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ABSTRACT

Uranium tetrafluoride (UF,) is a critical compound in the nuclear fuel cycle, particularly as an intermedi-
ate in uranium hexafluoride (UFgs) and uranium metal production, and as a fuel for fluoride-based molten
salt reactors. Changes to UF4 in humid air were investigated by aging anhydrous UF, under various tem-
perature and relative humidity (RH) conditions for up to 9 months. Powder X-ray diffraction (pXRD) and
thermogravimetric analysis revealed UF,; remained largely unchanged during the aging study for most of
the conditions investigated (293 and 308 K, and <75% RH), consistent with the conventional consideration
that UF, is stable under ambient conditions. However, aging under high RH conditions (>90%) resulted in
chemical speciation changes and formation of UF,; and UF, hydrate mixtures. Specifically, UF4-2.5H,0 was
formed within 30 days for UF4 aged at 293 K and 95% RH. Uranium tetrafluoride hydrates with less than
2.5 waters of hydration were formed within 180 days for UF4 aged at 308 K and 91% RH. These findings
represent the first report of UF, hydrates forming from the reaction of UF, with atmospheric water vapor
at ambient temperatures. Investigation of the surface composition of unaged and aged UF, samples with
X-ray photoelectron spectroscopy revealed degradation of the UF, surface, consistent with the degrada-
tion observed for the bulk UF, from the pXRD measurements. From a nuclear forensics perspective, these
short timeline aging studies suggest that the presence of UF, hydrate in UF; materials may indicate it
was stored under high humidity conditions.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

To address this gap, an emerging area of research is the charac-
terization of environmentally driven changes in fuel cycle relevant

Increasing understanding of the physical and chemical charac-
teristics of nuclear fuel cycle materials is an important area of re-
search for the nuclear industry, the field of nuclear forensics, and
nuclear nonproliferation efforts [1-3]. Recent work has investigated
elemental and chemical impurities in various uranium oxides and
uranium ore concentrates (UOCs) to determine if they can be lever-
aged to determine the origin and process history of a uranium
material [4-14]. Another recent focus has been on the morphol-
ogy of various uranium oxides and UOCs, with an aim to discern
their process history [15-20]. A remaining gap in these areas of
research has been understanding chemical and physical changes
that may occur in nuclear materials during periods of storage and
transportation.
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uranium compounds, for example changes in the parent material
arising from exposure to atmospheric water vapor, precipitation, or
UV light. To-date, particular focus has been given to uranium ox-
ides and UOQCs, and efforts have identified changes in both chem-
ical speciation and morphology for uranium oxides exposed to
various environmental conditions [21-26]. In the nuclear fuel cy-
cle, such transformations can affect the processability of uranium-
bearing materials [27]. For nuclear forensics purposes, on the other
hand, any chemical or physical changes could serve as indicators
of exposure to certain environmental conditions, potentially as a
chronometer for assessing the time elapsed since a uranium com-
pound was produced, and help ascertain aspects of a material’s
provenance. In particular, water exposure has been observed to
play a critical, recurrent role in the environmentally driven changes
to uranium compounds [21,23-29].

Uranium tetrafluoride (UF,) is a critical compound in the nu-
clear fuel cycle, particularly as a precursor in the production of
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uranium hexafluoride (UFg), which is required for uranium en-
richment. However, UF; has been significantly less studied and
characterized than either uranium oxides or UFg. Historically, UF,
has been considered stable under ambient conditions, but two
recent studies using micro-Raman spectroscopy investigated UF,
particles exposed to various environmental conditions and identi-
fied possible degradation pathways [30]. Wellons et al. observed
differing pathways depending on storage conditions and duration
where short-term storage (approximately 2 weeks) under moder-
ate relative humidity (RH, 50%) converted UF,; to UO,F, followed
by formation of a schoepite compound (either metaschoepite
[(UO2)40(0H)g](H;0)5 or schoepite [(UO;)40(0H)g](H20)g), and fi-
nally uranium oxide (UxOy), but UO,F, was not observed at higher
RH (85%) conditions [29]. A longer duration (approximately 7
weeks) study resulted in the eventual formation of a uranyl per-
oxide (UO,(0,)-2H,0). Pointurier et al. completed a 3-month ag-
ing study and observed the formation of a schoepite compound;
adding UV exposure resulted in the formation of a uranyl perox-
ide under humid conditions (>74% RH) [28]. Overall, these studies
indicate micron sized UF, particles are likely to undergo environ-
mentally driven changes in chemical speciation and these possible
degradation pathways involve significant changes in chemical spe-
ciation including oxidation of uranium, fluorine loss, and uranium-
oxo bond formation.

