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Low-enriched uranium (LEU) alloyed with 10% Mo (U-10Mo) is being considered as a
promising alternative to oxide-based dispersion fuel with high-enriched uranium for use in
research reactors. The configuration of this proposed LEU monolithic LEU fuel plate con-
sists of a U-10Mo plate-type fuel foil with a 25 um zirconium interlayer barrier clad with an
aluminum alloy (AA6061). In certain research reactors, the clad AA6061 is coated with a
boehmite layer to prevent corrosion. The boehmite layer has a high-pH passivation range,
which makes it resistant to oxidation. Boehmite is usually formed on the AA6061 surface
by autoclave processing. Before the boehmite layer is added, the surface of the AA6061 is
cleaned using techniques such as polishing and wet etching. In this study, we use multi-
modal analysis to examine how pretreatment of AA6061 using polishing followed by
alkaline etching affects the chemical composition of the boehmite layer. X-ray photo-
electron microscopy (XPS), transmission electron microscopy (TEM), and x-ray diffraction
(XRD) were used to study the chemical changes in the boehmite layer caused by alkaline
etching pretreatment. XPS provides quantitative analysis for the ALl:O ratio as well as
oxidation states present on the surface, which suggests slight oxidation of the boehmite
surface after alkaline etching of the AA6061 surface. We further explored this suggested
oxidation of the boehmite surface using high-resolution transmission electron microscopy
with selected area electron diffraction (SAED) and grazing incidence x-ray diffraction (GI-
XRD), which suggested only a small amount of aluminum oxide at the surface. The
multimodal analysis and imaging yielded new insights for optimizing boehmite growth on
AA6061 for research reactors.
© 2022 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/).
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1. Introduction

Low-enriched uranium alloyed with 10 wt% molybdenum (U-
10Mo) has been identified as a promising alternative to highly
enriched uranium for the United States High Performance
Research Reactors [1—3]. These research reactors are designed
to operate over a wide range of core power densities, which
can be as much as 30 times that of a conventional pressurized
water reactor and provide a high neutron flux (exceeding
commercial reactors) for applications such as neutron scat-
tering and isotope production [4]. Therefore, designing mate-
rials that can withstand the power levels required is vital for
reactor performance. Uranium-molybdenum (U-Mo) alloys
have received much attention because they incur little
swelling and offer geometric stability and mechanical integ-
rity at high ratios of power density to fission density, which
makes them promising materials for use in research reactors
[5]-

The nominal configuration of the low-enriched U-10Mo
plate-type fuel is a metallic U-10Mo fuel foil enriched to
slightly less than 20% 23U, the thickness of which varies from
0.6 mm to 0.25 mm depending on the reactor; a 25 pm thick
zirconium interlayer on either side; and a relatively thick
outer cladding of AA6061 aluminum [6,7]. Aluminum is used
because it has a high corrosion resistance due to the stable
oxide layer that forms at the surface. The oxide layer will
disappear when exposed to conditions that disrupt it, such as
high temperature and pressure and low pH, which are com-
mon in a typical fuel configuration. Furthermore, it has been
shown that thick oxide layer present on the Al cladding on
research reactors have several detrimental effects on fuel
performance due to the lower thermal conductivity of the
oxide [8]. The possible reactions of Al with water are as follows

ElE

2Al + 6H,0 — 2A1(OH); + 3H, 1)
2Al + 4H,0 — 2AI00H + 3H, @)
2Al + 3H,0 — ALO; + 3H, 3)

The products resulting from corrosion of the Al surface

are aluminum oxide (Al,03), bayerite [Al(OH);] and

(a) Polishing +

Autoclave ::

