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ABSTRACT

Using a compact hand-held laser-induced breakdown spectroscopy (LIBS) instrument, studies
were conducted on specimens of uranium charged with controlled hydrogen concentrations for a
qualitative evaluation of hydride corrosion. Four samples of depleted uranium with two different
starting microstructures (cast and rolled) were used for this study. The hydrogen charged samples
(rolled 1.8 wppm H and cast 14 wppm H by weight) are representative of the pre-corrosion states
with hydrides distributed throughout the bulk. In-depth LIBS measurements were carried out, after
the thick surface corrosion layer was removed, by applying 100 laser pulses from sample surface
into the bulk on five different sample locations. Three additional areas on each sample were studied
by laser ablation using a 12-point grid approach. The atomic emission signals of elemental
uranium, carbon, hydrogen, and oxygen were identified and analyzed. All four samples showed
similar uranium and carbon concentrations, as expected. Hydrogen content was consistent with
each sample’s specification, such that the hydrogen charged samples exhibited higher hydrogen
concentration than their references. Both specimens charged with hydrogen showed elevated
oxygen content as well, due to rapid oxidation of uranium and uranium hydrides. The oxidation
process was facilitated by the laser ablation and plasma plume’s high temperature effects on the
sample combined with the glovebox environment. The uranium surface damage produced by laser

ablation was quantitatively evaluated by optical microscopy.
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1. BACKGROUND

Uranium hydride corrosion has been extensively studied to understand the mechanisms of
formation and its effects on the uranium matrix [1], [2], [3], [4], [5], [6]. It is believed that the
early stages in metal processing are susceptible to hydrogen contamination, placing the metal in a
pre-corrosion state, with UH; precipitates formed and distributed throughout the bulk. Upon
subsequent hydrogen exposure, the precipitates can grow to fully developed corrosion sites.
Corrosion initiation sites are directly related to the properties and characteristics of the uranium
metal lattice such as grain boundaries and twinning. However, defects and inconsistencies in the
overlaying oxide layer are the pathway for environmental hydrogen to diffuse into the uranium
bulk. Dislocations have high affinity for interstitial hydrogen and provide a very efficient transport
mechanism. The most studied phase is the B-UH; phase, named in general as the uranium hydride.
Under certain conditions of temperature and pressure, the a-UH; phase could form, but a pure
sample of a-UHj bulk has not yet been obtained.

When formation of hydrides has significant implications on the microstructure and
mechanical behavior of uranium, the phenomenon is called hydrogen embrittlement. Hydrogen
embrittlement appears to occur even with the addition of relatively low amounts of hydrogen. For
example, approximately 50% decrease in ductility was observed at hydrogen contents of 0.35
wppm [1]. Enhanced crack nucleation and crack propagation are most common features of
hydrogen embrittlement, with hydrogen having high diffusivity in the region of stress at the crack
tip, also known as a stress enhanced mechanism [7] [8]. Moreover, the fracture mechanism can
change from ductile rupture to brittle intergranular decohesion without affecting the bulk plastic
deformation [9].

In the presence of hydrogen gas at elevated temperature, uranium absorbs hydrogen as an
interstitial solute and UH; is formed upon cooling. The cooling rate has a direct effect on the
morphology of hydrides; as such fast cooling (e.g. water quenching) produces finely dispersed
particles difficult to be observed microscopically [7].
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Uranium corrosion is a very complex and challenging process that originates from the
competing corrosion species such as oxygen, hydrogen, and as well as HO. These corrosion
elements have different interactions and effects on uranium, based on their form and environment
[10], [11]. While very small amounts of hydrogen embrittles uranium, absorbed oxygen behaves
as an interstitial solute in uranium competing with hydrogen for the capacity of the metal to solvate
interstitials [7]. The high affinity of uranium for oxygen adds an additional challenge to the
characterization of hydrides.