Given the studies by Wellons et al. and Pointurier et al. of
micron sized UF, particles, a remaining question was whether
bulk quantities of UF4 exposed to various environmental conditions
would exhibit similar changes in chemical speciation. The goal of
this work is to determine if bulk scale UF; would undergo envi-
ronmentally driven degradation and if so, identify the degradation
pathway. Samples of UF4 were aged at controlled temperature and
RH conditions for up to 9 months. Powder X-ray diffraction (pXRD)
and thermogravimetric analysis (TGA) were used to characterize
any changes to the bulk material and X-ray photoelectron spec-
troscopy (XPS) was used to investigate any changes to the surface
of the UF,. Based on previous studies of uranium oxides and UOCs,
it is expected that high relative humidity (RH) conditions are nec-
essary for any changes in speciation to occur.

2. Experimental
2.1. Materials

Caution: Solid uranium compounds are a dispersible radioac-
tive material and should only be handled by those who have re-
ceived applicable radiation safety training. The UF; used for this
work was purchased from International Bio-Analytical Industries,
Inc. (IBI Labs). The as received powder was stored in a dry, in-
ert (Ar) atmosphere until used. Potassium nitrate (>99.0%), lithium
chloride (>99.0%), zinc oxide (>99.9%), and trace metal grade hy-
drofluoric acid were purchased from Sigma-Aldrich. Sodium chlo-
ride (>99.0%), magnesium chloride (>99.0%), and hydrogen per-
oxide (30%) were purchased from Fisher Chemical. Uranyl nitrate
hexahydrate and trace metal grade Ultrex II nitric acid were pur-
chased from ].T. Baker. Ultrapure water (18 MS2) was produced by
a Millipore water purification system.

Uranyl fluoride (UO,F,) was synthesized using a modified pro-
cedure based on previous work by Chakravorti et al. [31]. Uranyl
nitrate hexahydrate [UO,(NOs),-6H,0, 9.3 g] was dissolved in 50
mL of 18 M2 water and 0.3 mL of 70 wt % HNOs. The solution
was heated to 343 K and 5 mL of 30% H,0, was added dropwise
while stirring. A bright yellow precipitate formed, and the reaction
was stirred for an additional 30 minutes at 343 K. The precipitate
was isolated using vacuum filtration and subsequently washed re-
peatedly with 18 M2 water. After drying, the purity of the uranyl
peroxide [(UO,)0,-2H,0] precipitate was confirmed via pXRD. The

Journal of Nuclear Materials 557 (2021) 153260

Table 1
UF, aging temperature and RH conditions; RH values were deter-
mined by Greenspan [32].

Saturated Salt Relative Humidity Relative Humidity

Solution at 293 K (%) at 308 K (%)
KNO4 95 91
NaCl 75 75
MgCl, 33 32

LiCl 11 11

(U0,)0,-2H,0 (6.4 g) was transferred to a perfluoroalkoxy alkanes
(PFA) Erlenmeyer flask and dissolved in 4.5 mL of trace metals con-
centrated HF and 5.5 mL of 18 M2 water. The flask was agitated
by hand until the (UO;)0,-2H,0 was fully dissolved. The reaction
was evaporated to dryness on a hotplate. The resulting solid was
ground using a mortar and pestle, then dried under vacuum at 373
K for 48 hours. The product (UO,F,) was verified using pXRD and
Raman spectroscopy.

2.2. UFy aged under controlled temperature and relative humidity
(RH) conditions

Samples of UF; were aged under the atmospheric conditions
shown in Table 1. For each storage condition, UF; samples were
aged for 30, 90, 180, or 270 days. The aging container system was
comprised of 60 mL PFA jars containing approximately 10 mL of
an aqueous saturated salt solution. Various saturated salt solutions
were used to control the RH inside the container and are outlined
in Table 1. Three mL PFA vials containing approximately 0.5 g of
the UF, starting material were placed, uncapped, inside the PFA
jars, exposing the UF, to the controlled atmosphere. The jars were
sealed using PFA screw caps and secured with parafilm. The room
temperature samples were stored on a laboratory surface; labora-
tory climate control maintains an ambient temperature of 293 + 1
K. The elevated temperature samples were completely submerged
in a bead bath, maintained at 308 & 1 K. Temperatures were mon-
itored using a Elitech RC-5+ temperature data logger. All samples
were covered to protect them from ambient light. At the desired
aging time, the vial of aged UF; was removed from the aging con-
tainer and the material was promptly analyzed.

2.3. Powder X-ray diffraction (pXRD) and thermogravimetric analysis
(TGA)

The UF, starting material and aged UF, samples were analyzed
using pXRD and TGA to identify changes in chemical speciation.
Powder-XRD patterns were collected on a Bruker D2 Phaser diffrac-
tometer equipped with a Lynxeye silicon strip detector and us-
ing mono-chromatic Cu Ko X-rays. An air sensitive sample holder
equipped with a knife edge beam stop was used to prevent con-
taminating the diffractometer with uranium. Each pXRD pattern
was collected over 10-80° 26 using a step size of 0.01° and a step
rate of 0.5 sec/step. Powder pattern analyses were performed using
PanAlytical HighScore Plus and the PDF-2 2016 database from the
International Centre for Diffraction Data [33,34].