AA 6061

aluminum hydroxide boehmite (AIOOH). Furthermore, the
dominance of stable aluminum oxide products depends on
the reaction temperature. Secondary reactions can also
occur with the oxide products to produce gibbsite (y-Al(OH)3)
and bayerite (a-Al(OH)3), depending on the pH and temper-
ature. Boehmite (y-AIOOH) will form between 102 °C and
400 °C. In fact, the growth of the various oxides is largely
dependent on three factors: (1) heat flux, (2) flow rate, and (3)
pH of the coolant [10]. Presence of an oxide layer has been
shown to decrease reactor performance [11]. However,
boehmite exhibits a large passivation pH range of 4.7—6.2,
where it also has good water resistance [12,13]. Therefore,
boehmite formation on top of the aluminum cladding is used
to increase corrosion resistance of the AA6061 surface to
unwanted aluminum oxide-containing products such as
Al,05 and Al(OH)s. The protective layer of boehmite is usually
1.5 pm—7.6 pm thick [14,15]. To produce a quality boehmite
layer, the AA6061 is usually pretreated by polishing and
cleaning. The cleaning process or treatment method can
involve alkaline etching of the AA6061 coupon after polish-
ing (shown in Fig. 1). Previous work has shown that the
pretreatment methods do not affect the final surface
roughness of the final boehmite layer [16]. However, the
chemical properties and morphological characteristics of the
boehmite layer have yet to be investigated. The etching
treatments likely affect the nucleation sites where boehmite
forms on the AA6061 surface. The theorized reaction of
boehmite growth in an autoclave is Al,03 + H,O — 2AIO0H
on top of the AA6061 surface. The alkaline etching treatment
likely removes some of the oxide layer, which could expose
more nucleation sites for boehmite growth. Alternatively,
the presence of OH™ anions could result in unwanted oxida-
tion of the boehmite layer. Thus, the goal of this work is to
thoroughly investigate how alkaline pretreatment affects the
boehmite layer on top of the AA6061 cladding.

In the current work, surface analytical techniques such as
x-ray photoelectron microscopy (XPS), transmission electron
microscopy (TEM), and x-ray diffraction (XRD) are used to
study how the surface pretreatment method chemically af-
fects the boehmite layer on AA6061. The information obtained
from these surface-sensitive and high-resolution microanal-
ysis techniques can provide a more complete knowledge of
the boehmite chemical and morphological changes that the
surfaces undergo as a result of AA6061 pretreatment.

AA 6061

oxide layer

Polishing +

(b) Alkaline Etch +

Autoclave
AA 6061 b AA 6061

Fig. 1 — Schematic of sample preparation for the (a) polished boehmite and (b) alkaline-etched boehmite coupons.
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Fig. 2 — XPS depth profiling measurements for the alkaline pretreated boehmite sample with narrow scan regions: (a) Al(2p),

(b) O(1s), (c) C(1s), and (d) peak area ratios of O to Al.

2. Methods
2.1. Boehmite coupon preparation

Dry polishing of the AA6061 substrates was performed using a
Grade A45 belt provided by 3 M Inc. to remove scratches fol-
lowed by a rinse with IPA. Another round of polishing was
performed after with a Grade A30 belt to provide the final plate
finish. The “alkaline” treated sample was etched with Oakite
prior to boehmite growth whereas the “polished” sample was
not treated post-polishing. The boehmite layer on the Al
coupons was prepared by treatment of an AA6061 polished
and then etched (for the alkaline sample) in Oakite inside an
autoclave with 0.1 M NaOH (adjusted to pH 8). The autoclave
vessel was placed in an oven that was ramped to 185°C for 2 h
and held for 18 h.

