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This paper demonstrates that NF; fluorinates uranium metal, UO,, UF,4, UOs3, U30g, and UO,F,-2H,0 to
produce the volatile UFg at temperatures between 100 and 550 °C. Thermogravimetric and differential
thermal analysis reaction profiles are described that reflect changes in the uranium fluorination/oxida-

tion state, physiochemical effects, and instances of discrete chemical speciation. Large differences in
the onset temperatures for each system investigated implicate changes in mode of the NF; gas—solid sur-
face interaction. These studies also demonstrate that NFs is a potential replacement fluorinating agent in
the existing nuclear fuel cycle and in actinide volatility reprocessing.
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1. Introduction

This paper provides the results of thermoanalytical investiga-
tions and thermodynamic considerations of nitrogen trifluoride
(NF3) as a fluorinating agent for uranium compounds. Fluorination
technologies have been used historically to enrich 2>°U from vari-
ous uranium feedstocks by gaseous diffusion [1-3] and have been
discussed for nuclear fuels recycle [4-6], nuclear materials separa-
tions [7], purification [1,8], and US Department of Energy (DOE)
site decontamination [9,10]. With respect to nuclear materials sep-
arations, the hexafluorides of U, Pu, and Np can be separated from
complex matrices and each other by their volatility and the phys-
ical properties (boiling point, sublimation point) of the gaseous
products. Large-scale fluorination processes typically have de-
pended on using potent fluorination reagents that are hazardous
to human health, environmentally intrusive, and expensive to pro-
duce, transport, and store. The reaction kinetics of several of these
F, [11-16], CIF; [15], BrCl; [16], O,F, [17-20], KrF, [20,21] have
been investigated with regard to their utility as uranium and acti-
nide fluorinating reagents.

An alternative fluorinating reagent, NFs, is currently used to
etch and clean microelectronic devices [22-25]. The reagent is
not corrosive and does not react with moisture, acids, or bases at
room temperature. NF3 is thermally stable to relatively high
temperatures and is also insensitive to shock to pressures
above 1,00,000 psi [26] so that reduced economics associated with
transportation, storage, and everyday laboratory or large-scale
processes are realized.
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Successful etching of UO, in NF; glow discharge experiments
has been discussed [27,28]. The utility of this process may be lim-
ited for large-scale process work because of the small footprint of
the radiofrequency (RF) apparatus and the need to operate under
a significant vacuum, but it is clear that removing uranium and
other transuranics can be made quite effective.

Uranium hexafluoride (UFg) is a white volatile solid that sub-
limes at 57 °C. At room temperature, the vapor pressure of UFg is
about 0.14 atm, and this increases to about 13.6 atm near 150 °C.
The high vapor pressure of UFs and the fact that it is the only
appreciably volatile product derived from the fluorination of ura-
nium materials below 700°C [29] are properties historically
advantageous to the study of fluorination of uranium using ther-
mal gravimetric methods.

Signatures generated from differential thermal analysis and
thermogravimetric experiments are inadequate for probing de-
tailed mechanistic issues in reactive chemical systems other than
supporting or disproving hypothesized reactions, but can be used
to observe chemical or physiochemical transformations that occur
with heating of a sample. Characteristic of these are, endothermic
and exothermic heat exchange, primary and secondary changes in
crystallinity and phase, evolution or adsorption of gas to produce
mass change, formation of product barriers and discrete chemical
intermediates formation. While the temperature onset and regions
of stability for intermediate products might be established using
TGA, the goal of their isolation and identification can met by appli-
cation of other techniques more suited to that purpose. Because
the reactivities of NF; and fluorine gas with uranium materials
are in several ways similar, the extensive literature concerning ura-
nium fluorination was considered to help identify more obvious
chemical intermediates involved in the various fluorination
sequences.
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For the experiments discussed here, variation of the sample
heating rate is broadly used to map out thermal behaviors in the
reactions of NF; with several uranium compounds. The selection
of the heating rate generally determines the onset temperature
for a given event and can often be chosen to resolve events that
might overlap on the temperature axis. The chosen scan rates dis-
played throughout the text are based on several tens of trials for
each system, from which we have selected the most resolved data
to illustrate the sequential reactions that eventually produce UFg.
With this data set, we describe several evidences of deviation from
the reported reactivity for F, gas with in particular UO,, U30g and
UF,. It is not yet known if such differences are a function of the NF3
reactivity or perhaps reflect a difference in experimental approach
and reporting. Regardless, we observe complex behavior that is
challenging to readily understand from the perspective of the
known speciation involved in UFg production from these materials.
Thermodynamic data are provided to emphasize the favorability of
the conversion of a uranium compound by NF3 to UFg or departures
from expected behaviors. A goal of this report is to display such
behavior with the intent of beginning a dialogue concerning the
fundamental reactivity and applicability of NFs,

2. Experimental methods

Uranium metal—UO, UF4-2H,0 UO,F,-2H,0, UO5, and a-U30g—
from house stocks at Pacific Northwest National Laboratory were
characterized before their use by X-ray diffraction (XRD) on a Scin-
tag (PAD III) diffractometer and by scanning electron microscopy
(SEM) on a JOEL JEM 840S, with Oxford Instruments energy-disper-
sive spectroscopy (EDS). XRD spectra were obtained over a range
from 5° to 65° 20 with 0.02-degree-step sizes and a dwell time of
8 s/step. XRD powder patterns of UF4-2H,0, UOs3; and UsOg, and
UO,F,-2H,0 were acquired and were consistent with those in the
International Centre for Diffraction Data (ICDD) database [30].