Thermogravimetric analysis was performed using a NETZSCH
STA 449 F3 Jupiter instrument. Samples were heated at 10 K per
minute under a flow of argon to a maximum temperature of 623
K. The free water content for all samples was determined by the
% mass loss at 373 K and waters of hydration were determined by
the % mass loss over 373 - 623 K.

2.4. X-ray photoelectron spectroscopy (XPS) Analysis

X-ray photoelectron spectroscopy measurements were per-
formed on a custom Scienta-Omicron HiPP-3 system operating in
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transmission mode using an Al Ko X-ray (1486.6 eV) excitation
source and a R4000 hemispherical analyzer. The system was cal-
ibrated to the Au 4f region of a sputter cleaned Au foil. The X-ray
source was operated with a 900 pm spot size at 300 W. Survey
spectra were recorded at a pass energy of 200 eV with a slit size of
4.0 mm x 30 mm and a step size of 1.0 eV for an estimated energy
resolution of 2.0 eV; core level measurements were performed at
a 200 eV pass energy with a 0.8 mm x 30 mm slit size and a 0.1
eV step size resulting in an estimated energy resolution of 0.59 eV.
The analysis chamber pressure was maintained below 5.0 x 10-8
mbar, while the analyzer pressure was maintained below 1 x 10~°
mbar. Charge compensation was achieved using a low energy elec-
tron source operating at 50 pA and an energy of 10.0 eV. All UF,,
aged UF,4, and UO,F, samples were mounted on insulating double-
sided tape in order to electrically insulate the sample to aid in
charge neutralization. Data analysis and quantification were per-
formed using CasaXPS software. A Shirley background was applied
to all high-resolution, core level spectra. The relative quantification
values (elemental ratios) are ratios of the area under the curve for
the element’s respective core level. The elemental ratios are not ex-
pected to match the chemical formula for a given compound due
to varying sensitivity of the instrument to different elements. Stan-
dard deviation was estimated from triplicate measurements, each
performed on unique areas of the sample to account for possible
heterogeneity of the material.

3. Results and discussion

3.1. Chemical speciation of UF; aged under controlled temperature
and RH conditions

To determine whether bulk anhydrous UF,; undergoes environ-
mentally driven changes, aging containers were assembled to in-
vestigate various temperature (293 and 308 K) and relative hu-
midity conditions (11 - 95% RH) that could be encountered in the
terrestrial environment. Samples of commercially available anhy-
drous UF,4 from IBI Labs were exposed to the various conditions for
up to 9 months. Powder-XRD phase identification analysis of the
commercially acquired anhydrous UF, verified the starting material
was UF, and contained no other crystalline phases (Figs. 1 and S1).
After aging 30 days, pXRD analysis indicated there had been no
changes in chemical speciation for all aging conditions, except for
the sample aged at 293 K and 95% RH (Figs. 1, 2, and S2 - S7). For
that sample, a new diffraction peak was present at approximately
26 = 10.6°, however the diffraction peak was of very low intensity
and the identity of the new crystalline phase could not be deter-
mined. Following 90 days aging, pXRD analysis again showed no
changes had occurred for all conditions except the sample stored
at 293 K and 95% RH. The previously observed diffraction peak
at 260 = 10.6° increased in intensity and several new diffraction
peaks were present. The new crystalline phase in the sample was
identified as a uranium tetrafluoride hydrate (UF,4-2.5H,0), indicat-
ing that the aged sample was a mixture of UF4 and UF4-2.5H,0.
Similarly, after 180 days of storage, pXRD analysis indicated no
changes had occurred for most of the aging conditions. For the
sample stored at 293 K and 95% RH, the diffraction peaks corre-
sponding to UF4-2.5H,0 had significantly increased in intensity and
the diffraction peaks corresponding to UF4 had decreased in inten-
sity, indicating the fraction of UF4-2.5H,0 in the aged sample had
increased. For the UF, stored at 308 K and 91% RH, new diffrac-
tion peaks were present at approximately 260 = 31.1° and 31.6°;
however, the limited number of new peaks precluded the identifi-
cation of the new crystalline phase(s). Powder-XRD analysis of the
samples aged for 270 days, the maximum aging time in this study,
again indicated no changes in chemical speciation for most aging
conditions. The peak intensities corresponding to UF4-2.5H,0 fur-
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ther increased in intensity for the sample stored at 293 K and 95%
RH. More significant changes were observed for the sample stored
at 308 K and 91% RH, with diffraction peaks present at approxi-
mately 20 = 12.7°, 31.1°, 31.6°, 44.9°, and 45.1°. Phase identification
indicated several possible compounds that could correspond to the
new diffraction peaks in the 308 K and 91% RH sample including
UF4-1.2H,0, UF4-1.3H,0, UF4-1.5H,0 and UsF;5-Hy0. However, due
to similarities between the diffraction patterns for the possible UF,
hydrates, the new phase(s) present in the aged sample could not
be determined with certainty.