Laser-induced breakdown spectroscopy (LIBS) is a candidate technique for
characterization of nuclear materials, although there is not an abundance of articles on the subject.
As a surface investigative technique, LIBS has been used for the detection of uranium in liquids
for nuclear reactor fuel reprocessing [12], the detection of impurities in uranium related to reactor
nuclear fuel production [13] [14], and the detection of aerosols containing uranium [15]. A
comprehensive report from Los Alamos National Laboratory shows the LIBS spectral data for
mixed actinide reactor fuel pellets and details the specific peaks in the wavelength range of 200-
780 nm [16]. Thus far, LIBS has been used to identify uranium and other nuclear elements in solid
pellets [13], [17] [18], metals [19], in solutions [12], and dried on substrates such as filter paper
[20]. LIBS is also a versatile tool for isotopic analysis of nuclear materials [20] [21] and for
understanding actinide plasma chemistry [22].

A complex study in terms of instrument development of LIBS for uranium detection at
close and standoff distances has been done by Chinni et al. in 2009 [23]. Furthermore, Cremers,
et. al. in 2012 developed a field-deployable instrument to monitor in-field radiological, nuclear,
and explosive threats to screen suspect facilities [20]. In particular, this person-portable LIBS
probe was used to determine the limits of detection for impurities such as Al, Ca, Cr, Cu, Mg, Na,
and V in U;Og samples. This article also reported the LIBS spectra of hydrogen and deuterium
detected from water and heavy water that was deposited on glass microfibers. In 2013, the LIBS
technique was used for depleted uranium, thorium powders, and uranium ore as a potential rapid
in-situ analysis technique in nuclear reactor production facilities, environmental sampling, and in-
field forensic applications [24]. The influence of ambient gas in the detection of uranium metal
was also reported. Argon was observed to be the best ambient atmosphere for the detection of

uranium emission lines [25]. Studies showed that the hydrogen Balmer emission line intensity



from sample surface, and from within the sample, can be differentiated such that the hydrogen
from the surrounding environment decreased, and the hydrogen from bulk of the material increased
as the measurement continued [26].

Generally, LIBS has been represented as an analytical surface technique, but it has also
been shown that LIBS can be used for depth profiling of a sample. For depth profiling, the laser
beam is focused onto the surface of a sample and held at the same position for a certain number of
laser pulses to ablate the material. This approach has been employed for the current study.

In this paper, a systematic and detailed study using a hand-held LIBS instrument (HH
LIBS) has been conducted aiming to:

o Identify the presence of hydrogen, oxygen, and carbon within the uranium bulk samples in
a glovebox.
e Compare qualitatively the corrosion products in the two samples with different hydrogen

concentration to evaluate corrosion.

e Evaluate the surface damage produced by laser ablation via microscopy.

2. EXPERIMENTAL DETAILS

2.1 Samples and Hydrogen Charging

Four samples of depleted uranium (DU) with two different starting microstructures were
used for this study to monitor the corrosion process. Two samples were kept in as-received
conditions as the reference, and a sample representative of each microstructure was charged with
a known amount of hydrogen, Figure 1. The rolled microstructure was charged to 1.8 wppm
hydrogen, while the cast microstructure was charged to 14 wppm hydrogen. The hydrogen
concentrations were achieved by varying the temperature and time of charging but keeping the
hydrogen partial pressure constant. Ref. [1] provides references and details of the hydrogen
charging thermodynamic process and how the partial pressure of hydrogen can be used to control

the amount of hydrogen intake by the sample. Briefly, the concentration of hydrogen, [H]y,



dissolved in uranium at equilibrium is proportional to the square root of partial pressures of

hydrogen, P, following Sievert’s law:
[Hly = ks(T)P® (1)

where ky(T) is a temperature-dependent constant of proportionality, also known as the Sievert’s
parameter. To charge samples with controlled amounts of hydrogen a combination of
annealing/outgassing and hydrogen charging processes take place. The outgassing process consists
of annealing the sample at a constant temperature in high vacuum with the main goal of removing
the existing hydrogen from the bulk to yield a 0 wppm condition. Then, while keeping the
temperature constant, a known volume of high purity (99.9999%) hydrogen gas is introduced in a
closed system to produce the desired pressure. The charging process is followed by a rapid water
quench of the sample to precipitate the formation of hydrides. The 1.8 wppm sample underwent a
3-hour annealing at 630 °C and a 3-hour charging at 630 °C under hydrogen gas. For the 14 wppm
sample, a 2-hour annealing at 850 °C was followed by a 2-hour hydrogen loading at 850 °C. The
hydrogen contents of these two samples were not directly measured for the current study. Rather,
the hydrogen content was calculated using the method described in reference [1] or by similar
embrittlement behavior observed at a specific charging level, providing evidence in support of this
assumption [1] [9]. The hydrogen charged samples mimic the pre-corrosion conditions with
hydride precipitates distributed throughout the sample’s bulk.