The XRD powder pattern of the stock UO, indicated the pres-
ence of a primary corrosion phase, metaschoepite [(UO,),0(OH)g](-
H,0)s on/in the surface of the UO, particles. Thermogravimetric
analysis (TGA) of the UO, confirmed the presence of less than
2 wt% of the hydrate.

SEM micrographs of NIST traceable o-U30g showed it to be 1 or
2 pm-sized nodular looking particles or aggregates of these that on
closer examination had hexagonal appearance. B-U30g was prepared
by heating the a-U30g powder to 1350 °C for 24 h [31] and slowly
quenching the heat at a rate of 100 °C/day. The material was brittle
and had a highly reflective appearance. The XRD of the material
was consistent with the presence of some residual o-U30g mixed
with the B-U30g. SEM micrographs of the p-UsOg indicated that the
distinct particles were elongated relative those in the parent o-
Us0g. The particle size increased considerably relative to the parent
and ranged from 1 or 2 pm-sized particles to 200 pwm pieces.

Uranium metal in the form of spheres approximately 1 mm in
diameter had a geometric surface area of 0.0236 cm?/g. An SEM
micrograph indicated that the uranium metal surface had a very
slight oxide layer on it. The metal was treated with three hy-
dride/dehydride cycles in 4% H,/Ar gas to 99.9% yield UH; by
TGA indicating a similar purity of metal. An SEM micrograph indi-
cated that the stock UO, particles were discrete with a particle size
ranging from 10 to 75 pm.

The UF4-2H,0 stock solids had been recrystallized from solution
and the UOj3 stock had been prepared from thermal decomposition
of uranyl peroxide and was actually a mixture of UO5 and hydrated
forms of UO3. SEM micrographs of UF4-2H,0 and the UO5; samples
showed that particles appeared as approximately 20-pum aggre-
gates comprised of submicron particles.

Details of the method of preparation of UO,F,-2H,0 and charac-
terizations of the product have been previously described [10].

SEM micrographs of the material indicated well-defined platy par-
ticles with a size distribution from 10 to 40 pm.

2.1. Thermogravimetric/differential thermal analysis

A combination thermogravimetric (TG) and differential thermal
analysis (DTA) unit (Seiko model 350) was modified to accommo-
date NF; to temperatures in excess of 1000 °C. For this purpose, the
normal path for passage of purge gases was modified with a !/6-in.
(OD) nickel tube that was inserted to within 1 in. of the centre of
the sample. The tube was used to both pre-heat the NF; gas and de-
liver it directly to the sample. A back pressure of argon gas was
maintained to dilute the NF; concentration during sample expo-
sure and also to avoid NF; backflow to electronic components
residing inside the analytical balance area of the TG/DTA unit. Cal-
ibrated flow controllers were used to adjust the NF; and argon
concentrations.

Samples were run in (99.999% Al) aluminum or gold pans pur-
chased from Thermo Scientific (Waltham, MA). The sample and
reference pans were pretreated for 1 h with NF; at 500 °C to passiv-
ate their surfaces and prevent small mass changes caused by their
fluoridation during TG/DTA analyses. Samples were run in isother-
mal mode between 100 and 500 °C and under heat-ramp condi-
tions at 1, 2, 5, 10, and 20°C min~'. Mass (TG) and heat flow
(DTA) baselines were run under the same conditions as the sam-
ples to establish the instrument response over the time and tem-
perature range of the thermal experiments. Mass changes to
+5 pg were considered acceptable in the mass baseline. Fluctua-
tions below * 20 microvolts were considered acceptable in the
DTA baseline.

For the reaction of NF3 and UO,F,-2H,0 only a Nicolet 750 infra-
red (IR) spectrometer was used to qualitatively identify IR-active
evolved gases from these TG/DTA experiments.

The enthalpies and free energies of formation of UFg from the
reaction between NF; and several uranium compounds were calcu-
lated using a chemical reaction and equilibrium software package;
HSC Chemistry® [32]. Thermodynamic data are reported in Table 1
at a median temperature of 300 °C as the calculated values did not
change more than 10% between 200 and 500 °C. The thermody-
namic calculations provide a measure of whether a reaction is
favorable or not.

3. Results and discussion

The reactions of NF; with uranium metal, its oxides, and fluo-
rides to produce volatile UFg are predicted to be exothermic and
in general are observed to be exothermic. The use of a purge gas
in the TG/DTA experiments complicates the measurement of exo-
thermic reaction heats through removal of the chemically heated
gas from the system and the effective removal of UFg gas as it is
formed. Some of the latent heat of UFg formation is concomitantly
removed from the instrument’s thermal detection systems to the
extent that the experimental enthalpies of exothermic reactions
can not be measured with certainty. The same holds true for the
exothermic formation of UF; from uranium metal, UO,F, from

Table 1
Enthalpies and free energies per mol uranium for reaction of NF; for the overall
reactions of selected uranium oxides, UF4 and UO,F, to produce UFs.