3.2. Quantitative phase analysis (QPA) and TGA analysis of UF, and
aged UF, samples

Changes in the pXRD patterns for this study were quantified via
Rietveld refinement using the internal standard method. Uncertain-
ties are estimated standard deviations from Rietveld refinement.
For QPA using an internal standard, the samples were spiked with
approximately 20 wt % of ZnO. Using the calculated and known
wt % of the internal standard, the calculated wt % of the other
crystalline phases is corrected according to Eq 1, where W is the
corrected mass fraction of phase i, W; is the calculated mass frac-
tion of phase i, Ws is the calculated mass fraction of the internal
standard, Ws, is the actual mass fraction of the internal standard
[35-37]. Additionally, the internal standard method is particularly
useful because it enables quantification of the amorphous phase
which is not directly detected via pXRD. If the amorphous phase is
not accounted for, QPA will overestimate the crystalline phases in
the sample. The wt % of the amorphous phase is determined ac-
cording to Eq 2, where W, is the mass fraction of the amorphous
phase.

o Wy 1
WI.C_WI\M<%) (1)

Wo=1-) W, ()

1

The QPA results for the various aging conditions are shown
in Figs. 3, 4, and S8 - S46. The results confirmed the qualita-
tive pXRD observation that for UF; aged at 293 K and 95% RH,
the fraction of UF4-2.5H,0 in the sample increased with additional
aging time (Fig. 3). In particular, the fraction of UF4-2.5H,0 in-
creased significantly, from approximately 3 to 33%, during the 90
days that elapsed between the 90- and 180-day checks. The frac-
tion of UF4-2.5H,0 continued to increase during the 90 days that
elapsed between 180 and 270 days, but only increased from ap-
proximately 33 to 40%, indicating the system is likely approach-
ing the maximum fraction of UF4-2.5H,0 that will be formed at
293 K and 95% RH. Additional aging time would be required to
determine the maximum concentration of UF4-2.5H,0 for these
conditions.

As discussed in the previous section, the precise UF,; hydrates
in the UF, aged for 270 days at 308 K and 91% RH could not be
determined with certainty. In order to provide an estimate of the
UF,; hydrates present, QPA was performed assuming UF4-1.2H,0
and UF,4-1.5H,0 were the only new phases present. These hydrates
were chosen because they best match the new peaks at 260 = 31.1°,
31.6°, 44.9°, and 45.1°. For this approach, the QPA results for the
UF, aged for 270 days at 308 K and 91% RH estimated the sam-
ple contained 16 wt % UF, hydrates (Figure S34). This result likely
overestimates the fraction of UF,, UF4-1.2H,0, and UF4-1.5H,0 be-
cause other phases in the sample were not accounted for. Based
on the observation for the UF, aged at 293 K and 95% RH, it is ex-
pected that additional aging time would further increase the con-
centration of UF4 hydrates for the sample aged at 308 K and 91%
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Fig. 1. Powder-XRD patterns for UF, after 0 (black), 30 (red), 90 (orange), 180 (blue), and 270 (purple) days aging at 293 K and 95% RH. The material began as UF, and was
converted into a mixture of UF, (PDF #98-007-8481) and UF,-2.5H,0 (PDF #98-002-3157).
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Fig. 2. Powder-XRD patterns for UF, after 0 (black), 30 (red), 90 (orange), 180 (blue), and 270 (purple) days aging at 308 K and 91% RH. The material began as UF, and
was converted into a mixture of UF, (PDF #98-007-8481) and one or more UF, hydrates. The possible UF, hydrates are UF4-1.5H,0 (PDF #98-002-7684), UF,-1.3H,0 (PDF
#98-002-7685), UF,4-1.2H,0 (PDF #98-002-7686), and UsF;;-H,0 (PDF #98-025-0702).
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Fig. 3. QPA results for UF, after 0, 30, 90, 180, and 270 days aging at 293 K and 95% RH. Uncertainties are 1o.
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Fig. 4. QPA results for UF, after 0, 30, 90, 180, and 270 days aging at 308 K and 32% RH. Uncertainties are 1o.

RH. Furthermore, Dawson et al. reported UF4-2.5H,0 can be pre-
pared by suspending the lower hydrates of UF,4 in dilute hydroflu-
oric acid [38]. Given that Christian et al. prepared UF4-2.5H,0 from
UF,4 in neat water instead of dilute hydrofluoric acid, it is plausi-
ble, but unknown, whether UF4-2.5H,0 would be formed in this
sample with additional aging time.

