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A B S T R A C T   

Co-deposition of carbon atoms with hydrogen isotopes and hydrogenated carbon radicals and molecules is 
recognized as the main mechanism for tritium retention in the graphite walls of the previous tokamak fusion 
devices. Significant tritium retention would be a serious concern for safe and economic long-term operation of 
future fusion test reactors and fusion energy systems. Similar deposits are observed on the surface of the engi-
neered components in a tritium-producing assembly, known as a Tritium-Producing Burnable Absorber Rod 
(TPBAR). Characterization of the deposits can help understand the tritium transport, accumulation history and 
distribution in TPBARs. This study reports our recent results from the carbonaceous deposits formed on an 
aluminide-coated cladding in the lower plenum of a TPBAR following thermal neutron irradiation. The observed 
deposits are amorphous in nature, consisting of flakes of interconnected nanoscale features. They contain pri-
marily double-bonded carbon (e.g., alkene) and carbonyl carbon, as well as a minor fraction of aliphatic carbon, 
all of which are likely tritiated. A similar co-deposition process that occurred in previous fusion devices is 
responsible for the formation and growth of the carbonaceous deposits.   

1. Introduction 

Deposition of carbon and other elements or chemical species onto 
plasma facing components (PFCs) has been investigated extensively in 
Tokamak Fusion Test Reactor (TFTR) [1,2], Joint European Torus (JET) 
[3–8], Tokamak Experiment for Technology Oriented Research (Textor) 
[9–12], Experimental Advanced Superconducting Tokamak (EAST) 
[13,14], Tungsten (W) Environment in Steady-state Tokamak (WEST, 
formerly Tore Supra) [15–17], and Axially Symmetric Divertor Experi-
ment (ASDEX) [18]. A comprehensive summary of the results from 
previous studies has been reported [19]. Nuclear grade graphite was 
used as the material for the PFCs in previous deuterium–tritium (DT) 
fusion devices partly because of its excellent thermal properties, 
including no surface melting if accidentally overheated and an 
extremely high sublimation temperature of ~4000 K [20]. However, 
physical sputtering and chemical erosion of graphite create an oppor-
tunity for co-deposition of carbon atoms and hydrogenated carbon 
radicals and molecules in the plasma chamber, resulting in significant 

tritium retention in the deposits on the PFCs. While physical sputtering 
is better understood, chemical erosion involves more complex processes. 
It occurs due to a low energy threshold by forming volatile hydrocarbon 
molecules or loosely bound hydrocarbon radicals, causing a fast erosion 
of carbon in the first wall. A review of the physical and chemical pro-
cesses associated with sputtering, erosion and the formation of hydro-
genic carbon deposits has been reported [21]. The ability of carbon to 
trap hydrogenic species in co-deposited layers is well recognized. A very 
high fraction of up to 51% of the tritium supplied to the plasma was 
retained around the divertor of DT fusion devices [22,23]. The co- 
deposition of carbon atoms with hydrogen isotopes as well as the 
deposition of hydrogenated carbon radicals and molecules is a dominant 
process for tritium retention in the fusion devices [19]. The thickness of 
the deposit layer continuously increases with time, leading to fast 
accumulation of radioactive tritium to an unacceptable level [24]. Sig-
nificant tritium retention would be a serious concern for the safe and 
economic long-term operation of future fusion test reactors and fusion 
energy systems [19]. In order to reduce tritium retention, tungsten has 
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been selected to replace graphite as the first-wall material for the In-
ternational Thermonuclear Experimental Reactor (ITER) [24,25]. 

Similar to a tritium breeder material in a controlled DT fusion device, 
γ-LiAlO2 pellets in tritium-producing assemblies, commonly known as 
Tritium-Producing Burnable Absorber Rods (TPBARs), have been irra-
diated with thermal neutrons [26] under a tritium science program [27]. 
No TPBAR components were made of graphite or materials with carbon 
as a major element in the composition. However, there are low-level 
carbon impurities and surface-absorbed carbon species (i.e., adventi-
tious carbon) in the as-assembled TPBARs. Dark-colored carbonaceous 
deposits have been observed on the irradiated TBBAR components, 
including the aluminide coatings on stainless steel cladding. The char-
acteristics of the deposits may provide critical information about how 
tritium in the gas phase is transported and accumulated within the 
TPBAR. A technical basis through material characterization is needed to 
improve our fundamental understanding of the tritium transport and 
accumulation. This study reports on the phenomena and characteriza-
tion results of the carbonaceous deposits on the aluminide coatings in a 
neutron irradiated TPBAR. 

