, ~120 pA

probe current, 10 ms px�1 dwell time, and 5�10 min total

acquisition time.

2.4. AFM

Height profiles of the SEM-FIB lift-out samples weremeasured

by an MFP-3D Infinity (Asylum/Oxford) atomic force micro-

scope. Tapping mode measurements were performed using a

soft cantilever (AC240TSA-R3, Asylum, 2 N/m spring constant)

with a set point of 3 V, a drive amplitude of 190mV, and a scan

speed of 0.3 Hz. The imagewas leveled using the flat portion of

the substrate (omitting the FIB section and scratches) which

was used as a baseline to determine the average height of the

lift-out plateau.

2.5. ToF-SIMS

ToF-SIMS V spectrometer (IONTOF, GmbH, Münster, Ger-

many) was used for spectral analysis and depth profiling.

Surface mapping of unirradiated cladding samples was ac-

quired in the static mode. 25 keV Biþ was used as the analysis

beam, and data were collected in both negative and positive

ionmodes. Themass spectrometermodewas used to acquire

spectra with high mass resolution for 60 scans. All spectra

were mass calibrated using CH�, OH�, and CN� for the
negative ions and CH2
þ, CH3

þ, C3H3
þ for the positive ions. Mea-

surement reproducibility of unirradiated cladding is illus-

trated in Fig. S4. Additional spectral results are depicted in

Figs. S6 and S7.

The dynamic depth profiling of the unirradiated and irra-

diated cladding lift-out samples were also performed. Nega-

tive secondary ion depth profiling was suitable for 3H�

detection because H� was more sensitive than Hþ. Addition-
ally, H2

� andH3
� interferences wereweak in the negativemode.

Additional H depth profiling and experimental details have

been described in our previous publications [26,27]. In brief,

dual beam depth profiling mode was used. A 2 keV Csþ beam

was used as the sputter beam and the 25 keV Biþ beam was

used as the analysis beam. The Cs beam rastered over a

200 mm� 200 mmsurface for sputtering and Biþ rastered over a

50 mm � 50 mm area for analysis. Depth profiles were acquired

using the non-interlacedmode to reduce the charging effect in

addition to applying the 10-eV electron flood gun. The raster

size of mass spectra, depth profiles, and images was set to

128 � 128 pixels. Data were collected in the negative ionmode

ranging from 650 to 750 scans during depth profiling. The

entire depth profile of the irradiated bottom cladding is shown

in Fig. S8.

2.6. Correlative chemical imaging of irradiated cladding

Fig. 1 depicts sample preparation and themultimodal imaging

workflow employed in this work. These techniques give rich,

complementary information of the same regions of a sample

in a way that area-averaged (e.g., x-ray or neutron-based)

techniques could not offer, especially on activated materials.

Specifically, micrometer-sized irradiated cladding samples

were prepared using SEM-FIB to reduce radiological exposure

to the analytical instrument and the operator (Fig. 1b). STEM

was used to reveal the nanostructure in the suspected

carbonaceous deposit (Fig. 1c). ToF-SIMS was used to gain

significant insights regarding the condition of engineered

coating in this work. Of particular interest to the carbona-

ceous deposit and coatingmaterials, ToF-SIMS provides three-

dimensional (3D) chemical mapping of the material using

depth profiling, thus giving a vivid visualization of the light

isotope distribution within the deposit layer that is postulated

to form due to irradiation and heating (Fig. 1e). AFM (Fig. 1d) is

a nondestructive imagingmethod. It was used to complement

SEM and ToF-SIMS imaging.