The QPA results for the remaining storage conditions initially
indicated that exposure to the various conditions increased the

fraction of amorphous content in the samples. For example, the
amorphous content of the sample aged at 308 K and 32% RH in-
creased from approximately 32% to 39% during the first 180 days
of aging (Fig. 4). However, the 270-day QPA results did not fall
within the tentative trend, indicating the trend did not exist and
the variations in the amorphous fraction likely arise from uncer-
tainty in the QPA results. Thus, the QPA results for the lower RH
(<90%) conditions indicated those samples remained unchanged
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Fig. 5. TGA results for UF, starting material (black) and UF, aged for 180 days at 293 K and 11% (red), 33% (orange), 75% (blue), or 95% (purple) RH. The inset is a magnified

view for 613 - 623 K.

during the aging study, consistent with the qualitative pXRD
observations.

Following 180 days aging, a sub-set of the UF; samples were
analyzed via TGA to determine whether the changes in amorphous
content, indicated by QPA at that time, arose from partial hydra-
tion of the UF,. Results from TGA analysis of the samples aged at
293 K and the various RH conditions are shown in Fig. 5. Con-
sistent with the pXRD data for the sample aged at 95% RH, the
TGA results show loss of water beginning around 363 K. The 5.3%
wt loss observed would equate to a material that is approximately
42% UF,4-2.5H,0, based on the theoretical mass loss for complete
dehydration of UF4-2.5H,0 (calc. 12.5% wt loss). Given that some of
the mass loss could arise from absorbed but non-crystalline wa-
ter in the sample, this result shows good agreement with the QPA
results, but the final product composition is not known with cer-
tainty. However, because the TGA was performed under an argon
flow and the maximum temperature was 623 K, above which it
has been shown UF; undergoes pyrohydrolysis, oxidation is un-
likely to occur [39]. The final product is likely UF, or a mixture of
UF,4 and a fractional hydrate, potentially UF,4-0.1H,0. Perhaps more
interesting are the TGA results for the UF, starting material and
other relative humidity conditions. The UF, staring material shows
a small mass loss of approximately 1%, indicating the starting ma-
terial contains a fraction of UF, hydrate. Though not known with
certainty, this hydrate could explain the amorphous phase present
in the pXRD data for the UF, starting material. If this correct, based
on the fraction of amorphous phase (~30%) and the total mass loss
observed in the TGA results (1%), the amorphous phase would be
approximately UF4.0.5H,0. For the samples aged at 33 and 75%
RH, there is essentially no difference in the TGA curves compared
to the UF, starting material, indicating additional hydration had
not occurred to the UF4 stored under these conditions. However,
for the sample aged at 11% RH, the TGA curve displayed slightly
less mass loss than the UF,; starting material, 0.8% and 1.0% re-
spectively, indicating storage in low relative humidity slightly de-
hydrated the UF,.

Overall, the combined qualitative and quantitative results indi-
cate the interaction of UF; with various environmental conditions
is complex, especially considering the studies by Wellons et al.

and Pointurier et al. investigating UF, particulate matter. Consis-
tent with the conventional understanding that UF, is stable un-
der ambient conditions, this study indicates that bulk UF,4 is sta-
ble for up to 9 months exposure to moderate and warm tempera-
tures (293 and 308 K) and low to moderately high relative humid-
ity (<75% RH), as no changes in chemical speciation were observed
for samples aged under those conditions. However, the observa-
tions for samples exposed to high relative humidity (>90% RH) de-
part from the conventional understanding of UF, stability. Expo-
sure to 95% RH at 293 K resulted in the formation of UF4-2.5H,0
within 30 days. Additional aging time resulted in increasing con-
centrations of UF4-2.5H,0. Increasing the temperature to 308 K
yielded a different outcome, where changes in chemical speciation
were delayed by several months and the resulting compound(s)
were UF4 hydrates with less than 2.5 waters of hydration. This may
be explained by multiple factors. First, the thermodynamic data
[40] indicates the reaction forming UF4-2.5H,0 (Eq 3) is entropi-
cally disfavored where AS° = -360 ] K-1 mol-! (Table 2). Second,
changes in temperature affect water sorption, where, in general,
the amount of water absorbed by a material decreases with in-
creasing temperature [41-43]. Reducing the water absorbed by UF,4
could slow the formation of UF4 hydrates and also limit the avail-
able water resulting in the formation of hydrates containing less
than 2.5 waters of hydration.

UF4(s) + 2.5H,0(g) — UF, - 2.5H,0(s) 3)

Additionally, the qualitative and quantitative results indicate
there exists a threshold RH below which there is insufficient water
vapor present for UF4 to hydrate, or UF, hydrates so slowly that
no changes were evident following 9 months exposure. A similar
observation was reported by Tamasi et al.; they found U;Og ex-
posed to low RH (<25%) for up to 3.5 years remained unchanged
whereas U30g exposed to high RH (>89%) for up to 3.5 years ex-
hibited changes in chemical speciation due to oxidation and hydra-
tion [21]. This phenomenon has also been observed for the hydra-
tion of other inorganic salts [44-46].