The starting rolled microstructure has the average grain size approximately 25 pm, Figure
1 (a), while after the charging process it was observed a prevalent distribution of small grains and
much larger grains with grain diameters averaging close to 550 um. The rolling processing history
was documented in other publications [9], [27] [28]. The as-cast microstructure, Figure 1(b),
depicts a typical mixed grain size, ranging from centimeter to micrometer length scale similar to
that reported in [29], while after the charging process some reduction in grain size is noticeable. It
is noted that both starting microstructures had the same casting protocol and specifications. The
presence of hydrides was not expected to be observed by microscopy in the hydrogen charged
microstructures, because the water quenching yielded too fine precipitates for identification by this

technique.



Figure 1. Optical micrographs showing the starting microstructures for a) as-rolled and b)
as-cast cases; the resulting microstructures after hydrogen charging for c) rolled 1.8 wppm
H and d) cast 14 wppm H samples.

2.2 HH LIBS Measurements

The four samples were mounted in metallographic mounts of epoxy and mechanically
polished. Note that the two hydrogen charged samples were removed from larger cylinders after
the charging process, to ensure that LIBS samples are representative of bulk the pre-corrosion
state. A final milling to remove the oxide layer was done using a Gatan PECS II Model 685 ion
polishing system. Each sample surface was milled for a duration of 2 hours at 8§ KeV inside an
argon gas atmosphere with the guns tilted at 8°. The samples were then quickly moved (few
minutes) to a glovebox with argon atmosphere. Using the HH LIBS instrument, two sets of

measurements were carried out, consisting of an in-depth strategy and a 12-point grid strategy.
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The testing details are summarized in Table 1. For the in-depth strategy, 100 laser pulses total were
applied continually as shown in the following protocol: every 10 laser pulses were automatically
applied, 1 laser pulse at a time at a rate of 10 Hz between pulses. The 10 spectra collected are
automatically averaged randomly by the software resulting in one spectrum. There is a break of
1-2 seconds (sec) between each set of 10 laser pulses, which was the time needed to press the
instrument’s start button. Then, the next 10 laser pulses are activated, which are averaged again to
one spectrum. Therefore, the averaging yields 10 spectra per sample location as the laser ablates
the sample from its surface into the bulk. This in-depth measurement was done on five different
locations for each sample. As indicated in Table 1, prior to in-depth data collection, there is a
cleaning shot performed when no data are collected. For the 12-point grid strategy, the laser
automatically ablates 12 different spots on the sample in a certain pattern at 400 pm intervals
between the centers of adjacent spots. More details about the 12-point grid specifics are available
in Ref. [30]. For each one of the 12 spots, there are 3 laser pulses collected that result in 36 spectra,
which are automatically averaged onto one spectrum. Three different areas on each sample were
studied using the 12-point grid. Before the 12-point grid data collection occurred, there were 20
cleaning shots without collecting the data, resulting in a 23 laser pulses depth. This was done to
ensure the sample laser penetrated the surface and collected data are representative of the bulk.
Figure 2 shows a schematic of the laser strategies employed. The in-depth 100 laser pulses in 5
different locations are marked by individual circles, whereas the 12-point grid in 3 different
locations are marked by the group of 12 circles. These measurements were grouped by the strategy
to avoid overlapping, such that the microscopy study could be carried out after the LIBS tests were
done.