Irradiated SEM-FIB lift-out samples from the cladding near

the midplane and near the bottom of the reactor core were

selected for multimodal imaging to investigate the hypothe-

ses. AFM (Fig. 1c and Fig. S3) was used to verify the crater

depth of ToF-SIMS depth profiling and determine the thick-

ness of the surface materials being analyzed. Since the depth

profiling sputtering rate of different materials varies in ToF-

SIMS [44e48], AFM provides a reliable physical measurement

of the crater depth before and after the depth profiling and

ensures the depthmeasurement accuracy [49]. STEM and ToF-

SIMS were used to obtain the most needed information of

morphological and chemical changes and investigate the hy-

potheses. However, STEM could not detect light elements

such as 3H and Li as well as ToF-SIMS.

https://doi.org/10.1016/j.jmrt.2021.06.066
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Fig. 1 eMultimodal chemical imaging of an irradiated tube (a) using (b) SEM-FIB to prepare the lift-out, (c) STEM to determine

nanostructures and elemental mapping, (d) AFM to obtain the lift-out dimensions nondestructively, and (e) ToF-SIMS to

acquire sensitive surface and isotopic, elemental, and molecular 3D mapping.
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3. Results and discussion

3.1. Determination of the carbonaceous deposit

To study the surface condition of the iron aluminide layer,

STEM and ToF-SIMS were performed. Fig. 2 shows energy-

dispersive x-ray spectroscopy (STEM-EDS) maps of the irra-

diated bottom cladding sample, revealing a rough surface

morphology (Fig. 2b). The formation of a clear 50e60 nm

aluminum oxide layer on the surface was observed (Fig. 2c-d),

as well as a thick carbon network consisting of porous, chain-
Fig. 2 e Representative cross-sectional STEM-EDS maps of the u

high-angle annular dark-field (HAADF) STEM images of the por

and O (green) (d), Al (e), and O (f) in the irradiated cladding show
like structures on the surface. The oxide layer is uniform and

present throughout the entire imaging region, while the car-

bon network ismore irregular (Fig. 2b-c). The latter is also only

present in the irradiated sample. The STEM imaging findings

show that a carbonaceous deposit indeed forms on the coating

surface following irradiation.

3.2. Evidence of Li transport during irradiation

ToF-SIMS was used to provide more in-depth analysis of the

carbonaceous deposit composition and spatial distribution in

addition to STEM's elemental and morphological mapping.
nirradiated cladding (a), irradiated cladding (b), closeup

ous carbon network (c), and elemental mapping of Al (blue)

ing the presence of a surface oxide layer.

https://doi.org/10.1016/j.jmrt.2021.06.066
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Two types of SIMSmeasurements were performed, highmass

resolution spectral analysis and depth profiling. Measurement

reproducibility was illustrated in Figs. S4aeb.

Table 1 gives a summary of key peaks identified in the ToF-

SIMS spectral analysis. Interestingly, m/z� 101.9 alumina

(AlR2ROR3R) signal is observed in the pristine unirradiated

iron aluminide cladding (Fig. S4a) [53], complementing the

elemental maps shown in Fig. 2. Iron aluminide coatings are

oftenmade by applying Al slurries followed by a diffusion heat

treatment at 650 �C. These coatings enhance the resistance of

both ferritic and austenitic steel to steam oxidation at the

same temperature for over a long time [54]. Although the

presence of alumina was suspected as one of the byproducts

of the powdered coating approach used to engineer the iron

aluminide coating as the tritium barrier, the evidence of its

existence was yet to be found until the STEM and ToF-SIMS

imaging results reported in this work. The existence of

alumina is determined unambiguously, because ToF-SIMS

gives molecular detection (Fig. S4a).

Irradiated cladding samples were analyzed in detail to

study the hypothesis of tritium deposition, the source of car-

bon compounds, and possible lithium transport under irradi-

ated conditions. Fig. 3 depicts ToF-SIMS spectral comparison

of the irradiated bottom cladding, irradiated middle cladding

of the same tube, and an unirradiated cladding as control.

ToF-SIMS gives sensitive detection of the material interfaces

of both unirradiated and irradiated coated tubes, with detailed

chemical spatial distribution. A key observation is that tritium

(3H�) was observed in both the irradiated core midplane and

lower core samples (Fig. 3a-b) but not in the unirradiated

control (Fig. 3c). The inserts of each spectrum on the left in

Fig. 3 show that 3H� m/z� 3.0167, 2H1H� m/z� 3.0226, and H3
� m/

z� 3.0244 are distinctive, giving confidence in the observation.