From a thermodynamic perspective the hydration of a salt is
characterized by Gibbs free energy at standard conditions (Eq 4)
where AH° (J-mol~!) and AS° (J-K~1-mol~1) are the reaction en-
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Table 2
Thermodynamic data for reaction forming UF,-2.5H,0 [40].
AGe (k] mol~')  AH¢e (kJ-mol-')  S° (J-K-'-mol-1)
UF4(s) -1823.5 + 4.2 -1914.2 + 4.2 151.7 £ 0.2
H,0(g) -228.58 + 0.04 -241.83 £ 0.04 188.84 + 0.01
UF,-2.5H,0(s) -24403 + 6.2 -2671.5 + 43 2635 + 15.0
AG® (kJ-mol~1) AHe (k]-mol-1) AS° (J-K-"-mol-1)
Overall reaction (298 K) 453 £ 75 -152.7 £ 6.0 -360 £+ 15
Table 3 Table 4
Thermodynamic equilibrium data for reaction forming UF4-2.5H,0 at 298 K. Relative quantification of fluorine and oxygen for the
- surface of UF4 and UO,F, via XPS. Uncertainties are 1o.
Uncertainty Range (AG°)  AG® (kl-mol~!)  peq [kPa (atm)] RH (%)
Rati UF, Start UO,F
Min. -45.3 - 7.5 -52.8 0.020 (2.0 x 10-4)  0.64 ano 4 Sar 2t
-45.3 -45.3 0.068 (6.7 x 1074) 21 U/F 46 + 0.1 73 +£0.2
Max. -453 + 7.5 -37.8 0.23 (2.2 x 1073) 7.2 u/o 51+5 10 £ 2

thalpy and entropy, T (K) is absolute temperature, R (J-K~1-mol~1)
is the gas constant, peq (kPa or atm) is the water vapor pressure
in equilibrium with the salt, 00 is standard pressure (101.3 kPa or
1 atm), and n is the number of moles of water for the reaction. By
rearranging Eq 4, peq can be calculated from the standard Gibbs
free energy of reaction for Eq 3, AG® = -43.5 + 7.5 k] mol~!. Us-
ing the saturated water vapor pressure at 298 K (3.16 kPa or 0.0312
atm) and calculated range of values for peq, the RH at thermody-
namic equilibrium for UF4-2.5H,0 is shown in Table 3. Based on
this range of RH at thermodynamic equilibrium (RH = 2.1*3-1 %),
the formation UF4-2.5H,0 from UF, is thermodynamically favor-
able at RH greater than 7.2%. Our observation that much higher RH
conditions are necessary to form UF4-2.5H,0 suggests the reaction
is significantly hindered kinetically, and the threshold RH required
to overcome this kinetic barrier appears to lie between 75 and 95%
but is not known with certainty. Studies incorporating longer ag-
ing times and investigations of additional RH conditions between
75 and 90% are needed to resolve this uncertainty.
n

AG® = AH° — TAS® = RTIn [(%) ] (4)

Lastly, the qualitative and quantitative observations demon-
strate chemical changes to bulk UF; may occur under cer-
tain temperature and relative humidity conditions. Until recently,
UF4-2.5H,0, the highest established UF,; hydrate, had only been
prepared by reacting anhydrous UF, with hydrofluoric acid, how-
ever Christian et al. demonstrated it could be formed by reacting
UF, with neat liquid water at room temperature [38,47]. Our find-
ings represent the first report of UF4 hydrates formed via a room
temperature reaction between UF, and atmospheric water vapor.

3.3. XPS analysis of UF, and aged UF, samples

A sub-set of the UF, samples were analyzed via XPS to deter-
mine whether the UF; surface underwent degradation consistent
with the observations of Wellons et al. and Pointurier et al., or
hydration as observed for the bulk UF,. Recently, Giannuzzi et al.
analyzed UF, particles using scanning transmission electron mi-
croscopy coupled to electron energy loss spectroscopy (STEM/EELS)
and reported reduced fluorine content at the particle edges com-
pared to the bulk material, indicating surface limited reactions had
occurred [48]. This observation demonstrates the importance of
characterizing the surface of the aged UF, sample. The probing
depth for XPS measurements is generally accepted to be 3 - 10 nm,
making it a suitable technique to investigate changes to the surface
of the UF,4 [49]. Conversion of UF4 to UO,F,-2H,0 and then UOCs
such as UO3-xH,0 or UO,(0,)-xH,0 requires significant chemical
transformations including fluoride ligand substitution, oxo bond

formation, and uranium oxidation [28,29]. These changes in chem-
ical speciation would be evident in XPS spectra via fluorine signal
loss, oxygen signal gain, and changes to features of the U 4f core-
level spectra.