2. Experimental details 

A TPBAR [28] consists of a series of concentric components as pre-
sented in Fig. 1. A stack of annular lithium aluminate (γ-LiAlO2) pellets 
enriched in 6Li are supported by Zircaloy-4 liner. Thermal neutron 
irradiation of TPBARs at ~573 K was performed to a total fluence of ~2 
× 1022 n/cm2 at the Watts Bar light water reactor for a total of 487.5 
effective full power days (EFPD) [26]. Tritium is produced in the pellets 
due to nuclear reaction 6Li (n, 4He) 3H. While a fraction of tritium atoms 
were trapped in the pellets, the rest diffused out and released. Most of 
the released tritium species were absorbed and immobilized by the 
adjacent nickel-plated Zircaloy-4 getter by forming solid-state tritiated 
zirconium compounds (hydrides) [28]. An aluminide coating on the 
inner diameter of the 316 stainless steel coated cladding provides a 
tritium diffusion barrier to mitigate tritium permeation. Mechanical 
gaps exist on both ends of the TPBAR internals, permitting gas 
communication between the pellet-getter gap and the inner surface of 
surrounding clad. 

After neutron irradiation, TPBARs were sectioned and stored under 
the ambient conditions for ~4 years, which permitted some decay of 
activated species but still not enough to handle cladding sections outside 
of a hot cell [26]. The bottom section of a neutron irradiated aluminide 
coated cladding exhibiting a carbonaceous deposit was chosen for 
characterization in this study. Specimens were prepared by further in- 
cell sectioning irradiated cladding tubes. Secondary electron micro-
scopy (SEM) was performed using JEOL JSM-7600F and FEI Helios 
DualBeam 660 microscopes operating at 15 kV to improve contrast. 

Samples for cross-sectional scanning transmission electron microscopy 
(STEM) were prepared from the irradiated cladding tube using a Helios 
660 focused ion beam (FIB) microscope. A standard lift-out procedure 
was used, involving Ga+ ions at 30 keV for cutting/thinning and 2 keV 
for final polishing. Planar SEM images of the aluminide claddings were 
taken at 3 kV to improve details of the surface during the FIB process. 
STEM high-angle annular dark field (STEM-HAADF) imaging was per-
formed using a probe aberration-corrected JEM-ARM 200CF microscope 
operating at an accelerating voltage of 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) mapping was also 
performed using a JEOL Centurio detector setup, with a 1 Å probe size, 
~120 pA probe current, 10 µs px− 1 dwell time, and 5–10 min total 
acquisition time. In addition, convergent beam electron diffraction 
(CBED) was performed at various locations. Complementary samples 
from an unirradiated, aluminide coated cladding were also examined to 
provide a baseline for comparison. 

The chemical states of the carbonaceous deposits in the same cross- 
sectional STEM sample were investigated using scanning transmission X- 
ray microscopy (STXM) in conjunction with near edge X-ray absorption 
fine structure (NEXAFS) spectroscopy on beamline 5.3.2.2 at the 
Advanced Light Source at Lawrence Berkeley National Laboratory in 
Berkeley, California [29]. To the best of our knowledge, this unique 
combination of the multimodal approaches represents the first delicate 
experiment to directly correlate STEM, STXM and NEXAFS character-
izations, attempting to reveal the complimentary information of 
microstructure, composition and chemical states of organic and inor-
ganic components in a radioactive material. The sample was sandwiched 
between 100 nm thick Si3N4 windows before loaded onto a sample 
holder for the STXM instrument. Experiments were performed using a 
25 nm zone plate. Carbon NEXAFS spectra were collected from 278 eV to 
320 eV, O spectra from 525 eV to 550 eV, and Fe spectra from 700 to 
717 eV (see Supporting Information). The imaging window was 3.5 µm 
× 2.5 µm. STXM stack images were aligned and processed in MATLAB 
[30,31]. Relative contributions of chemical groups were quantified 
through deconvolution of the C K-edge spectra [32]. Self-developed 
software (“STXM Image Reader” by M.A. Marcus) was used to extract 
spatially resolved spectra. Following alignment and filtering of the 
STXM images in the stacks, principal component analysis (PCA) was 
performed to create cluster maps. Spatially resolved spectra corre-
sponding to these maps were extracted from the data, aligned, pre-edge 
subtracted, and normalized. 