The Z-500 instrument HH LIBS instrument from SciAps, Inc. [31] was used which
contains a solid-state laser system operating like a class I laser. More details about the use of Z-
500 instrument have been recently reported [32] [30]. For example, using the same instrument,
elements in sub-percent level were identified and calibration curves were produced [30].
Specifically, this instrument has an incident wavelength of 1532 nm, a laser energy of 5 mJ per
pulse, a pulse duration of 5 ns, operates at a repetition rate of 10 Hz, and is equipped with argon
gas purging capability. Argon gas was flushed through the sample window for 3 seconds before

each spectrum was collected, although the measurements were carried out in a glovebox. The spot



size of the laser ablation on the sample surface is 40 um. Integration period and integration delay

used for this study were 250 nsec and 650 nsec, respectively.

Table 1. Testing parameters employed for the HH LIBS instrument to investigate uranium
samples in a glovebox.

HH LIBS test set up | 1 point: in-depth ablation 12 point grid - laser
Number of test sample locations 5 areas 3 areas
Number of cleaning pulses 1 20
Number of laser pulses 1 3
Number of pulses per location 100 36 3x 12)

Number of pulses to average

10 for 100 pulses per location

36 per location

Averaging method Random Random
Argon preflush (msec) 3000 3000
Integration period(nsec) 250 250
Integration delay (nsec) 650 650
Test rate (Hz) 10 10
Clean rate (Hz) 10 10

In-depth 12-point grid
laser ablation

laser ablation

Figure 2. Schematic of 1.8 wppm H sample showing the ablation strategies employed. The
five in-depth locations for 100 laser pulses are marked by single circles. Each of the three
12-point grid areas are marked by a group of 12 circles. Schematic not drawn to scale.



A Keyence VHX - 2000 digital microscope was used to study the surface damage created by
the laser. The microscope uses white light and focus variation to acquire in-depth (height) data for
three dimensional representation of surface damage. The depth algorithm is based about each pixel
finding optimal focus and then tracking the height through the mechanical height (z) motor. An in-
depth measurement was conducted and three-dimensional images were reconstructed to provide
the diameter and height of the craters formed from the laser ablation. Only craters formed from
the in-depth laser ablation for 100 laser pulses were studied. The quantitative results are presented

as the average values and the standard deviation is included.

3. EXPERIMENTAL RESULTS

Figure 3 (a) shows examples of three spectra collected in a glovebox using the HH LIBS on
the rolled sample containing 1.8 wppm H on one location. During the 100 laser pulses ablation,
data are averaged every 10 pulses, and therefore the three spectra shown are representative spectra
from the sample’s surface (first 10 pulses), mid-depth (50 pulses), and after 100 laser pulses deep
in the sample’s bulk. Prominent peaks are observed for the argon that is pumped on the sample
surface from the LIBS instrument and from the argon atmosphere in the glovebox. These argon
peaks are identified as 696.543, 706.722, 738.398, 750.387, 751.465, 763.511, 772.376, 794.818,
800.616, and 801.479 nm. Additionally, the spectra were studied for several peaks of interest, such
as oxygen peak at 777.194 nm, hydrogen peak at 656.279 nm, and carbon peak at 193.091 nm,
Figure 3 (b). It is acknowledged that there are multiple peaks for uranium, however, only the
uranium peak at 591.539 nm, which was very well defined, was studied here. The background
baseline of spectra from different measurements are similar (i.e., similar bremsstrahlung).
Although carbon is not a direct corrosion element, it had been reported that carbides may serve as
a pathway for hydrogen diffusion in the metal, thus carbon plays a role in the hydrogen
embrittlement process [33] [34]. Carbon content investigation was also part of evaluating the
instrument’s capability to probe elements at the margin of the spectrum that are present in small
amounts in the material. When Figure 3 (a) is enhanced to exclude the argon peaks, many elemental
peaks become more visible with U peak at 591 nm and C peak at 193 nm marked, Figure 3 (c).
The large step observed around 420 nm is an artifact specific to this instrument and it is not related

9



to the material studied. The same step is observed in copper and aluminum alloys studies reported

by the same authors in Ref. [30].
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Figure 3. HH LIBS spectra collected on the rolled 1.8 wppm H uranium sample (a) from

the sample’s surface (10 laser pulses) to the 100 pulses in depth; (b) zoomed in peaks for

uranium peak at 591.539 nm, carbon peak at 193.091 nm, hydrogen peak at 656.279 nm,
and oxygen peak at 777.194 nm; (c) zoomed in spectra to 600 nm.