Eq. Overall reaction to UFg AH (kJ/molU)  AG (kJ/mol U)
1 uo, + 2NF3(g) = UFg(g) + Nz(g) + Oz(g) —799.9 —-901.1

2 UO,F; + NF3(g) = UFg(g) + Npggy + O3y —321.2 —448.8

3 UO5 + 2NF3(g) = UFg(g) + Nog) + O -661.9 —809.8

4 U30g + 6NF3(g) = 3UFg(g) + 3Np(gy+ —695.2 —823.2

5 UF, + NF3(g) = UFe(g) + Nagg) —144.1 -204.9

6 U + 2NF3(g) = UFg(g) + Nog) -1881.9 —1884.8
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UO,, etc. The effect can reduce the recorded heats to zero intensity
and might for instance occur if the purge rate exceeded the rate of
heat production of the reactive system.

Coupled to complexity of the NFs/uranium interaction such
empirical deception can conspire to make interpretation of the
thermal data presented herein challenging. Some guidance can
be provided by thermodynamic modeling of the chemical systems
involved. The enthalpies and free energies of formation of UFs from
the reaction between NF3 and several uranium compounds were
calculated and are reported in Table 1. For these calculations, the
stoichiometric lowest energy product distributions were postu-
lated for metrical purposes. It should not be construed that these
are actual product distributions, however, UFs, N, and O, are the
products in fact observed using RF field excitation of NF; for UFg
production from UO, [27]. The thermodynamic calculations predict
overall exothermic conversion of uranium compounds to UFg and
do so even using various product distributions that would result
in stoichiometric NO, production. Accordingly, the exothermic
behavior so accounted for should be an observable in the thermo-
analytical results.

Based on the thermodynamic data for U metal, UO,, U30g, UO5,
UO,F,, and UF, in Table 1, one would conclude that there is a cor-
relation of the uranium oxidation state with the heats of reaction
produced during the fluorination process. The overall trend is com-
piled in Table 2 and this trend should also be an observable in the
experimental data. While seemingly obvious, as for instance it is
somewhat analogous to the more well-studied oxidation reactions
of these uranium compounds, the trend is in fact experimentally
defied by two cases in particular; those of U3Og and UF,. Each dis-
play endothermic mass loss (as UFg) especially at low sample heat-
ing rate. While our understanding of this behavior is presently
limited, the thermodynamic calculations at least point us away
from an explanation that is based on a change in the (known) inter-
mediates of fluorination, and towards one involving a decomposi-
tion, or other event(s) that is endothermic in nature and apparently
emphasized by the choice of sample heating rate.

With respect to the issue of product distribution, the decompo-
sition of NF3 gas or its thermal reaction with uranium oxides for in-
stance could lead to nitrogenous primary or side products.
Experiments evaluating NF; plasma as an etchant for SiO, [22-
25] and uranium materials [27,28] have been carried out in appa-
ratus designed to scrupulously avoid air and moisture and produc-
tion of side products, e.g. HF, and nitrogen oxides are not reported.
While the thermogravimetric experiments reported here were
purged in argon, it is clear that the reactivity of thermally activated
NF; above 350 °C is such that simple purging is not adequate to
completely reduce emission of such products from our experi-
ments. In several experiments, the presence of small amounts of
HF and NO, were detected by IR. Because these product concentra-
tions did not dominate the infrared spectra, it was surmised that
such products were formed through adventitious hydrolysis of
reaction products (UFg) or of thermally activated NF3; with oppor-
tunistic air (O;) on surfaces inside and exiting the furnace of the
TG apparatus as opposed to being primary reaction products.

3.1. NF; fluorination of UO,

The overall reaction to produce UFg from reaction of F, with UO,
is considered in the literature to be a two step process [33]. The
reaction with NFs; is listed in Table 1: Egs. (1) and (2). The general
observation is that UO,F; is formed preferentially to UFs unless the
sample heating rate or reaction heat forces a rapid increase in tem-
perature that drives production of UFg. This is true to the extent
that the entire UO, sample can be isothermally converted to
UO,F, near 400 °C. The result allows a purely thermal synthesis
of UO,F; (anhydrous) from UO,.

Fig. 1(a) and (b) show the TG/DTA scans of samples of UO, pow-
der exposed to a flow of 5% NF3 in argon gas at two different sam-
ple heating rates. The selection of the heating rate was used to
resolve thermal signatures of chemical speciation or of physio-
chemical changes in the reacting system. The sample heating rate
used in Fig. 1a was 5 °C min ™. The reaction profile shown in Fig. 1b
resulted from a heating rate of 20 °C min~"'. The DTA scan in Fig. 1a
shows three discrete exothermic events (marked 1, 2, and 3) as
U™)0, was converted to UFe. In Fig. 1a slight mass gain began near
200 °C and continued to about 457 °C. The total mass increase was
consistent with complete conversion of the UO, sample to
UOZFZ(anhydrous) to within 0.02 wt%.