The ratio of the 3H� count to that of 1H� is 0.015, significantly

higher than the natural isotopic abundance [55]. Thus, SIMS

spectral observations indicate that the tritium deposited on

the cladding coating is most likely a reaction product formed

during irradiation. Data was collected from the selected depth

of several micrometers where counts of 3H� and 1H� were

stable.

In addition, C3H�m/z� 15.0167, is observed in the irradiated

lower core sample as a fragment of tritiated hydrocarbon
Table 1 e Key peaks observed in the ToF-SIMS in the negative

Observed m/z Theoretical m/z Peak

1.0086 1.0083

2.0149 2.0146

3.0166 3.0167

6.0157 6.0156

7.0165 7.0165

15.0112 15.0114

15.0165 15.0167

15.0264 15.0240

26.9842 26.9820

42.9794 42.9770

101.9536 101.9483

71.9380 71.9303

67.9392 67.9359

194.9725 194.9653
(Fig. 3). Interestingly, the peak intensity of C3H� is much

higher than CH3
� in the irradiated tube surface as depicted in

the inserted spectra on the right in Fig. 3. In contrast, the peak

of C3H� m/z� 15.0167 is not observed in the unirradiated SIMS

spectrum. The two prominent peaks are NH�m/z� 15.0114 and

CH3
�m/z� 15.0240 in the latter. This spectral comparison

shows that the tritiated hydrocarbon compounds are products

of neutron irradiation. Additionally, the fact that the tritiated

hydrocarbon fragment has much higher counts than those of

the hydrocarbon fragment suggests that hydrogen isotopic

exchange reactions are quite dominant in tritium processing.

The finding of the tritiated products in the coating surface

indicates tritium transfer and deposit in the aluminide coating

under elevated temperature and irradiation. Some of the

tritium that is present as a hydrocarbon suggests that chem-

ical processes and isotopic exchange have taken place due to

irradiation.

Industrial tritium production mainly consists of tritiated

water 1H3HO and hydrogen 1H3H, and tritiated methane

(C1H3
3H). For example, tritiated methane is a typical hydro-

carbon in tritium production that can be produced from re-

actions of tritium and hydrocarbons. The observation of C3H�

m/z� 15.0167 as a fragment of tritiated hydrocarbon suggests

that they may come from reactions of deposited tritium at the

iron aluminide coating [56]. Hydrogen isotope exchange re-

action by b-radiation of tritium has been studied [57e60].

Hydrogen radicals have a long lifetime in hydrogen isotopes

mixed gas. However, methane is found to scavenge these

radicals in the methane mixed gas to form tritiated hydro-

carbon even as an impurity in the reactor [61].

When comparing the two irradiated tube samples, only the

sample from near the lower end of the core shows detection of
6Li� m/z ¼ 6.0157 and 7Li� m/z ¼ 7.0165. The count ratio of 6Li�:
7Li� ¼ 0.206 is much higher than the natural abundance of 6Li:
7Li ¼ 0.0818 [62]. The ratio of 6Li to 7Li was 0.3528 in the pellets

before irradiation. This ratio is expected to be reduced to

approximately half of the original value after irradiation [63].

The observed ratio of 6Li� to 7Li� in the aluminide coating

surface suggests 6Li and 7Li are transported with equal prefer-

ence from the irradiated pellet. The reduced ratio of 6Li� to 7Li�

also indicates a reasonable depletion of 6Li during the reactor

cycle. This finding gives supporting evidence that the enriched
ion mode.

identification References

H� This work
2H� This work
3H� This work
6Li� This work
7Li� Li et al., 2011 [50]

NH� This work

C3H� This work

CH3
� This work

Al� Collinet-Fressancourt et al., 2013 [51]

AlO� Collinet-Fressancourt et al., 2013 [51]

Al2O3
� Visbal et al., 2016 [52]

FeO� This work

CrO� This work
195Pt� This work
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Fig. 4 e Comparison of ToF-SIMS depth profiles of key

observed components of irradiated bottom cladding (a, b),

irradiated middle cladding (c, d), and unirradiated cladding

(e, f), respectively.