H concentration effect

For a qualitative analysis of spectra, the peak intensity for each element of interest was
corrected by subtracting its background (value taken at the flattest wavelength in peak’s vicinity).
Figure 4 is a comparison of corrected peak intensity variation with the number of laser pulses from
the sample’s surface into the bulk for all four samples. Each data point (10 spectra interval) in the

graph is an average of the 5 locations for the in-depth study and the standard deviation included is

10



determined from the 5 spectra/data point. In addition, the results from the 12-point grid study are
also plotted as a symbol and are annotated by “grid” in the legend of each graph. The grid data is
equivalent to 20 laser pulses into the samples, since there were 20 cleaning pulses employed. The
grid results and standard deviations are obtained from the average of the three different areas
studied, consisting of an average of 108 spectra total.

The four elements examined have similar trends in all cases. In the case of hydrogen,
consistently, its signal intensity drops significantly once the first 20 laser pulses are ablated and
then follows a linear trend for the rest of 80 laser pulses for all four samples. This could be due to
the imminent formation of the thin passivation corrosion layer and environment effects before the
laser fully penetrates the bulk. For the rolled samples, as-rolled and rolled 1.8 wppm H, the grid
data for H are in close agreement with the in-depth data. Somewhat slightly lower values for the
grid results can be observed, especially for rolled 1.8 wppm H. Furthermore, the grid results for H
for the cast samples, Figure 4 (b and d) are more significantly lower than the in-depth data. This
disagreement could be due to the larger grain size and sample inhomogeneity. However, there has
not been a systematic statistical variation in the obtained results to lead to a definitive conclusion
in regard to the effect of the grain size and microstructure on the LIBS data for this study. For the
LIBS technique, the particle size is important because the plasma conditions, such as plasma
temperature, are dependent on the size of particles, and these effects must be corrected to obtain
quantitative information. There was observed up to 50% emission signal enhancement on LIBS
measurements for most elements by improving particle size distribution and consequently the
pellet porosity [35], [36].

The other three elements, U, O, and C, exhibit a linear trend in the scale range used for in-
depth study, and these results overlap with the 12-point grid results at data point 20.

It can be seen [note same Y- scale for both Figures 4 (a) and (b)] that overall peak
intensities for all four elements are noticeably consistent in both reference samples. When
comparing Figures 4 ( ¢) and (d), it is observed that there is a far greater hydrogen response for 14
wppm H sample than the 1.8 wppm H sample, as it was expected. An increase is noted in oxygen
intensity in the 14 wppm H sample, which confirms the sample with a higher amount of hydrogen
has a greater level of corrosion. The carbon and uranium peaks are noticeably consistent in both

samples. At the integration delay of 650 nsec used for this study, only the ionic and atomic peaks
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are detected. However, recent studies, employing a larger time scale in the 10s of microsecond

range, allow detection of molecules, such as uranium monoxide for example [22] [37].
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Figure 4. Comparison of averaged corrected peak intensities for U, H, O, and C that were
identified in the a) as-rolled and b) as-cast samples; c) rolled 1.8 wppm H and d) cast 14
wppm H samples. Data are plotted as a function of laser depth penetration from the
surface for 100 pulses with every 10 pulses averaged. All five in-depth locations are
averaged. The data from the 12-point study are plotted as well, as an average of the three
areas measured.

Corrosion Effects

The elemental comparison of all samples studied are presented at more sensitive scales in

Figure 5, with the absolute standard deviation included for each data point. Results are included
12



for both laser ablation strategies, in-depth and 12-point grid. The uranium data profiles for all four
samples, Figure 5 (a), are overall similar within the error bar, especially after 40 laser pulses in the
bulk. This is to be expected since the matrix consists of uranium metal, and uranium being the
major component for all samples should be similarly detected with this technique. At data point
20, the 12-point grid results are in good agreement with the in-depth data and the overall data

scattering is approximately 200 a.u.