The reaction was quenched by cooling the sample near 440 °C
to room temperature under the NFs/argon purge. An XRD powder
pattern acquired from the sample confirmed the presence of
UO,F, as the only air-stable product. This quenching experiment
may be confounded by the instability of higher uranium fluorides
when exposed to air and moisture and potential conversion to
UO,F; as the sample is recovered and mounted for XRD analysis,
e.g., UFg reacts with water to form UO,F,. The mass change and
XRD analysis support that the first sharp exotherm in Fig. 1a was
caused by the fluorination of UO, to UO,F,.
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Fig. 1. (a) Thermal profile for the reaction of UO, powder and NF; as measured by
TG/DTA at a heating rate of 5 °C min~'. At this sample heating rate, three thermal
events (marked) were observed. (b) The thermal profile for the reaction of UO,
powder and NF; as measured by TG/DTA at a heating rate of 20 °C min~'. The
increased heating rate resolved two discrete decomposition rates. The mass (TG)
curves are plotted as the solid lines, and the DTA curves are the dashed lines.
Exothermic reactions exhibit an increase in the heat flow and are indicated by the
up arrow.
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The mass increase was followed by rapid, exothermic mass loss,
indicating release of UFg near 492 °C, until 100% of the sample was
volatilized. On the high-temperature side of the DTA curve, a fea-
ture (marked 3) indicates that at least one other chemical species
or other thermal event was involved in the release of UFg. The pres-
ence of a third exothermic event has not been cited for fluorination
of UO, with use of other fluorinating reagents (33).

The higher heating rate 20 °C/min, displayed in the TGA scan in
Fig. 1b, does not show the mass buildup of UO,F, because the in-
creased sample heat rate accelerated heat and mass transport
throughout the sample. In the mass-loss portion of the TG curve,
two distinct rate contributions marked (1) and (2) in Fig. 1b com-
prise the release of UFg. The higher heating rate allows observation
of a rate-limited region (1), suggestive of formation of a product or
product barrier, and a region (2) of more facile UFg production.
These data are aptly described by gas-solid models developed re-
cently for fluorination UO, (33) by Fs.

It is not yet understood if the third exotherm as shown in Fig. 1a
was a chemically distinct product or was rather due to physical
changes in the evolving sample. Intermediate products of uranium
oxide fluorination that have been identified in the literature in-
clude UOF, [34-38] U,05Fg [39], and Us0sFg [40]. The distinctive
orange coloration of UOF,; and UsOsFg [34,40] has not been ob-
served in our (quenched) experiments. The rate limiting aspect of
the data in Fig. 1b could be explained by the presence of a quickly
formed rind(s) of UO,F, or other fluorinated product barrier,
brought on by the fast ramp rate and whose fluorination to UFg
would be also exothermic but might slow the rate of NF3 penetra-
tion or UFg release.

3.2. NF; fluorination of UOF,

The thermal reaction of UO, and NFs was confirmed above to
produce UO3F;annydrous). SEM micrographs of the fully converted
samples showed that the particles of UO,F, were pulverized to
about 100 nm with respect to the UO, particles. Fig. 2 shows the
thermal reactivity of a synthetic crystalline UO,F,-2H,0 powder
exposed to a flow of 5% NF3 in argon. The thermal scan is consistent
with those discussed in available literature concerning the fluori-
nation of UO,F,. The initial mass loss in Fig. 2 is caused by thermal
loss of waters of hydration. This event was complete near 300 °C
where the NF; was turned on. Sample heat rates set at 2 °C min~"
allowed mass losses near 300 °C that corresponded to the forma-
tion of UFg to be observed. The rate of release of UFg increased to
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Fig. 2. The TG/DTA-measured thermal profile of UO,F, with NF; at a heating rate of
2°Cmin~!. The experimental TG curves are plotted as solid lines, and the DTA
curves are dashed lines. Exothermic reactions exhibit an increase in the heat flow.

near 470 °C and was accompanied by rapid self-heating of the sam-
ple to 550 °C. These observations are generally consistent with
those described in Fig. 1a and b for intermediate formation of
UOF5(anhydrous) in the reaction of NF; with UO..

There were some differences between the overall fluorination of
UO, and the synthetic UO,F,-2H,0. For all sample heating rates
used for the fluorination of UO,F,-2H,0, only the single exothermic
feature (see Fig. 1a) was apparent in the DTA scan in the region of
UFg formation. Mass gains observed for UO, (see Fig. 1a and b), that
would indicate the transient formation of uranium fluorides to
intermediates such as UOF; [34-38], U,03Fs [39], and UsOsFg
[40], were not observed for the synthetic UO,F,-2H,0 at any sam-
ple heat rate, or for a large set of isothermal scans between 300 to
450 °C. The third exotherm seen in Fig. 1a was also not observed at
any heating rate. These differences point to a structural or other
difference between our two sources of UO,F,; one as thermally
prepared from reaction of NF; and UO, and the other crystallized
from solution as UO,F,-2H,0.

Direct sublimation of UO,F, is a potential mechanism for its
mass loss and this would appear as a change in the mass loss
rate. The vapor pressure of UO,F, at 1030K is 1.2 x 107> atm
[35].

