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Ahstract

Fesearch on fhe efching reacion of U0: m CFSC: v f plasma s carvied of o
femperatures of wp fo 700 wnder fhe fofal pressure of 03 Torr. The reacfion rdfes are
Dwesfigafed as focfions of CRLD: rafio, plasma power, md subsfrafe femperafee. If 15 fomd
fhat the highest efching rafe i obfaived o 20%0;: mole fracfion regardess of r. f power and
subsirate femperature. The highest efching rexcfion rafe af 2700 wnder 150W exceeds
Io00monalaper sdnin, which is equivalert fo 0.4 pminin The mass specframefry @alpsis resulf
revearls that fhe major rexfion product i warium  hera-flucride UFs  Based on the
experimertal findngs, dominant overall reacfion of warium dioxide im CFA0; plasma is

dafermined:

U0, + I120F. + 30; = &UF:. + 1200,

where OOz, represents fhe wadefermined miy of C0: aud OO0

1. Introduction

Recently the feasihility of buming spent PWE fuel in a CANDU reactor was



caried out In the proposed process decladding of spent fiuel ping and dry-processing
of burmed U0, sich as OREOX (Cmdation and REduction of OXide fuel) process
are the tnain processes to make re-sinterable fuel powder [1,2]. Most candidate
mechanical decladding technigques were unable to recover more than 98 to 99.5%% of
the heavy metal’metal oxide Thus, a plasma procesang techmgque using fuorine
contaiming gas plasma is proposed as a secondary decontamination process and its
applicability 15 demonstrated [3].  For current research, the reaction rates of UC; 1n
CFy/Cy r £ plasma are determined and the overall reaction mechanism is investgated
in detal.

The fluorination of U0, has heen extensively studied in the application-onented
fields such as uraniurn separation, processing, and conwversion [4,5] Along with the
applied research, fundamental studies of the UCWF; reaction have been reported by
several authors [6-10].

The reaction of UO; at low temperatures (below S00K) under abmosphenc pressure
of Fy was studied using weght loss measurements by Vandenbussche [6] and by
Iwaszalki [7]. Under these conditions the ultimate reaction products are found to he
UFs and Qs while a wvarety of intermediate reaction products such as (UO.F and
UyFy are identified On the contrary, a gquasi-equilibrium reaction modelling  study
predicted that af high temperatures (ghowe 1000K) under low pressure of Fp (IIII'? ~—
10 Tott), UF; and UF; formations are suppressed in favor of UF, and atomic
fluonine formation [8,9]. A kinetic study carried out later at hich temperatures (abowve
1000K)Y under ultra-high vacuwm condition confinmed that the reaction product 15 UF,
and the reaction probability 1z about 10 [10]. The authors clamed that the reaction
mechanism 1z a second-order surface reaction coupled wiath the double-diffusion
process. The disagreement hetween these early expenmental results seems to stem
from the different ranges of temperamires and pressures. Thus, the extrapolation of the

results in one range to another must be carefully made even in cases of necessity.

2. Experimental

The apparatns for UC, etching reaction with CF/Op r | plasma iz desighed and
manufactured to meet the expenmental purposes (Fig 1), The plasma reactor is a
diode type and r. £ power of up to G600 15 applied between the pardlel eectrodes

The distance hetween them can be adjusted up to 10 cm However, it remaned



staionary during the current experiments. The heating element in the reaction chamber
can heat samples mostly thin disk or wafer-like samples of mammum 10 cm in dia,
up to 800, Mass flow controllers fine-control the flow rates of CFy and Oy gas and
total cas pressure 15 varied using the main throttle walve

In the expenments thin disks {035 mm in thickness) of natura uranium diozide
cut out of a pellet are used as specmens. Prior to the sample loading, specimens are
polished by egnt 600 sandpaper, ceaned by ultrasonic deaner, and bhaked a8 20070
for 10 timutes in a ultrahigh vacuum to evaporate the adsorbed moisture on the
surface.

Etching reaction rate is determined by weight loss measurement hefore and after
the reaction with an electro-tnicro balance (BP2Z10D, Sartorius) whose sensitivity limit
iz llil'jg. Feactants and generation of reaction products are im-situ detected by the
gquadtupole mass spectrometer {model HALS11, Hiden Anal Ltd) asithng in the
detection chamber and identified by a PC-controlled data acquisition system.

3. Results and Discussion

In the experiments total gas pressure is mantaned a8 0.3 Torr while CFy/Cy ratio
1z vaned and r. £ plasma power of up to only 150W i1z applied  becanse of
temperatire control difficulties resulting from internal heating of the chamber.

Firgt, under r. £ power of 100W and 150W, etching reactions are examined wath
various CF/Cy rabos for 100 minutes & several substrate temperatures of up to 37
0. The etching rate 15 estimated usng the followang formula:

1 AW _ N,
(o N2 At M

{monolayersimin)

where o 1z UQs density (1096 gft:m3], My 1s Awogadro's number, M 1s UO. atomic
mass (27003 gimole), AW iz weight loss due to etching reaction, & is area of the
sample, and tis duration of exposure to plasma

The expenimental results are plotted in Fig 2 a) and b). The figures reveal that
there emsts an ophmum CFgTy rato for the reaction regardless of r. £ power,
plasma geometry, and substrate temperature and that it 15 around 41 under the
substrate temperature of 370C. In actuality, under 100 W r. £ power, the optimum



composition 13 additionaly examined at different plasma ceometries with finely-vaned
gas composition (closed symhbol data in Fig. 2 a) Reaction rate peaks are wiwidly
observed  at  all  ternperabwe under 370TC  and  they increase  with  increasing
temperatire. The hichest etching reaction rate at 3700 under [50W exceeds 1000
monolayersimin, which 1z equivalent to 0.4 gmimun and comparable to that of the 51
waler in the seru-conductor industry.