The XPS spectra for the as-received UF4 and synthesized UO,F,,
the first product of the degradation pathways reported by Wellons
et al.,, were collected to obtain references that would help assign
potential differences expected if the UF, surface degrades with for-
mation of UO,F, (Fig. 6). The UF4 and UO,F, XPS spectra collected
for this study were consistent with previously published spectra
[50-52]. The XPS spectrum of as-received UF4 shows a small oxy-
gen signal which could be attributed to several possible sources.
It is well established that adventitious carbon containing oxygen,
adsorbed gases (CO,, O,, H,0), or other minor contaminants can
contribute to the oxygen signal [49,53]. It is also possible the as-
received UF4 contains a very small amount of the UO, starting
material from which it was prepared. However, the lack of distin-
guishable features in the U 4f core-level spectrum suggests only a
very small amount of UO, may be present. The increase in oxy-
gen signal between UF, and UO,F, is apparent in the XPS survey
spectra and also is shown in relative quantification of the oxygen
content, indicated by the decrease in the U/O ratio (Table 4). For all
relative quantification in this work, the convention used to calcu-
late the ratios, U/O or U/F, will result in a decrease in the ratio as
oxygen or fluorine content increases. The expected change in the
fluorine signal is also immediately discernable in the survey spec-
tra, and relative quantification of the fluorine content from the F 1s
signal shows a decrease in fluorine, indicated by the increase in the
U/F ratio. For the U 4f core-level spectra, two changes are notable;
first there is a shift to slightly higher binding energy (BE), from
382.6 to 382.8 eV for the U 4f;, peaks. Second, the UF; spectrum
clearly exhibits a satellite structure common to several U(IV) com-
pounds at a position that is 7.0 eV higher BE than the U 4f peaks.
Conversely, this satellite structure is absent for UO,F,. In fact, the
UO,F, does not readily exhibit any satellite structures though sev-
eral other U(VI) compounds do [51,52].

Pure samples of metaschoepite (abbreviated as UO3-2H,0) and
uranyl peroxide [UO,(0,)-2H,0], degradation products identified
by both Wellons et al. and Pointurier et al., were not available for
this study. For UO3-2H;0, the literature reports the U 4f;;, at BE
of 382.0 eV and indicates that the U 4f core-level spectrum does
not readily exhibit a satellite structure [54,55]. For UO,(0,)-2H,0,
the literature reports the BE of U 4f;, BE at 382.3 eV and demon-
strates the presence of a small satellite structure at 3.5 eV higher
BE than the primary U 4f peaks [56]. Overall, degradation of the
UF,; surface consistent with the pathways reported by Wellons
et al. and Pointurier et al. would be evident by a loss of fluorine,
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Fig. 6. XPS survey spectra (A) and U 4f core-level spectra (B) for as-received UF,4 (black) and synthesized UO,F, (red). Spectra are displayed with normalization applied by
scaling to the maximum and minimum points of the spectra to clearly show relative changes in spectral features.
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Fig. 7. XPS survey spectra (A) and U 4f core-level spectra (B) for as-received UF, (black) and UF, aged for 180 days at 293 K and 95% (purple), 75% (blue), or 33% (orange)
RH. Spectra are displayed with normalization applied by scaling to the maximum and minimum points of the spectra to clearly show relative changes in spectral features.

an increase in oxygen, shifts in the U 4f BEs, and a loss or shift in
the U 4f satellite structure.

The XPS spectra for the UF, starting material and the subset of
aged UF4 samples analyzed are shown in Fig. 7. The survey spectra
for all the samples are remarkably similar. Relative quantification
indicated the fluorine content remained unchanged for the UF,4
stored for 180 days at 293 K and 33% RH and the UF, stored for
180 days at 293 K and 75% RH (Table 5). However, relative quantifi-
cation indicated a small amount of fluorine loss (~15 % change) for
the UF, stored for 180 days at 293 K and 95% RH, which exhibited
the largest changes in the pXRD and TGA data. However, the dif-
ference in the U/F ratio is much less than that observed between
UF, and UO,F,. Interestingly, relative quantification of the oxygen
content reveals successive increases in oxygen content across the
samples that parallels increases in the RH aging conditions. How-
ever, similar to the U/F ratio, the greatest change in the U/O ratio
is much less than what is expected if UF4 was converted to UO,F,.