UOZFZ(S) = UOze(g) (1)

so that the vapor pressure between 300 and 470 °C would be too
low to contribute to any observable mass loss in our experiments.
Decomposition reactions such as (2) that would form UsOg were ini-
tially dismissed as contributing to mass loss on the basis that U30g
is stable and

3U02F2(5) = UFs(g) + 1/302(g) + 2/3U308(5) (2)

quenched isothermal experiments, run from 300 to 470 °C, did not
exhibit by XRD any evidence of U50g formation. From Table 2 it can
be seen that the free energy of fluorination of U3Og is more favor-
able than that of UO,F; so that such reactions may not be excluded
without consideration of further evidences.

Two plausible explanations of the difference in reactivity of
what appears to be the same compound is that during the fluorina-
tion of UO, to UO,F,, (1) some oxidizing of the UO; to UO(2.x) could
lead to different uranium fluoride speciation and (2) the UO, par-
ticle features (i.e., crystallinity, porosity) annihilated by fluorina-
tion could lead to higher fluoriding per mass of sample than can
occur on well formed particles of the chemically prepared UO,F,.
SEM micrographs of the thermally produced material indeed
showed that the UO, (10-75 pm) had been pulverized by the treat-
ment with NFs, with the final UO,F, product having 100 nm-sized
(but still crystalline) particles, compared to the chemically pre-
pared, crystalline particles of UO,F,-2H,0 (40 pm).

A final note concerning conversion of hexavalent UO,F, to UFg
was that the exothermicity predicted in Table 1 was easily obser-
vable at all sample heating rates, even though the calculated en-
thalpy was lower than UO5 and U30Og.

Table 2

Correlation of uranium oxidation state with enthalpies and free energies per mol
uranium. The free energy of formation for the staring uranium compounds are listed
in the 2nd column.

U phase AGform (kJ/mol U) AHgy, (kJ/mol U) AGgy, (kJ/mol U)
u 0 —1881.9 —1884.8

uo, -983 -799 -901

Us0g —1061 —695 -823

U0 -1075 -662 -809

UOF, —1470 -320 —446

UF, —1748 —144 —205




170 B. McNamara et al./Journal of Nuclear Materials 394 (2009) 166-173

3.3. NF; fluorination of UO3

Reactions of NF; with UO3; exhibited reactivity at a lower tem-
perature than either UO, or UO,F,. The overall reaction stoichi-
ometry as postulated in Table 1, Eq. (3) suggests a lower
enthalpy for formation of UFg relative to UO,. Fig. 3 shows the
TG/DTA-measured thermal reactivity of a sample of UVY0; pow-
der exposed to a flow of 5% NF3 in argon. At a sample heating rate
of 2 °C min~!, both the DTA and the TG curves indicated the pres-
ence of two discrete UFg-producing regimes, which are marked
(1) and (2) in Fig. 3. UFs production is the only possibility for
mass loss and this occurred as low as 275 °C at an appreciable
rate. At higher ramp rate, the two events coalesced into one UFg
release event.

With respect to F, fluorination of UOs [12], UO,F, has been
suggested to be one of the intermediates in the fluorination of
UOs. By comparison, it is reasonable to suspect the same occurs
for the NF; reaction with UQs. This leaves open the question as
to the nature of the other thermal signature for which there is
no reported instance of in the fluorination literature. Conse-
quently, it is not know if the first signature is particular to NF3
versus F, gas reactivity or if a difference in experimental ap-
proach is the origin of the result. Because the formation of
UO,F, from UO, is thermodynamically favored relative to its for-
mation from UOQs, it would seem the lower temperature exotherm
(275 °C) should be due to formation of some other intermediate
than the production of UFg from UO,F, (300 °C), such as U,03Fg
[39] or U30sFg [40]. The higher fluoride content in these struc-
tures would encourage their hydrolysis to UO,F,, and this would
make their detection problematic without the availability of an
appropriate environmental containment.

The particles in the samples of UO, and UO,F, were discrete and
well-shaped whereas the UO3 particles were aggregates of submi-
cron particles. A smaller particle size or higher surface area of the
UO5 samples might encourage better kinetics by increased proba-
bility of contact with NFs, but the lowered onset temperature of
the first exotherm should be related to the activation energy. The
question arises as to what activates the NF; in the lower tempera-
ture regime. The reported bond dissociation energy for NF3, D(NF,-
F) of 238 k] [41], is a bit greater than that of F, [42], and the enthal-
py required to scission the first fluorine of NF; to produce an F rad-
ical between 200 and 1000 °C is approximately +250 kJ/mol.
Extrapolation of reported equilibrium constant data [41] for the
reversible reaction in

200 250 300 350 400

250

r 200

Mass, %

6 8 0 12 14 16 18 20 22

Time, minutes

Fig. 3. The TG/DTA-measured thermal profile for the reaction of UO5; powder and
NF; at a sample heating rate of 2 °C min~'. Two exothermic events marked (1) and
(2) were observed; each produced UFg. The experimental TG curve is plotted as the
solid line, and the DTA curve is the dashed line.