3. Results and discussion 

3.1. Unirradiated iron aluminide coating 

A half-round tube of unirradiated 316 stainless steel cladding (outer 
diameter: 9.7 mm) with the inside coated with aluminide is shown in 
Fig. 2(a). The coating is intended to reduce permeation of tritium 
through the cladding. The surface of the as-coated aluminide is uneven, 
showing morphology of aggregated nodules on the surface, as shown in 
Fig. 2(b). The apparent surface roughness is ~0.6 μm according to the 
cross-sectional view of the coating layer in Fig. 2(c). There are gaps 
between the aluminide nodules starting from the surface to a depth of 
more than 1 μm in some cases. A contrast of major intermetallic phases 
in the coating is observed, consisting of a ~30 µm thick top layer and a 
~50 µm thick buffer layer. This is a result of elemental inter-diffusion at 
the interface of Al coating and steel substrate at an elevated tempera-
ture. The surface aluminide coating consists of two major phases with 
the top layer containing a major phase of FeAl3.2 and the buffer layer 
mainly of FeNi0.55Al3.7 and FeAl2.8 [33]. 

Fig. 3 shows a cross-sectional STEM-HAADF image of an unirradiated 
aluminide coating. A thin layer is observed on the aluminide surface 
below the deposited Pt/C protective coating during FIB sample prepa-
ration, as shown in Fig. 3(a). Some curtaining is present in the image due Fig. 1. Schematic representation of a TPBAR [28].  
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Fig. 2. (a) Photo of a half-round tube of an unirradiated 316 stainless steel cladding coated inside with iron aluminide, and SEM images of the aluminide coating in 
(b) a planar view and (c) a cross-sectional view. OD: Outer Diameter. 

Fig. 3. Cross-sectional STEM-HAADF images of (a) the surface region and (b) the grains in an unirradiated iron aluminide coating.  

Fig. 4. (a) STEM-HAADF image and STEM-EDS maps of (b) carbon, (c) oxygen, (d) aluminum, (e) combined aluminum and oxygen, (f) chromium, (g) iron, and (h) 
nickel in the surface region of an unirradiated iron aluminide coating. 
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to differential ion milling rates during the FIB process. The grain size in 
the aluminide coating ranges from 0.5 to 1.5 µm, as revealed from Fig. 3 
(b). STEM-EDS elemental mapping was performed in selected regions of 
the unirradiated aluminide coating. Fig. 4 shows typical maps for the 
elemental distributions of C, O, Al, Al + O, Cr, Fe and Ni. Clearly, there is 
a ~50 nm thick oxide layer on the aluminide surface that contains pri-
marily Al and some other metallic elements. Carbon is distributed rather 
uniformly outside the aluminide coating, originating from the deposited 
surface protective layer of Pt/C, as shown in Fig. 4(a) and 4(b). The 
combined Al + O map in Fig. 4(e) shows a spatial overlap of the indi-
vidual elemental maps. Although it is difficult to determine the exact 
composition of the oxide layer due to its small size in this study, the 
surface material is likely alumina (Al2O3) based on the previous oxida-
tion studies of FeAl3 and FeAl [34,35]. The material will be called 
aluminum oxide below for convenience. In addition, there is a Cr-rich 
region with Fe depletion in the aluminide, as shown in Fig. 4(f) and (g). 