Fig. 3 e ToF-SIMS spectral comparison of (a) irradiated

bottom, (b) irradiated middle, and (c) unirradiated cladding

samples in the negative ion mode. The insert on the left

shows the observations of 3H¡ in the irradiated cladding

coating. The insert on the right shows the observed

tritiated hydrocarbon C3H-peaks in the irradiated cladding

coating.
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6Li� and 7Li� could become more mobile for transport to the

aluminide barrier coating. Thus, the ToF-SIMS results give the

spectral evidence to support our hypothesis regarding lithium

mobility. The relationship between dose and the observed Li is

not straightforward. There likely is no relationship between

irradiation dose and Li concentration on the surface of the

cladding. The selective deposition of Li at the bottom and not in

the middle of the tritium barrier is entirely due to the config-

uration of the getter where there is a gas gap at the bottom, but

not in the middle of the device. We only analyzed limited lo-

cations in one configuration of the tritium barrier in this work,

it is not enough tomake a generalized conclusion. More similar

analysis is warranted to obtain a better understanding.

In addition, the depth profiling is important to rule out

possible handling contamination in the hot cell. Otherwise,

the Li profiles would be different at the surface. However, the

question of how far the deposited tritium and carbon and

migrated lithium may diffuse into the cladding remains

unanswered. ToF-SIMS depth profiling measurements were

performed to address this question. Fig. 4aef depicts the

comparison of depth profiling results of the irradiated core

midplane and lower core samples against an unirradiated

sample. The irradiated cladding lift-out samples were taken

from locations suspected of deposition of carbonaceous

materials. The cladding surface was protected using Pt

coating before lifting out. The liftout dimension is

10 mm� 10 mm� 4 mm. Our results show that tritiummigrates
into the iron aluminide coating that is approximately 80 mm

thick [35] for several micrometers after irradiation compared

to the unirradiated one. Particularly, there is significantly

more 3H� in the lower core sample (Fig. 4a) within 3 mm

compared to the core midplane sample (Fig. 4c). The finding

of the gaseous diffusion of Li and 3H at the bottom cladding is

unexpected. The distributions of Li and 3H track each other in

the irradiated bottom cladding (Fig. 4a), suggesting that the

diffusion may take place at the same time in the gas phase

during high temperature irradiation. The fact that little

tritium and no lithium are present in the midplane (Fig. 4b)

indicates that the geometry at the bottom plane is central to

the observed transport. The relationship between the

gaseous diffusion of 3H and Li is that the lithium diffusion is

enhanced because of the tritium production process, in

which 6Li generates tritium and leads to the Li diffusion to

other locations in the tritium barrier.

Potential lithium transfer during tritium production is a

concern. [28,64]. This new observation shows that tritium is

also transported along the tube, favoring its adsorption on the

cladding surface when there is a physical gap in the bottom

[31]. The depth in Fig. 4 was estimated based upon the sput-

tering rate of 0.95 nm/s on a solid carbon reference using the

same sputter setting in ToF-SIMS. Owing to the porous

network structure of carbon shown in Fig. 2, the actual sput-

tering rate in this study is likely higher.