NF; <= NF, + F (3)

suggests that at equilibrium, the reaction at 700, 500, and 250 °C
would produce approximately 3 x 1074, 8 x 1075, and 5 x 10°1°
mol F per mol NFs, respectively. If the extrapolation to 250 °C is
creditable, the reaction would take over 1000 years at an NF3 flow
rate of 10 mL min~' to react 20 mg of UO5. Accordingly, it appears
that a mechanism alternate to purely thermal dissociation of NF;
is operative at the UO5 surface and perhaps the submicron nature
of the UO5 particles or aspects of their crystallinity play a role in this
reactivity.

3.4. NF; fluorination of «-U30g and $-Us0g

Fig. 4a shows the TG/DTA-measured thermal reactivity of o-
U305 powder exposed to a flow of 5% NFs in argon gas. The sample
heating rate was 10 °C min~!. UFg was produced mostly from a sin-
gle exothermic event with an onset temperature of 440 °C and a
peak temperature of 520 °C. The thermodynamic data in Tables 1
and 2 for the enthalpy of formation of UFs from o-U30g predicts
the observed exothermic behavior with an enthalpy just below
that of UOs. The plot of the DTA curve with respect to temperature
(top axis) in Fig. 4a allows visualization of the rapid heat evolution
as was commonly observed from these samples for sample heating
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Fig. 4. (a) Thermal profile as measured by TG/DTA for the reaction of a-UsOg
powder and NF; at 10 °C min~'. At the high-temperature side (3) of the reaction, a
reduction in rate is indicated and implies the formation of a barrier to reaction or
the presence of some rate limiting chemical intermediate. (b) Thermal profiles are
plotted for 2 and 5 °C/min with respect to time on the x axis. The lower heating rate
experiment was about 10 h in duration. The numbers 1, 2, and 3 relate rate changes
in the mass curves to exothermic/endothermic events in the DTA signal. The
experimental TG curves are plotted as solid lines, and the DTA curve is plotted as a
dashed line.
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rates above 10 °C/min. The inset in Fig. 4a shows an expanded view
of the DTA curve to either side of the UFs production event. The
oscillations of the sample pan reflect the coupling of two small
thermal signatures, marked (1) and (3), to either side of the major
thermal release of UFs, marked (2). A uranium oxyfluoride had
likely formed on the low-temperature side, and the decrease in
the mass gradient toward the high-temperature side, marked (3)
in Fig. 4a, is consistent with (exothermic) formation of a third
product that was slightly rate limiting with respect to the UFg
production.

In Fig. 4b is described a conspicuously more complex behavior
that emerged with the use of lower sample heating rates. Fig. 4b
is plotted with respect to time and shows mass gain and mass loss
events at 2 and 5 °C/min. The 5 °C/min mass-loss curve required
less time and as a result appears shorter in duration in Fig. 4b than
the 2 °C/min experiment. The two mass-loss curves each suggest a
low mass increase marked 1, followed by at least two different re-
gimes of mass loss, marked 2 and 3. The later two resulted in vis-
ibly different rates of UFs production. The mass increase marked 1
was an exothermic one as recorded at 2 °C/min in the DTA curve.
The two small exothermic peaks marked with asterisks were
reproducible and so represent some physical or chemical change.
The mass loss regimes marked 2 and 3 were unexpectedly and
dominantly, endothermic.

There are a number of factors that could result in an endother-
mic or non-exothermic reaction. The possibilities include (1) a
simultaneous endothermic event (sublimation of UFs, melting
point, or crystallinity change) which absorbs all heat produced,
(2) the formation of UFg or an unknown volatile product, which es-
capes or is swept away before its heat of formation is transported
to the detector, (3) the formation of an intermediate that decom-
poses endothermically to produce the volatile product UFg, or (4)
a combination of any of these possibilities. Currently, we have
insufficient information to identify the incongruous phenomenon
that is leading to the observation of exothermic events at higher
heating rates and endothermic events at lower heating rates. Sim-
ilar observations of endothermic reactions for fluorination of U3Og
with other fluorinating reagents have not been reported.

B-U30g is a high-temperature phase of a-U3Og (orthorhombic).
According to neutron diffraction data [43], the structure of B-U3Og
is pseudohexagonal or rigorously, orthorhombic. The reaction of
NF; with B-U30g was similar to that of o-U50g with the exception
that the onset temperature was about 100 °C higher using the
same ramp rate of 10°C min~!. The experiment confirms that
changes in crystallinity, particle size, surface area, and other phys-
ical characteristics can influence the reactivity of NF; with uranium
materials. The SEM data do indicate that heating of the «-U30g to
the B-UsO0g form caused an increase in the size of the particles from
small to larger and elongated particles. These data are consistent
with an interpretation wherein the crystal grains of a-U30g were
sintered on heating and coalesced with other grains. As a result,
larger particles of this more refractory p-UsOg form were produced.
Changes in particle size, one can rationalize, could change the rate
of UFg production, but should not this greatly alter the onset tem-
perature for conversion. Changes in crystallinity might change the
onset temperature by allowing preferential attack along a crystal-
lographic axis for instance, however, the crystallinity change be-
tween o-U3Og and B-U3Og is a rather subtle one [31,43].