3.2. Microstructure of carbonaceous deposits 

After neutron irradiation, a visible dark-colored layer was observed 
on some of the TPBAR components. Fig. 5 shows a plan-view SEM image 
of a neutron irradiated aluminide surface. Compared to Fig. 2(b) for the 
unirradiated surface, the irradiated material is covered with a layer of 
flakes and dust. The deposit thickness was observed to depend on the 
location in the TPBAR. A previous study of similar deposits in TEXTOR 
tokamak showed that there was no critical thickness at which the 
deposited layers started to flake and peel off from the surface [12]. 

In contrast to Fig. 3(a) for the unirradiated aluminide, the irradiated 
aluminide exhibits a porous network of interconnected nanoscale fea-
tures on its surface, atop the distinct aluminide oxide layer observed in 
the unirradiated sample, as shown in Fig. 6. Imaging of the network 
reveals a complex lacy morphology. The network varies throughout the 
sample and ranges from 0.1 to 1 µm in the imaged region. The original 
surface of the deposit in some areas could be removed during the FIB 
process. The CBED patterns at spots 2 and 3 for nanoscale features show 
a diffuse intensity, suggesting that the material is amorphous. However, 
the pattern from spot 1 shows diffraction disks, indicating that the 
aluminum oxide layer is crystalline. 

A region containing the deposit, aluminum oxide layer and alumi-
nide was chosen for elemental mapping, as shown in Fig. 7. Apparently, 
the layer shows an enhanced carbon intensity [Fig. 7(b)] with the rest of 
the metallic elements in depletion, confirming that it is a carbonaceous 
deposit. There also appears to be some oxygen buildup in the deposit 

region, which is due to the presence of various chemical groups (see 
section 3.3). Surface oxidation of the FIB samples after exposed to air 
could enhance the oxygen intensity over the aluminide area [Fig. 7(c)]. 
H isotopes, He and Li cannot be excluded in the deposit because EDS 
cannot detect the low atomic number elements. Additionally, Fig. 7(b) 
reveals a carbon particle at a spot on the coating, which could originate 
from sample preparation or transfer. The increased intensity along the 
left side of Fig. 7(b) is a common result of adventitious carbon in the 
microscope column. This carbon can be polymerized by the beam, 
accumulating on the sample surface and then fluorescing X-rays during 
extended STEM-EDS mapping. The particular build-up along the left side 
of the image is due to the fact that the probe dwelled longer there to 
account for a “flyback” distortion (hysteresis) during the scanning pro-
cess, as reported previously [36]. It is interesting to observe that the 
topmost layer (~20 nm thick) is enriched with O, Fe and Ni with 
depletion of other metallic elements. There is a thin layer of ~15 nm in 
thickness between the topmost oxide layer and the aluminide coating, 
where both O and Al are enriched with Fe and Ni depleted. Thus, this 
interlayer is mainly composed of aluminum oxide. Similar carbonaceous 
deposits are observed along the nodular gaps, as shown in Fig. 8, where 
the aluminum oxide appears to be covered by carbonaceous deposits. 