Nevertheless, carbon, oxygen, and hydrogen are minor elements in the uranium matrix. It
is not fully understood why carbon intensity, Figure 5 (b), for the cast 14 wppm H sample is
consistently decreasing for the first 50 laser pulses into the sample instead of following a linear
trend such as the other three samples. It is noted the cast 14 wppm H exhibits the highest C peak
intensity, followed by the as-cast condition. The rolled samples have almost the same elemental
variation in C within the bulk. Even though for the first 50 laser pulses the 14 wppm H sample has
elevated peak intensities, when looking at the 12-point grid results in Figure 5 (b), there is only
approximately 35 a.u. variation amongst the samples, excluding the in-depth data for the 14 wppm

H samples.
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Figure 5. Comparison of atomic emission signals for the four samples studied by 100 laser
pulses and 12-point grid: (a) uranium at 591.539 nm, (b) carbon at 193.0905 nm, (c)
hydrogen at 656.279 nm, and (d) oxygen at 777.194 nm.

To depict the corrosivity within the sample, oxygen and hydrogen are measured at higher
and lower amounts within the 14 wppm H and 1.8 wppm H samples, respectively, as they compare
to the as-received conditions in Figure 5 (c). Comparing first the as-received cases, the as-cast
sample exhibits almost slightly higher signal for H. When looking at the 12-point grid results,
which consists of an average of 108 spectra, the as-rolled sample has a slightly higher H atomic
emission signal. Higher hydrogen concentration in the as-rolled case than in the as-cast sample is
sometimes expected due to the additional rolling and annealing steps this sample underwent, which

can trap more hydrogen in the bulk [5].

14



As predicted, sample rolled 1.8 wppm H has more hydrogen than its reference, as-rolled,
while the 14 wppm H has the highest hydrogen concentration. It is noted that this is a qualitative
comparison of the hydrogen peak intensities, and the differences observed between samples are
not quantitative.

In the case of oxygen, Figure 5 (d), the cast 14 wppm H sample exhibits the highest
emission signal, followed by the rolled 1.8 wppm H sample. The lowest concentration of O is
present in the reference cases, as-rolled and as-cast samples, which depict the same peak intensity.
The grid results for O are lower than the in-depth results, similarly with elemental H. Again, the
grid data suggest a higher concentration in O for the as-rolled sample than the as-cast, which can
be expected, due to the rolling processes that many times can trap O and H in the bulk. The
presence of hydrogen and oxygen at higher intensities are indicative of more corrosion being

present in the 14 wppm H sample than in 1.8 wppm H.

Laser surface damage evaluation

Figure 6 shows three-dimensional representation of the craters, in a cone shape, produced
in the case of (a) rolled 1.8 wppm H, (b) cast 14 wppm H, (c) as-rolled, and (d) as-cast cases from
the 100 laser pulses, measured using high-resolution microscopy. These images are presented as
examples. To quantitatively evaluate the surface ablation, a line profile measurement available in
the Keyence software was used to determine the cone’s dimensions, as visible by the red line
overlapped on each image. The values obtained are summarized in Table 2, representing the crater
size, and the standard deviation for each dimension is included. It is evident that these numbers
are not absolute numbers since they rather depend on the sampling location. However, the same
selection was applied to all four samples consistently. It is believed that somewhat the
microstructure plays a role on the size of the crater. Overall, the two samples with smaller grain
size, as-rolled and rolled 1.8 wppm H, exhibit craters approximately 17 pm and 19.5 um deep. It
was observed that the cones for as-rolled sample, varied from being sharp and tall to wide and
short, resulting to an average of 1743 um. As a comparison, the as-cast crater is 26+4 pm in depth.
A height of 22+5 pm was obtained for the cast 14 wppm sample. Slightly taller cones for the cast
samples than the rolled samples were seen. However, more studies on the surface damage

evolution are needed for a consistent evaluation of the grain size effect.
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Because of the melting and rapid cooling of the sample and extensive surface damage, it

was challenging to accurately measure the ablation’s diameter, the base of the cone. The averaged

diameter varies from 44 to 37 um, when the laser diameter is 40 um, therefore, the crater diameter

should be at least that size.