Equally interesting are the depth profiles of 6Li� and 7Li� in

the cladding lift-outs. The depth profile of 7Li� m/z� 7.0165

tracks thatof FeO�m/z�71.9380,Al2O3
�m/z�101.9536,andCrO�

m/z� 67.9392 well (Fig. 4a-b), suggesting that lithium is

https://doi.org/10.1016/j.jmrt.2021.06.066
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Fig. 5 e Comparison of reconstructed ToF-SIMS 3D images

of selected characteristic ions in the irradiated bottom (a,

b), middle (c, d), and nonirradiated (e, f) cladding samples,

respectively.
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associated with the alumina and chromium oxide layer in the

irradiated sample from the lower core region. Cr is not a

component of the powder pack used to create the aluminide

coating, and itsdistribution in thecoating is a by-product of the

coating process. Additionally, Cr prohibits the b-NiAl phase

transformation and reduces coating degradation [65e69]. The

depth profile of the enriched 6Li� m/z� 6.0157 tracks that C3H�

m/z� 15.0165, indicating similar diffusivities. The appearance

of 195Pt� m/z� 194.9725 arises from the SEM-FIB welding pro-

cess, this signal is not inherent of the cladding material. AlO�

m/z� 42.9794 and C� m/z� 12.000 are selected to illustrate the

chemical makeup of alumina and carbon components in the

cladding. The abundances of tritium and lithium related ions

are much lower in the irradiated middle cladding (Fig. 4c),

further illustrating that the likely path of lithium transport

from the pellet to the cladding could be along the tube (Fig. S1)

and via the gap at the end of the internal target components.
Additionally, the difference in temperature of a couple hun-

dred degrees between the two locations could play a role in

tritium distribution.

Fig. 5ae5f shows the reconstructed 3D images of three

selected ions relevant to tritium deposition and lithium

transport, namely, 3H� m/z� 3.0167, 6Li� m/z� 6.0157, and 7Li�

m/z� 7.0165, corresponding to the depth profiles depicted in

Fig. 4. There are more tritium and lithium isotopes deposited

in the top few micrometers of the irradiated bottom cladding

than the middle one as visualized in the 3D images (Fig. 5).

These peaks are not present in the unirradiated cladding

coating (Fig. 4e-f). Similarly, Fig. 5b, d, f show the recon-

structed 3D images of three selected ions relevant to the

composition of the aluminide coating AlO� m/z� 42.9794,

other constituent CrO� m/z� 67.9392 related to Cr, and the

stainless-steel component FeO� m/z� 71.9380. These com-

ponents are conforming to the coating surface stoichiometry

MAl3, where M ¼ Fe, Cr, Ni. Cr tends to diffuse more to the

surface than Fe and Ni. These 3D images show that ToF-SIMS

can uncover the unknown, affirm the known sensitively, and

give vivid spatial distribution. Therefore, ToF-SIMS can be

used to study materials undergone neutron irradiation,

providing sub-micron chemical imaging of precious mate-

rials, and offering deeper insights into material processes

involving extreme conditions such as irradiation and

elevated temperature.
4. Conclusions

Our findings show that sensitive surface technique offers

new opportunities to probe the irradiated material in-

terfaces, providing a unique atomic- and molecular-level

insights lacking in previous studies. The novel multimodal

approach has enabled previously inaccessible microanalysis

for the characterization of carbonaceous surface deposits on

irradiated iron aluminide coatings in this work and opened a

new door to study nuclear materials and related material

processing in the future. Of particular interest to understand

tritium transport during irradiation, STEM imaging reveals

the carbonaceous nanostructure. Combination of STEM

elemental mapping via EDS and ToF-SIMS have, for the first

time with our aluminide coating, revealed the presence and

thickness of the oxide coating that was inferred to be pre-

sent. Utilizing the correlative imaging workflow to study the

irradiated cladding components among SEM/FIB, AFM, and

ToF-SIMS allows us to discover that lithium could become

mobile and transport along with tritium in the gas phase

during tritium production. Consequently, we provide new

insights regarding tritium adsorption and migration into the

iron aluminide coating along the tube in light water reactors.

This unique multimodal imaging and microanalysis effort

gives a great example of how advanced correlative imaging

and spectroscopy can be used to assess chemical and

microstructural evolution in functional coatings employed in

extreme environments to advance coating material applica-

tions in irradiation conditions relevant to nuclear science

and processing.
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