2.2.  X-ray photoelectron spectroscopy (XPS)

XPS was used to determine the surface composition and
chemical state of elements in the polished and alkaline
treated aluminum coupons. The aluminum coupons were
mounted on a sample holder using double-sided copper (Cu)
tape and the XPS measurements were performed using a

Thermo Fisher Scientific Nexsa spectrometer, which consists
of a high-performance, focused Al Ka monochromatic x-ray
source (1486.6 eV) and a high-resolution spherical mirror
analyzer. The x-ray source was operated at 72 W and the
emitted photoelectrons were collected at the analyzer
entrance slit normal to the sample surface. The data acqui-
sition was carried out using a 400 um diameter x-ray beam.
The survey spectra were recorded at a pass energy of 160 eV
with 0.5 eV step size, and high-resolution spectra were
recorded at a pass energy of 50 eV with step size of 0.1 eV. The
chamber pressure was maintained at ~5 x 10~° Torr during
the measurements. All the XPS peaks were charge-referenced
using C 1s binding energy at 285 eV. XPS data were analyzed by
CasaXPS software using Shirley background subtraction. For
depth profile measurement, 500 eV monoenergetic argon ions
were used. The ion beam was rastered over an area of about
1.2 mm x 1.2 mm and the XPS measurements were performed
at the center of the crater using a 400 pm diameter x-ray beam.
The sputter time was converted into depth using Ta,Os
sputter rates.

2.3.  Transmission electron microscopy (TEM)

The cross-section TEM specimen was prepared by the
focused-ion-beam (FIB) lift-out technique using a gallium (Ga)-
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Fig. 3 — O(1s):Al(2p) integrated peak area ratio for the
polished boehmite coupon.

based FIB scanning electron microscope (FIB-SEM, Helios
NanoLab 600i, Thermo Fisher Scientific, USA). An aberration-
corrected environmental transmission electron microscope
(Thermo Fisher Scientific, USA) was employed at 300 kV for
the bright-field (BF) image and SAED pattern.

2.4. Grazing incidence x-ray diffraction (GI-XRD)

Grazing incidence XRD patterns were collected using a Rigaku
SmartLab XE diffractometer equipped with a 9 kW rotating Cu
x-ray source. A parallel beam from a multilayer x-ray mirror
passed through a 0.2 mm slit before making an incident angle
of 1° with the sample surface. Diffraction data were collected

51/nm

Close to y-Al,0, [111]

between 5 and 80 °26 at 0.02° intervals, scanning at 0.5 °26/
min. Compounds were identified through comparison with
reference patterns from the ICDD (PA, USA).

3. Results
3.1. X-ray photoelectron spectroscopy

To identify the suggested oxidation of the polished and
alkaline-etched XPS was used because it can identify chemical
oxidation states on a surface. Fig. 2 shows the XPS depth-
profile spectra for the alkaline treated boehmite sample.
Fig. 2a shows the aluminum Al(2p) peak position during the
etching cycle. Before etching, the Al(2p) peak is centered
around 74.5 eV, which indicates that Al,O3; and Al(OH); are
present and likely part of a thicker oxidation layer at the
surface [17—20]. However, the peak resolution to distinguish
Al,0O3 is less than 0.5 eV, which makes it difficult to resolve
peak components. However, the peak does shift to a higher
binding energy after etching to 75 eV, which is consistent with
the binding energy reported for boehmite [21]. The O(1s) peak
in the polished boehmite coupon shifts to a lower binding
energy during the etching cycle; this could be a result of metal
carbonate and other carbon related contaminants (hydrocar-
bon residues possibly from the alkaline cleaner) [22] present
on the sample that are etched away after the first cycle,
leaving a higher concentration of aluminum oxide and hy-
droxide present. The reported binding energies for aluminum
oxide, hydroxide, and boehmite are all around 531.8 eV
[17-20], and it is difficult to resolve individual contributions of
each oxide product. Fig. 2c shows an adventitious carbon peak

s {220)/{214}/{300}
{0R4/}{116}

= £200)/{113}

TI113/(1083/{110} i {1303 1043110y

{110} | { {02
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Fig. 4 — (a) BF-TEM images showing a cross section of the alkaline-etched, boehmite coated coupon; (b) BF-TEM image of the
red boxed area in (a). (c)—(e) SAED patterns of locations 1-3 in (b), respectively.
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Fig. 5 — (a) Bright-field (BF) TEM image showing the cross section of the as-polished boehmite coated coupon,; (b,c,d) BF-TEM
images (left) and corresponding SAED images (right) of the areas circled in red.