Table 2. A qualitative summary of depth penetration (crater’s height) and crater’s
diameter produced on the uranium samples by 100 laser pulses.

Sample Name Depth of Laser Ablation Diameter of Laser Ablation
(um) (um)
ROLLED 1.8 WPPM H 20+ 3 44+4
CAST 14 WPPM H 2245 40+4
AS-ROLLED 1743 37+5
AS-CAST 26+4 37+4

23.9 pm
20.5
17.1
13.7
10.3

6.8

Figure 6. A representation in three-dimensions of surface damage from 100 laser pulse
ablation with the line profile overlapped on the images for: (a) rolled 1.8 wppm H, (b) cast
14 wppm H, (c¢) as-rolled, and (d) as-cast samples.
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4. DISCUSSION

It is known that the LIBS laser ablation profiles are exceedingly unique to the samples under
investigation and vary based on material properties and experimental protocols [38], [39]. In this
case, a novel LIBS approach consisting of a small compact hand-held instrument was used to
investigate the uranium corrosion in two samples charged with different hydrogen concentrations
and thus different states of pre-corrosion. The measurements were conducted from the sample’s
surface into the bulk for 100 laser pulses on 5 different locations for each sample. A 12-point grid
strategy was also employed at a depth of 20 laser pulses into the bulk, and 3 laser pulses were
applied for data collection. The 12-point grid allowed the collection and averaging of 36 spectra
per test location, resulting in a final average of 108 spectra.

The technique captures well the differences in the atomic emission signals for four elements,
as these signals pertain to the elemental composition. Overall, all four samples show similar
concentration of uranium, as expected, since uranium is the matrix element.

In the case of measured elemental carbon, all four samples show consistency, especially
the grid results. The 14 wppm H sample suggests an unexplained elevated C content for the first
50 laser pulses in the bulk, however, for the last 50 pulses into the bulk, all four cases have a
similar profile within the error bar.

For hydride corrosion, the HH LIBS technique was used to monitor differences in
elemental corrosion species (hydrogen and oxygen) amongst the samples. The hydrogen intensity
follows the expected trend with the lowest values observed for samples in the as-received
conditions (as-rolled and as-cast) and the highest intensity for the 14 wppm H sample. The rolled
1.8 wppm sample has more hydrogen in the bulk than the as-rolled reference sample, as predicted.
The intensity variation for oxygen, a function of the oxygen concentration measured in each
sample, is more complex and is believed to be specific to the corrosion of uranium hydrides. All
four samples show the presence of oxygen in the bulk, with the cast 14 wppm sample exhibiting
significantly more O than the other three samples, whereas the 1.8 wppm case has a higher O
content than its reference. Likewise for the case of elemental hydrogen, the reference samples have
a very similar O concentration. The goal here is to explain the increase in oxygen concentration

for the cast 14 wppm H sample and rolled 1.8 wppm H. To understand the results, the laser induced
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plasma plume’s temperature and its effect on the sample need to be taken into consideration in the
context of glovebox environment. The glovebox atmosphere includes moisture and oxygen gas
(O,), among other environmental species. During formation of plasma plume, the temperature is
above 4500 °C [21], promoting a dehydrogenation in all samples, thus the hydrogen concentration
profiles observed (Figure 5 (c)). As the laser ablates the sample, fresh uranium surfaces are
exposed to the humid environment of the glovebox, undergoing a rapid oxidation following
equation (2) [5]. In the case of the cast 14 wppm sample, with the highest hydride density, after
dehydrogenation/dehydriding, the uranium metal is left with even a higher affinity for oxidation.
In addition, the hydrides freshly exposed to the glovebox environment react directly with the

humidity through equation (3) [5] or with the oxygen gas through equation (4) [40]:

U(s) + 2H,0() = UO,(s) + 2H,(g) 2)
2UHs(s) + 4H,0(/) = 2UOx(s) + 7THa(g) 3)
3UHs(s) + 25/4 O, (2)=> UsOx(s) + 9/2H,0(v) )