Table 5

The U 4f core-level spectra for each aged sample shows a slight
shift to lower BE for the U 4f peaks as well as slight broadening to-
ward lower BE, indicating the presence of another uranium species.
However, a shift to lower BE is not consistent with the formation
of UO,F,, additionally, the U 4f core-level spectrum of each aged
sample still exhibits the U(IV) satellite structure, which should de-
crease or be absent if a significant fraction of the UF, surface had
oxidized to U02F2, UO3'2H20, or U02(02)2H20

Overall, the XPS data for the aged UF4 samples suggests the UF,
surface has undergone hydration. The stepwise increase in oxygen
content with respect to increasing RH, combined with a lack of cor-
responding fluorine loss would be consistent with UF4 hydrate for-
mation on the surface. Additionally, the continued presence of the
U(IV) satellite feature indicates the uranium in the aged samples
remained in the U(IV) oxidation state. The slight shift to lower BEs
accompanied by the broadening of the primary peaks in the U 4f
core-level spectra could also be consistent with the hypothesis of

Relative quantification of fluorine and oxygen for the surface of unaged and aged UF4 via XPS. Uncertainties are 1o.

Ratio  UF, Start  UF, (180 days, 293 K, 33% RH)  UF, (180 days, 293 K, 75% RH)  UF4 (180 days, 293 K, 95% RH)
UF  46+01 45+02 44402 53+ 02
U0 51+5 40 +2 37+2 302
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UF, hydrate formation. The uranium atoms in UF, are coordinated
to 8 fluoride ligands whereas UF4-2.5H,0 displays two uranium
environments; one in which the uranium atoms are either coor-
dinated to 9 fluoride ligands or coordinated to 5 fluoride ligands
and 4 water ligands [57,58]. The change in uranium coordination
environment from only fluoride ligands to a combination of fluo-
ride and water ligands could result in a shift of the U 4f core-level
peaks to lower BE as water is less electronegative than fluorine,
reducing the effective nuclear charge experienced by the uranium
electrons. Unfortunately, reference XPS spectra for UF,4 hydrates are
not available, precluding a direct comparison with the results of
this study.

In summary, the results from the XPS data are largely consis-
tent with our observations for the aged bulk UF, studied by XPS
and TGA. For the sample stored at 95% RH, both surface and bulk
analysis indicate UF, hydrate formation had occurred. For the sam-
ples stored at 33 and 75% RH, the XPS results suggest slight hydra-
tion of the surface occurred, but the extent of hydration remained
below pXRD detection limits. The exception to these observations
is the small amount of surface fluorine loss for the sample stored
in 95% RH, however the resulting surface uranium species is un-
known at this time. Finally, the XPS data showing an incremen-
tal increase in surface degradation with respect to increasing RH
supports the idea that the formation of UF, hydrates under these
various conditions is thermodynamically favorable but significantly
hindered kinetically. Thus, at lower RH (<75 %), hydration of the
bulk material may eventually occur with considerably longer aging
times.

4. Conclusions

The potential impact to nuclear forensics, nuclear nonprolifer-
ation efforts, and the nuclear industry drives an ongoing need to
study the physical and chemical characteristics of nuclear fuel cy-
cle materials, including the chemical and physical changes that
may occur in nuclear materials during periods of storage. For this
study, chemical transformations of UF, were investigated by ag-
ing anhydrous UF,; under various temperature and RH conditions.
Using pXRD and TGA, bulk UF4; was found to remain unchanged
when aged at low to moderately high (<75%) RH and 293 or 308
K for up to 9 months, however, exposure to high relative humidity
led to the formation of UF, hydrates. Specifically, UF4-2.5H,0 was
formed within 30 days for UF4 aged at 293 K and 95% RH, and UF,
hydrates with less than 2.5 waters of hydration were formed by
180 days for UF, aged at 308 K and 91% RH. XPS analysis indicated
changes in chemical speciation to the UF, surface were likely UF,4
hydration as well, as opposed to formation of UO,F,.

For the nuclear industry, these results, combined with the ob-
servations of Christian et al., indicate anhydrous UF4 can be pre-
served by protecting it from high RH and direct exposure to lig-
uid water during storage [47]. For nuclear forensics and nuclear
nonproliferation efforts, this work indicates UF4 may persist in the
environment for up to several months, preserving a valuable sig-
nature of anthropogenic nuclear activity. Additionally, UF4-2.5H,0
may serve as an indicator of UF; exposed to or stored in high
RH conditions. This work demonstrates the value and necessity
of using multi-technique characterization, including both bulk and
surface chemical analysis, for nuclear forensics investigations be-
cause important signatures or indicators may be exclusive to one
of these domains. It is noteworthy that one environmental con-
dition, UV light exposure, was not investigated in this study as
the aging containers were protected from light. UV light has been
demonstrated to play a role in altering the chemical speciation of
uranium compounds and thus, UV light exposure could affect the
chemical changes in bulk UF,4 [28,59]. Future work will investigate
longer aging times and additional RH points between 75 and 95%
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to determine whether a threshold RH exists, below which no hy-
dration will occur within several years. Future work will also in-
vestigate the effect of UV light exposure on the chemical trans-
formations of bulk UF,. Lastly, producing high quality samples for
reference XPS spectra is challenging, however acquiring a reference
XPS spectrum for UF4-2.5H,0 and lesser UF, hydrates is also of in-
terest for future work.
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