In the fluonnation of UDy to UFs wath Huonne the formaton of UD3Fy on the
surface as a pnmary  intermediate has  already bheen reported [7.11]. For  the
identificaton of thiz species, the surface elements of reacted and unreacted specimens
are anayzed by XHPS (H-ray Photoelectron Spectroscopy) and their peaks over a
hinding enercy specttumn are shown in Fig 3 a) The fluorine peaks re-plotted in
detal i Fig. 3 b) shows that the intact UC; specimen has no fluorine on the
surface. On the other hand, the reacted surface 1z covered wath the compounds of
urantum, oxygen, and fluonne, wlich confinne that fluorine compounds, possibly
UyFy, form on the surface

Carhon peaks are also replotted in detal in Fig 3 c). DCurnng the expenment,
oxyveen gas 18 injected in the feed gas to pick up and remove the cartbon atoms hy
forming wolatile speces such CO or COy since it 15 fundamentally believed that
catbon restduals decomposed from CFy may deposit on the surface and suppress
surface reaction. Thus it 15 supposed that at oxyzen gas compositions of lower than
the optimum, the amount of oxygen (molecule or atom) 15 not enough to pick up the
cathbon residuals. Hence, the surface cathon concentration is greater than that of the
optimally reacted surface. This clam 1z supported by HPS analysiz in the foure
showing that the concentraton 13 much lower than that of the non-ophmum
composition (10% Oy Cn the other hand, at higher oxyegen gas compositions, high
reactivity of  excessive  oxvegen  with  surface  uramium atom may form
hyper-stoi chiometric uraniumn oxdes instead of CO or COy and interfere with the
formation of wolatle uramium fluorides. This postulation 15 partially demonstrated by
HRD (X-ray Diffractometry) analysis in Fig 4. Compared to X-ray diffraction patterns
of wvranium diomide reacted i1n 20900y E0%CF, plasma, new peaks of uranium
compounds such as UyCy, Us0g and UsOy are seen in the specimen reacted in
40% 046 0% CF, plasma.

Eeactants and generation of reaction products are issite identified hy  the
quadnipole mass spectrometer in the detection chamber. Typical examples of detected



species over the mass spectnum are shown in Fig 5 &) and b)) The first figure shows
that a 1ot of stahle or meta-stable compounds contaning fuorine such as COF,, COF,
F; and F are produced in CFo0y plasma which 15 in good agreement to the previous
results [12]. From the elementary reaction point of wew therefore, the molecular
andior atormic fluorine produced in the plasma or dissociated from the intermediate
species are believed to take part in the Huonnation reaction of UD; As expected,
Fig. 5 h) reveas that severd uramum fluondes are produced in the reaction, and
appatrently, UFs; seems to be the most shundant species among the reaction products.
However, according to the thermodynatmic instability of UF; and characteristic
fragmentation pattern of UFs (0.004 UFs, 1.00 UFs, 0.262 UF,", 0.283 UF:, 0332
UF; [13]), it is concluded that the maor reaction product iz uranium hexa fluoride,
UFs and the minor species such as UFy and UF; are probably generated parasiticaly

Based on the fnding that there exmists an optmum gas composibion in this
fuonnation reaction and that the major reaction product 15 UFg, the dominant owverall

reaction of Uy 1n CFJ Ty plasma 15 detertmined:

g0, + 1ECFy + 305 = &8UF; + 12004,

where COgy represents the undetermined mix of COp and CO.
4. Conclusions

From the current investigation it 18 found that there exists an optimum CFyOs ratio
for the efficent etching of U0, in CFuOs plasma regardless of v £ power, plasma
ceometry, and substrate ternperature, and that it 1z around 41 under the substrate
temperature of 370G, This optirnum gas composition 15 explained by the expenimental
findings that, at oxygen gas composibons of lower than the optimum, the amount of
oxvzen 15 not enough to pick wp the carbon residuals. Hence the reasduals
decomposed from CFy may deposit on the surface and suppress surface reaction,
while at higher oxygen gas compositions high reactivity of excessive oxyzen with a
surface uranium atom may form hyper-stoichiometric uranium oxdes instead of CO or
0y and interfere wath the formation of volatile uranium fluornides.

The thighest etching reaction rate at 370G under 150W  exceeds 1000
monolayersimin, which 12 equivalent to 0.4 gmimin and comparable to that of the 51

wafer in the seri-conductor industry.



According to the mass spectrometry, it 1g revealed that the major reaction product
iz uranmium hexa-fluonde UFs Some minor species such as UFy and UFs are prohahly
cenerated parasitically. Therefore, based on the expenimenta results the dotfanant

overall reaction of vranium dioxide in CFo/O; plasma is detertmined:

g0y + 12CFy + 30y = BUFs + 1200,

where COgy represents the undetermined mix of COp and CO.
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