3.3. Chemical states of carbonaceous deposits 

The same STEM-EDS sample was used for STXM/NEXAFS to provide 
complementary chemical states of the carbonaceous deposit. Two 
different regions were characterized for the NEXAFS at C K-edge, O K- 
edge, and Fe L3-edge, as indicated in Fig. 6(a). Fig. 9 shows the repre-
sentative data obtained from Region 2, while those from Region 1 with 
similar results are provided in the Supporting Information. Fig. 9(a) 
shows the optical density of carbon in the imaged region. A higher 
carbon concentration is observed below the deposit surface (yellow 
colored). This map shows the difference between post edge (320 eV) and 
pre-edge (278 eV) absorption, which is representative of the total carbon 
present. The stack was further analyzed by PCA (4 components) and k- 
means clustering (3 clusters) [37]. The cluster-average spectra were 
then used as references to perform a non-negative linear least-squares fit 
of the spectrum of each pixel, including a sloping background to account 
for the pre-edge. The loadings of the three cluster spectra are displayed 
in Fig. 9(b) as red, green and blue intensities. Note that there is a slightly 
different length scale in Fig. 9(a) and (b)]. Fig. 9(c) shows cluster spectra 
with dotted lines for the peak energies attributed to different chemical 
groups with their fractions estimated and plotted in Fig. 9(d). Figures for 
the deconvolution and fitting of the spectra are shown in Fig. S1 (Sup-
porting Information). It should be noted that the differences between the 
cluster spectra are not spectacular. The difference at higher energies 
could be contributed from a differing ratio of non-C to C elements, which 
would change the ratios of absorption between low and high energies. 
Saturation effects could also contribute to the difference. The C spec-
trum shows a large peak at 285.0 eV assigned as aromatic C or C*=C 
bond (alkenes), as this feature represents an electronic transition from 
the 1 s state to π* [38–40]. The next major feature, a peak at 286.5 eV, is 
associated with the C*=O carbonyl group [40] or phenolic C-OH group 
[41] in ketone compounds. It should be noted that some of the chemical 
groups presented and discussed below are likely tritiated. The peak 
around 287.5–287.6 eV may originate from aliphatic C [42]. The feature 
at 288.3 eV may be associated with amide [43] or possibly O–(C–H)–R 
groups [41]. C–OH (alcohol) groups are also observed at 289.5 eV. The 
291–292 eV portion of the spectrum is attributed to carbonate (CO3) 
with a notion that this region is affected by electronic transitions from 
the C 1 s state to σ*, which includes C–C and C–O bonds [41]. From 
Fig. 9(c), Cluster 1 in blue is dominated by sp2 carbon (C*=C), where the 
inorganic component is concentrated deep below the surface of the 
deposit on the aluminide [Fig. 9(b)]. The C–H concentration increases 
gradually from Cluster 1 to the top surface of the deposit (Cluster 2 in 
green), while the C=O concentration is nearly the same at all depths (in 

Fig. 5. Plan-view SEM image of neutron irradiated iron aluminide 
coating surface. 
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all the 3 clusters). Overall, STXM and NEXAFS data show that the 
carbonaceous deposit consists primarily of double-bonded C (e.g., 
alkene; 35–47%), carbonyl C (26–34%), aliphatic C (5–10%) and 
alcohol C (2–19%), as summarized in Table 1. The latter two are close to 
the detection limit, and their percentage values are subject to larger 
error bars. The carbonate level is below the detection limit. The carbon 
data in Region 1 is shown in Fig. S2 (Supporting Information), which 
indicates the presence of the same chemical groups as in Region 2 
(Fig. 9). 

O K-edge spectra in Fig. S3 (Supporting Information) for Region 1 
show a strong pre-edge feature at 531 eV that can be attributed to C=O 
chemical group (e.g., ketone), while a broad feature observed around 
540 eV has been reported to mark the presence of C–O bonds (2 s to σ* 
transition), which may originate from C–OH (alcohol) or C–O–R (ether) 
groups [40]. It should be noted that the 531 eV pre-edge feature may 
also suggest the presence of oxidized Fe, since the feature may originate 
from transitions of hybridized Fe 3d – O 2p states with t2g and eg orbital 

symmetry [44]. The Fe L3-edge NEXAFS spectra for the same region are 
shown in Fig. S4 (Supporting Information). A previous study [45] 
showed that the Fe L3 absorption spectra for metallic Fe and FeO are 
very similar, but those for α-Fe2O3 and Fe3O4 shift slightly to a higher 
energy level. All the 4 spectra exhibit relatively narrow peaks. The data 
in Fig. S4 appear to suggest that Cluster 1 with a narrow peak might 
contain Fe and FeO, where Cr might be rich. Cluster 2 with a broader 
peak could be resulted from the convolution of the Fe, FeO, Fe2O3 and 
Fe3O4 spectra. Although the thin oxide layer on the irradiated aluminide 
surface is not visible in Fig. S4, the uniform distribution of oxygen across 
the aluminide area is consistent with the EDS data in Fig. 7(c). 