at 285.0 eV that is reduced significantly during the etching
cycle. Furthermore, the O/Al ratio is close to 4.5 before etching,
which indicates that the oxide contribution to the aluminum
oxide (from C—O and C=O bonds in the contamination) is
overestimated at the surface that is etched away after the first

etching cycle. The peak area ratio of O/Al (Fig. 2d) remains
stable around 2 after the first etching cycle, which is consis-
tent with the boehmite structure of AIO(OH). After the second
etching, the ratio slowly decreased to 1.75. This ratio is slightly
lower than the expected stoichiometry for the boehmite but
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higher than that of the Al,0s. This result is likely a result of
preferential sputtering of oxygen that occurred during
etching. The XPS depth profile results are similar to the pol-
ished boehmite sample shows similar results (Fig. 3) with a
slight increase after 80 nm that is likely due to an amorphous
region that exists close to the AA6061 interface that could
contain alumina.

3.2 TEM-SAED and GI-XRD

Microstructure of the sample was further investigated by TEM
for the alkaline-etched and as-polished boehmite coupons
(Figs. 4 and 5, respectively). The average thickness of the
sample is 680 + 110 nm (Fig. 4a). SAED patterns (Fig. 5b and c)
show that the topmost surface (<~280 nm) is dominated by v-
Al,O; with a grain size of 146 + 20 nm. The subsurface
(~280—480 nm, Figs. 5b and 3d) consists of mixed lamellar o-
and y-Al,O; and phases with a grain size of
~16.9 nm x 75.0 nm. The bottom of the sample (~480—680 nm,
Figs. 4b—3e) is dominated by «-Al,05 along with a few weak
boehmite diffraction spots (Fig. 5e) with a grain size of ~5 nm.
However, it is possible that the surface could contain amor-
phous boehmite (or very little crystalline boehmite) with a
dominating Al,O3 diffraction signal. SAED may also not have
detected boehmite at the surface of the coupon because the
analysis area is small (20 pm as compared 400 pm x 400 pm for
XPS). The as-polished boehmite coupon has a thicker
boehmite layer (~1.2 um) than the alkaline etched coupon and
also has amorphous SAED patterns close to the interface with
AA6061 (Fig. 5). However, near the surface, crystalline
boehmite was detected. This suggests that the pretreatment
of the surface greatly affects the characteristics of the inter-
face between the boehmite layer and AA6061. Lastly, an
important note about the SAED results includes past reports of
the decomposition of boehmite upon electron beam irradia-
tion [23,24]. However, this work did not indicate such
decomposition since crystalline boehmite was detected in
both the polished and alkaline etched samples, which may be
due to the rigid nature of the cladding vs the powder since the
decomposition mechanism originates from surface hydroxyl
groups. Aluminum oxide particles was only detected in the
alkaline-etched coupon (Figs. 4 and 5) which also verified
insignificant effect of boehmite decomposition under electron
beam, considering that similar SAED imaging conditions of
both samples were employed.

The interfacial boehmite was further investigated using GI-
XRD in Fig. 6 to obtain characteristics of the bulk material to
complement those of the surface in the SAED results. The
diffraction patterns of both the alkaline-etched and the as-
polished coupons show strong boehmite diffraction peaks as
well as some metallic aluminum peaks, which likely are from
the AA6061 that is underneath the boehmite layer. The as-
polished boehmite, however, shows small peaks that match
a-Al,05. The SAED results in Fig. 5 do not indicate boehmite in
the cross section of the sample. However, the a-Al,05 could be
present in other places throughout the layer, such as the
AA6061 substrate, that the alkaline etching treatment could
have etched away. The «-Al,0; peaks could also have origi-
nated from the AA6061 surface underneath the boehmite
since for the grazing incidence geometry employed we
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#
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&
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Fig. 6 — GI-XRD patterns obtained for the alkaline-etched
and as-polished boehmite coupons with PDF references
shown below. Both the as-polished and alkaline-etched
samples show strong boehmite diffraction patterns.
However, the polished boehmite shows minor peaks
associated with o-Al,0; that likely originated in the
AA6061 along with Al peaks that originate from the
underlying AA6061.