3.5. NF; fluorination of UF,

Fig. 5a provides the TG/DTA scans of a sample of UF, powder ex-
posed to flowing 5% NF; in argon gas. The reaction was run at a
sample heating rate of 10 °C min~!, which resolved two exother-
mic events. The small exotherm near 400 °C and marked (1) in
Fig. 5a signifies the initiation of UF, fluorination. At this heating

a
350 400 450 500 550
120 ¢ : : : 10
)
100 4 \ 2\
L6
80 -
© b4
4 60 1 ! 2 L2
g \
= Lo
40
F-2
20 4
-4
0+ ‘ ‘ ‘ -6
20 25 30 35
Time, minutes
b 16
100 4 /
b 14
1 2
80 | S r 12
L 10
X 60 4 3 L 8
6
= 40
b4
20 A M2
Lo
0 ‘ ‘ ‘ ‘ ‘ -2

100 200 300 400 500 600

Temperature, °C

Fig. 5. (a) The TG/DTA-measured thermal profile for the reaction of UF, powder and
NF; at a sample heat rate of 10 °C min~'. Two exothermic events marked (1) and (2)
were observed; each produced UFg. The experimental mass-loss curve is plotted as
the solid line, and the DTA curve is the dashed line. (b) At a sample heating rate of
2°C min!, the exothermic events noted in (a) were discernable marked (1, 2) but
the reaction to produce UFs became endothermic marked (3) as was described for
the NF3 reaction with a-U30sg.

rate, the event was coupled to a larger exothermic event near
500 °C that consumed 100% of the sample with concurrent release
of UFg. In the mass-loss curve, two distinct rates for UFg production
are identified labeled as 1 and 2.

A mixture of green and black particles, present upon quenching
the reaction along the region marked (1), indicated the formation
of a stable intermediate, unidentified species involved in the con-
version of UF,4 to UFg. The observation is consistent with the forma-
tion of intermediate, uranium fluorides, UyFg [44] and U4F;7 [13],
as has been described by Labaton and Johnson [13] for F, fluorina-
tion of UF4. A mass increase of about 1 wt% (along 1) was consis-
tent with a low F/U ratio >4.25 or a compound with
stoichiometry of U4F;7. The XRD of the black product was notably
different from the starting UF, but was not identifiable to our XRD
databases.

Fig. 5b provides the TG/DTA scans at a sample heating rate of
5°C min~'. Slight mass gains associated with exothermic fluorina-
tion could be observed leading up to region 1. Near the area
marked 2, exothermic mass loss began but the mass loss (3) asso-
ciated with UFg production was overall endothermic. Finally, a
small exotherm (also marked 2) appeared at higher temperature.
The bimodal behavior for UFg production reproduces that dis-
cussed for fluorination of o-U30g and is exemplary for an endo-
therm superimposed on an exotherm. The two small exotherms
marked as 2 are due to an exothermic source of UFg production
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and the endothermic region marked 3, we speculate could repre-
sent sublimation of UFg, heat loss from the purge, or alternately,
a decomposition to UFg from a near-hexavalent fluorinated prod-
uct, perhaps polymeric in nature. The very close resemblance of
the U30g and UF4 data at low sample heating rate suggest that
the same fluorination event is produced and is in fact favored by
the lowered heating rate.

A distinct black product was not observed in the XRD scans of
quenched products formed from reaction between U3Og and NFs.
It may be surmised from the data in Table 2 that compounds with
F/U ratio <4.5 would react more exothermically than pentavalent
or hexavalent uranium fluorides. The low F/U ratio, black product
could be the origin of the small exothermic mass gain and exother-
mic mass loss in the UF, reaction. Because the formal oxidation
state of U30g is a mixture of V and VI, compounds of F/U ratio
<4.5 likely are not the source of the endothermic behavior seen
for NF3 fluorination of U3O0g and UF,. These remarks then place
the endothermic event observed for both U30g and UF, at higher
oxidation state and higher fluoridation than compounds such as
UyFg [44] and U4F;7 [13]. Again we speculate sublimation of UFg,
heat loss from the purge, or decomposition to UFs from a near-
hexavalent fluorinated polymeric product, are possibilities for fur-
ther investigation. Similar data have not been reported for reaction
of UF, with F,. Although kinetic results were obtained from ther-
mogravimetric mass-loss curves, enthalpy data were not discussed
[19].

3.6. NFs fluorination of uranium metal

The reaction of uranium metal with NF; provides an example of
metal catalyzed NF; reactivity. Fig. 6 shows the TG/DTA-measured
thermal reaction profile of a sample of four uranium metal beads
(9.0 mg) exposed to a flow of 5% NF; in argon gas. The reaction pro-
file shown in Fig. 6 resulted from a heating ramp of 1 °C min".

In this reaction, slight mass gains began as low as 60 °C. The
reaction profile became strongly exothermic near 100 °C, peaking
near 130 °C. Indeed, the sample size and heating rate had to be re-
stricted below 10 mg and 2 °C/min, respectively, because of the ra-
pid kinetics and excessive heat of the reaction; in larger mass
experiments (>10 mg) NF; appeared to directly convert the ura-
nium metal to UFg as the reaction heat raised the sample’s temper-
ature to near 500°C. At 148 °C, the mass of the sample had
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Fig. 6. The TG/DTA-measured thermal profile for the reaction of uranium metal and
NF; at a sample heating ramp of 1°C min~!. The reaction began producing UF,
below 100 °C. Above 200 °C, fluorination continued. Below 2 °C min~!, the exo-
therm for UFg production near 300 °C was not observed even though the mass loss,
indicating production of UFg, was quite abrupt. The experimental mass-loss curve is
plotted as the solid line, and the DTA curve is the dashed line.

increased to about 4.7 wt% below theoretical for UF, formation. A
second sample was rerun to 150 °C and cooled. An XRD powder
pattern was taken of the thermochemically-pulverized material.
The XRD scan was consistent with complete conversion of the me-
tal sample to UF4. SEM micrographs indicated that the particles of
UF, ranged from 0.1 to 2 pm.