4. Discussion 

The Fe and Ni maps in Fig. 7(g) and (h) indicate that the two atomic 
species in the aluminum oxide layer diffused to the surface during 
neutron irradiation at ~573 K and Fe became oxidized. However, there 

Fig. 6. Cross-sectional STEM-HAADF images of the carbonaceous network on the oxide surface of an irradiated iron aluminide coating at (a) a low- and (b) a higher- 
resolution. Also included are the CBED patterns from different spots. Regions 1 and 2 are for STXM and EXAFS characterizations. 

Fig. 7. (a) STEM-HAADF image and STEM-EDS maps of (b) carbon, (c) oxygen, (d) aluminum, (e) combined aluminum and oxygen, (f) chromium, (g) iron, and (h) 
nickel near the surface of an irradiated aluminide coating. 
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Fig. 8. (a) STEM-HAADF image and STEM-EDS maps of (b) carbon, (c) oxygen, (d) aluminum, (e) combined aluminum and oxygen, (f) chromium, (g) iron, and (h) 
nickel in a nodular gap in an irradiated aluminide coating. 

Fig. 9. (a) Optical density map of a carbonaceous deposit, (b) carbon PCA map, (c) NEXAFS spectra with the chemical groups indicated, and (d) fractions of the 
chemical groups in Region 2 as indicated in Fig. 6(a). 
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is no evidence for carbon atoms in the deposit to diffuse into the surface 
oxide layer [Fig. 7(b)]. This demonstrates that the surface oxides pro-
vide an effective diffusion barrier for carbon. Further studies of 
hydrogen isotope behavior in the oxide layer are warranted. Aluminum 
oxide is known to be corrosion resistant [34,35]. The data from this 
study suggest that aluminum oxide also inhibits reaction between the 
carbonaceous deposits under the neutron irradiation conditions. 

In contrast to previous fusion devices with graphite walls, TPBAR 
components are not made of graphite or materials with carbon as a 
major element in the composition. Possible carbon sources in TPBARs 
include carbon impurities in γ-LiAlO2 pellets during fabrication and 
sorption of adventitious carbon during storage and assembly of com-
ponents under ambient conditions. Sorption of CO2 by LiAlO2 may 
convert to Li2CO3 at elevated temperatures [46]. In contrast to physical 
sputtering and chemical erosion from the first walls of fusion devices, 
carbon emission could occur from pellets in TPBARs during neutron 
irradiation through the thermodynamic process to release the surface- 
absorbed carbon species (e.g., hydrocarbons) and through the kinetic 
process (collisions with energetic neutron, helium and tritium particles) 
to kick out impurity carbon near the pellet surface. In previous fusion 
devices, co-deposition of carbon atoms and hydrogen isotopes occurred 
to form a hydrogenated carbon deposit [19]. Chemical erosion could 
lead to a flux of various CxQy (Q denotes H, D and T) radicals [6,18]. 
When the radicals hit the component surface, they had a certain prob-
ability to stick to it, depending on the sticking coefficients. Radicals were 
capable of surviving several collisions before finally sticking to a surface 
and forming a hydrocarbon layer [47]. Similar deposit layers could form 
in remote areas or inside cavities [7]. Unlike the situation inside a fusion 
device where H isotopes are abundant, a significant amount of tritium is 
trapped in pellets and getters, and thus the tritium partial pressure is 
generally low in TPBARs, especially at the initial stage of TPBAR irra-
diation. Hydrogen is also present in the TPBAR from ingress through the 
cladding from the reactor coolant. The cooling water is maintained with 
an overpressure of hydrogen to minimize corrosion of the TPBAR com-
ponents during irradiation. The oxygen partial pressure inside the 
TPBAR is expected to be extremely low. 