calculated that 90% of the x-rays would penetrate a 4.7 pm
thick boehmite film. This may suggest that the alkaline
etching treatment eliminated the original oxide layer on the
AA6061. Furthermore, the alkaline-etched sample, which
shows a mix of - and y-Al,O5 in the SAED, does not exhibit
peaks matching «-Al,05 or y-Al,0s. This could indicate that
the amounts of these phases present on the surface are small
and cannot be detected using GI-XRD. Additionally, the me-
chanical polishing belt used to polish the AA6061 could have
left Al,O5 from the abrasive that was then etched away using
the alkaline solution, which would explain the absence of the
Al,O; peaks in the GI-XRD pattern for the alkaline etched
sample.

4, Discussion

To examine the surface chemical composition of the as-
polished and alkaline-etched boehmite coupons, XPS was
used due to its ability to identify oxidation states as well as
approximate Al:O ratios. The XPS depth profile suggests
some oxidation of the surface by a shift in the Al(2p) narrow
scan region to a higher binding energy associated with
boehmite in etching cycles after the initial etching process.
The TEM-SAED results revealed a mix of a- and y-Al,03 on
three different spots on the alkaline-etched sample. The as-
polished boehmite, however, shows a mix of amorphous and
crystalline boehmite in the SAED results. The GI-XRD data
show some weak o-Al,03 peaks in the as-polished boehmite
that were not detected in the SAED results, which could be a
result of it not being homogeneously dispersed throughout
the boehmite layer. GI-XRD examines a much larger area of
the surface than SAED does. Furthermore, the penetration
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depth of the x-rays in GI-XRD is about 4.5 um, which suggests
the a-Al,03 peaks could originate in the AA6061 substrate.
This suggests that the alkaline etching treatment may have
removed some of the AA6061 oxide. Additionally, the
oxidation trend observed for the as-polished coupon but not
in the etched coupon could be a result of formation anions
left on the surface that the alkaline etching was able to
eliminate. These ionic impurities have been shown to
decrease the stability of the boehmite layer, which could
have amorphized the boehmite seen in the TEM results [16].
Furthermore, the etching technique likely removed residual
Al 05 from the abrasive used for the mechanical polishing,
which is evident from the lack of Al,05 peaks in the GI-XRD
pattern for the alkaline etched sample.

5. Conclusions

In this work, we investigated the chemical changes of the
boehmite layer resulting specifically from alkaline pretreat-
ment of the AA6061 surface prior to boehmite formation.
Multimodal analysis including XPS, TEM, and GI-XRD pro-
vided an in-depth view of the chemical composition and
morphology of the boehmite layer present after alkaline
etching pretreatment. XPS depth profiling results indicate a
potential oxidation layer at the surface of the alkaline treated
boehmite coupon that diminishes after etching (indicated by a
shift in the Al(2p) peak). TEM-SAED examination found a mix
of - and y-Al,03 in the alkaline-etched coupon, whereas only
boehmite was observed in the as-polished samples. The GI-
XRD results indicated the presence of boehmite in both the
as-polished and alkaline-etched samples. However, a small
amount of «-Al,0; was observed in the as-polished sample,
which could have formed when some of the oxide layer on the
AA6061 substrate was etched away during the alkaline treat-
ment. Use of a multimodal analysis approach to identify the
chemical changes the boehmite surface undergoes as a result
of pretreatment of AA6061 suggests that alkaline etching of
the surface produces more oxidation than polishing alone.
Further work will investigate the effects of acid etching tech-
niques on AA6061 as well as the electrochemical corrosion
properties that wet etching techniques (alkaline and acid)
have on the electronic properties associated with the
boehmite layer.
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