Above 288 °C, the mass continued to increase to greater than
the theoretical mass limit of UF, to where production of UFg began.
The production of UFg from the thermal UF,4 product from reaction
of NF3 with U metal, was similar to that of the reaction of UF4.2H,0
from house stocks discussed above. For U metal, the reaction ob-
served by the TG was observed to be neither exothermic nor endo-
thermic in contrast to the calculated exothermicity (Table 2) and
observed for stock UF,.

The major stepwise reactions for UFg production from the metal
are shown in Egs. (4). The production of nitrogen is assumed here
for metrical purposes. The overall enthalpy of formation of UFg is
listed in Table 1 (Eq. 6) and is at least twice greater than those cal-
culated for the U(IV, VI) oxides. The calculated reaction heats for
the stepwise reactions predict that most of the exothermic behav-
ior should be due to the oxidation of U metal to UF,. This expecta-
tion was borne out during TG/DTA experiments with formation of
UFg from UF,, for which there was no heat production observed at
2 °C min~}, relative to the intense local heating observed in the for-
mation of UF, from uranium metal.

4 2
U + § NFg(g) = UF4 + § NZ(g)

5 1 (4)
UFs + 3 NF3) = UF6(g) + 3 Nagg

We have noted that the reaction of NF; with uranium metal
tends to be strongly exothermic. The data in Table 1 predict the
observation. The thermodynamic prediction does not account for
the observed low onset temperature of the reaction. As discussed
above, the extent of the thermal dissociation of NF; at 60 °C would
be so small as to take 10° yr to react 9 mg of uranium metal [41].
The reactivity is therefore more consistent with a surface facili-
tated mechanism such as dissociative chemisorption or dissocia-
tive electron capture of NF; [45-50] or its dimer NyF4 on the
uranium metal surface.

4. Conclusions

Our thermoanalytical studies have shown that NF; reacts with a
variety of uranium compounds to produce the industrially impor-
tant UFg. While these studies are not complete, they indicate that
NF; offers promise as a replacement fluorinating agent for uranium
and other nuclear materials that form volatile fluorides such as nep-
tunium and plutonium. NF; in this way could find application in the
production of UFg from recovered uranium during conventional
reprocessing. Reactions with NF; offer generally safer access to fluo-
rination studies with the potential to improve fundamental under-
standing of the reactivity between actinides and fluorinating
agents and a deeper understanding of actinide/fluorine interactions.

We have presented TG/DTA reaction profiles for the reaction of
NF; with uranium metal, UO,, UF,, UO3, U30g, and UO,F,-2H,0.
Calculated enthalpies and free energies of formation of UFg from
these compounds predict a correlation with the uranium oxidation
state and this was qualitatively observed in the TGA experimental
data. The reactions of NF3 with the uranium oxides were consistent
with stepwise formation of UO,F, and higher fluoridation interme-
diates. Similar onset temperatures and reactivity have been de-
scribed for the reaction of fluorine with uranium oxides [31,33-
39]. Our studies of uranium metal and UF,; with NF; implicate
the formation of higher fluoridation intermediates such as UFs,
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U,Fg, and U4F;7 in a fashion similar to the hyperstoichiometric oxi-
dising of uranium, such as found in U30; and U40q4. Several of the
observed thermal behaviors for reaction of NF; with the uranium
compounds described here have not been reported for the F; reac-
tion with the same uranium compounds. It is not yet understood if
the disparity is caused by the fluorination reagent or differences in
experimental conditions.

A reoccurring theme in the reactions of NF; with uranium me-
tal, UO,, and UOs are lowered onset reaction temperatures at
which initial reaction behaviors were observed. For the cases of
UO, and UOs, formation of UFg could be observed below 250 °C.
For uranium metal, the addition of NF; was exothermic below
130 °C. The reactivity described for the reaction of NF; and ura-
nium metal hints at a NF3 decomposition mechanism inspired by
surface-assisted activation of NFs; through intermediates such as
the tetrafluoro dimer, N,F,. In the absence of moisture the surface
sorbed dimer might lose fluorine sequentially to produce
dinitrogen.

Heat release during UFg production often will exceed
100°Cmin~! per 20 mg of sample at fast sample heating rates.
The local heating accelerates UFg production and in turn poten-
tially dissociates intermediates, which might otherwise form at
times of less than a few minutes under our experimental condi-
tions. Low sample heating rates and isothermal heating are ther-
mal probes for investigation of fluorination reaction sequences
with lower heat production. Chemical modeling and product anal-
ysis by coupled TG-MS techniques are currently being pursued for
uranium, as well as other materials relevant to fuel processes.
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