Oxidation of hydrides in argon/oxygen atmosphere had been reported as an accepted approach to
“passivate” hydrides for a safe handling of spent fuel plates, as hydrides were present in the
corrosion products of severely corroded plates [41] [42] [40]. Therefore, the highest oxygen
concentration in the cast 14 wppm sample is due specifically to the oxidation of hydrides. The
oxidation process of fresh uranium and uranium hydrides is favored by the high temperature
plasma formation followed by rapid cooling of plasma during optical emission. The LIBS
repetition rate of 10 Hz between laser pulses and a laser pulse width of 5 nsec yield cooling to take
place instantaneously [39] [43]. Even more, there are about 1-2 seconds between each set of 10
laser pulses (each data point in Figures 4 and 5) which means that the plasma is dissipated.
However, as seen in the images in Figure 6, there is observable extensive heat damage on sample
surface beyond the cone’s base. The extensive heat damage occurrence is also supported by
Equation (4). It is known that UHj3 is very pyrophoric and can easily burn even at room temperature
following the reaction in equation (4). This reaction releases a significant amount of heat,

reportedly about 1490 KJ/mol UH; [40] Therefore, this exothermal heat added to the rapid heating-
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cooling process during laser ablation, produces the observed surface damage facilitating the
oxidation of freshly exposed uranium and uranium hydrides to the environment.

The rolled 1.8 wppm sample has a lower oxygen concentration than the 14 wppm sample,
in agreement with the lower hydrogen concentration (fewer hydrides), thus less oxidation. The 1.8
wppm of hydrogen represents about 257 vol. ppm UHj; vs. 1,995 vol. ppm UH; for the 14 wppm

case.

CONCLUSIONS

A fundamental study was conducted using a small HH LIBS instrument to detect and
characterize corrosion within uranium metal. Samples in as-rolled and as-cast conditions were
used as the starting reference samples. Controlled hydrogen charging produced two samples with
different microstructures and hydrogen content, rolled 1.8 wppm H and cast 14 wppm H, to mimic
two pre-corrosion states. For each sample, five different locations were measured in-depth for 100
laser pulses. Using a 12-point grid approach, HH LIBS data were collected on three additional
locations for each sample, at a depth of 20 laser pulse in the bulk. The depth profiles of the
corrosion elements, hydrogen and oxygen, have been shown for all four specimens from the
surface of the sample into the bulk. The atomic emission signals for hydrogen and oxygen were
systematically highest for the 14 wppm H sample, followed by the 1.8 wppm H, and then the
reference samples. The elevated content of oxygen in the hydrogen charged samples originates
from the oxidation of uranium metal and uranium hydrides during the LIBS measurements,
facilitated by the temperature effect on the sample from the laser induced plasma plume combined
with the glovebox environment. While the hydrogen concentration followed the expected trend
since these samples were intentionally charged with known amounts of hydrogen, the oxygen
concentration followed the same trend, indicative of the strong correlation between internal
hydrogen content and corrosion.

Additionally, variation of uranium and carbon was monitored and overall showed similar
content.

Quantitative evaluation of the surface damage produced by the laser ablation indicated that
there is a cone shape damage with a maximum of approximately 26 um penetration into the sample.
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High-resolution microscopy has also shown an extended heat effect on sample surface produced
from the laser ablation and its extensive effects on the samples.

This study shows the application of the LIBS technique for identifying corrosion within
uranium metal by detecting the presence of elemental oxygen, hydrogen, and additionally carbon
within a very dense matrix. The compact hand-held LIBS instrument (eye safe system) used with
1532 nm wavelength and 5 mJ/pulse is capable of ablating sub-micrograms of material from a
sample surface, performing 2D rastering, and acquiring broad band spectra from 190-950 nm.
These features make this hand-held instrument amenable to detect oxygen and hydrogen, at very
low parts-per-million levels, present within materials that are being probed. The study presented
here has proven that the technique and testing methodology employed allows characterization of
uranium corrosion in a reliable way. The hand-held LIBS instrument allows for rapid analysis of
environmentally sensitive materials, with cost reduction in sample transportation, sample

preparation, and analysis time.
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