The data in Fig. 9 generally suggest that C=C population is 
concentrated below the surface, C=O concentration is nearly constant at 
all depths, and C–T (C–H) concentration is the highest at the deposit 
surface and decreases with increasing depth. Outgassing [16] of H iso-
topes from the carbonaceous deposit may affect their concentrations 
near the surface, but it is not the primary mechanism during the TPBAR 
irradiation at 573 K and storage under the ambient conditions. The 
observed carbon and tritium concentration gradients are likely associ-
ated with the lower tritium partial pressure at the initial stage of TPBAR 
irradiation because tritium release from pellets increases gradually with 
dose until it reaches a saturation state [27]. The deeper region corre-
sponds to the earlier stage. Similar layers of deposits on PFCs in fusion 
devices were also observed [9,19,48], revealing the history of carbon 
and tritium transport during different operation periods. The nearly 
constant C=O concentration is probably due to a nearly constant partial 
pressure of oxygen as well as airborne carbon. Hydrocarbon deposit 
could form as a result of sequential deposition of carbon, tritium and 
other atoms. Alternatively, C=C and C–T (C–H) radicals and 

hydrocarbon molecules could form in gaseous phase and then stick to 
the aluminides. Neither of the two processes may be ruled out in prin-
ciple, nor should their contributions to the deposit be distinguished. 
Condensation of hydrogen species in gas phase on the deposit surface 
after neutron irradiation should also be possible, but this process should 
not be a dominant one because oxidation of any reactive carbon in the 
deposit is expected to be favored once the deposit exposed to air. In 
addition, neither oxidation nor hydrogenation is expected to produce a 
large H gradient as the carbonaceous deposit is highly porous and very 
thin in this study. 

In parallel, a time-of-flight secondary ion mass spectrometry (ToF- 
SIMS) study of the same irradiated cladding sample has also been per-
formed, which reveals the presence of both tritium and lithium in the 
carbonaceous deposit [49]. These light elements either diffused through 
the nickel plated Zircaloy-4 getter or the mechanical gaps in gaseous 
phase. Lithium deposition could be independent of carbon. The presence 
of lithium on the aluminide coating is consistent with our previous ion- 
irradiation studies [50–52] of γ-LiAlO2 pellets that showed Li evapora-
tion during irradiation at 573 K. It still remains to be investigated how 
extensively tritium and lithium can permeate the nickel plated Zircaloy- 
4 getter and whether they can reach the aluminide coating under the 
irradiation conditions. The results from this study may provide a useful 
reference about the possible formation of carbonaceous deposits on the 
first walls of the future fusion devices, reactors or energy systems that 
have carbon impurities or contamination on the first-wall components. 

5. Conclusions 

Carbonaceous deposits on aluminide-coated stainless steel cladding 
in a neutron irradiated TPBAR have been characterized using a multi-
modal approach of SEM, STEM, STEM-EDS, CBED, STXM and NEXAFS to 
characterize the same radioactive sample. An unirradiated aluminide 
has also been analyzed for comparison. It is observed that Fe and Ni 
diffused in aluminum oxide during thermal neutron irradiation at ~573 
K and Fe became oxidized on the topmost surface. Flaking of carbona-
ceous deposits is found on the oxide surface. The thickness of the de-
posits varies with location in the TPBAR. The deposits are amorphous in 
nature, consisting of interconnected nanoscale features. Similar carbo-
naceous deposits also appear in the nodular gaps of the aluminide 
coatings. The deposit contains various chemical groups, including 
alkene carbon, carbonyl carbon, aliphatic carbon and alcohol carbon, all 
of which are likely tritiated. Co-deposition of carbon atoms with 
hydrogen isotopes and hydrogenated carbon radicals and molecules is 
responsible for the formation of the deposits. The results from this study 
may help better understand the tritium transport, accumulation and 
distribution within TPBARs as well as the formation of carbonaceous 
deposits. The results may also provide a useful reference about possible 
formation of carbonaceous deposit in future fusion devices, reactors or 
energy systems. 
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Table 1 
NEXAFS peak assignment for various C forms in the carbonaceous deposit.  

Energy level 
(eV) 

Carbon form Fraction 
(%) 

Reference 

285.0 aromatic C, C=C bond (e.g., 
alkene) 

35–47 [38–40] 

286.5 C=O (e.g., ketone), C–OH (e.g., 
phenol) 

26–34 [40,41] 

287.5–287.6 aliphatic C 5–10 [42] 
288.3 amide, O(C–H)R, C–OH 2–19 [41,43] 
291.0–292.0 CO3, 1 s to σ* in C–C, C–O below limit [41]  
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