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Abstract. The XPS elemental and ionic quantitative analysis of the reactor fuel (UO,) con-
taining Sr before and after 6 minute heating in argon at 2300 °C as well as of the “hot” parti-
cles formed during this heating, was carried out. The heating was shown to cause Sr ions to
diffuse toward the sample surface and then to sublime partially. Uranium ions of lesser than
U(1V) oxidation state formally referred to as U(III) formed after such heating in reactor fuel.
The condensed phase of the “hot” particles was found to consist of strontium (47 and 71 at.%)
and uranium (53 and 29 at.%) ions respectively. Carbonates were formed on the surface dur-
ing this process. After the Ar" cleaning, the number of carbonate groups on the surface de-
rreased significantly but the ratio U(IV)/U(V1) changed. The formation of uranyl compounds
like STUQ3, Sr3UOg and STUO,CO3(OH), was suggested.

Introduction. To understand the processes during a nuclear power plant (NPP) accident [1],
the laboratory simulation and studying of the “hot” particles formed due to the heating of the
reactor fuel (UQ;) containing Sr was done. For the successful liquidation of accident conse-
quences and rehabilitation of the environment, the data on physical and chemical states of the
metal ions in the “hot” particles is critical. X-ray photoelectron spectroscopy (XPS) proved to
be effective for this purpose [2]. This work presents the results of the XPS study of the initial
and final products formed during the simulation of an NPP accident and of the “hot” particles
from the nuclear fuel (UOy).

Experimental. The samples to be studied were prepared as following [1]: Sample 1 - Initiel
tablet of UO,, containing 5 weight % of Sr Ar'-cleaned for 5 seconds; Sample IT - Sample 1
after 6 minute heating at 2300°C in argon; Sample [II — “Hot” particles condensed on Al foil
Jfier the emission within first 30 seconds at 2300 °C; Sample 1V - Sample I1I Ar" cleaned for
30 seconds; Sample V — “Hot” particles condensed on Al foil after the emission within next
30 seconds right after Sample I1I at 2300 °C; Sample VI - Sample V, Ar'-cleaned for 30 sec-
onds; Sample VII - UO; g6 [2]; Sample VIII - y-UO; [2]; Sample IX - SrO [3]; Sample X -
SrCOs [3]. XPS spectra of the studied compounds were taken w1th an MK I VG Scientific
spectrometer using Al Kui,2 (hv=1486.6 eV) x-rays under ~1. 3x107 Pa at room temperature.
Overall resolution measured as the Audfy, electron line full width half maximum (FWHM)
was 1.2 eV. Electron binding energies are given relative to the Ey of the Cls electrons from
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XPS spectra of uranium. The most intense line in uranium spectra is the U4f one. This
spectrum consists of a spin-orbit doublet with the splitting AEso=10.8 eV [2]. The basic U4f
lines of the studied samples are complicated and can be decomposed into lines corresponding
to U(IV), U(V), U(VI) etc ions. However, this requires analysis of the inner and outer VMO
spectral fine structure. Unfortunately, for complex oxides it is very difficult in practice.
Therefore, in this work it was supposed that the U4f spectrum consisted of two lines, which
corresponded to U(1V) and U(VI) ions (380.9 eV for UO; ¢ and 382.4 eV for y-UO3). On the
basis of the areas of these lines, the percent ionic composition was calculated (Table 1). In
this approximation, the U4f spectrum of the “hot” particles containing uranium and strontium
was decomposed into two spectra — one of UO; and the other of UO3 (Fig.2). The sample sur-
faces were found to consist of 60% of U(IV) and 40% of U(VI) for sample 11l and of 27 at.%
of U(IV) and 73 at.% of U(VI) for sample V.

Table 1. Electron binding e, xrgies (eV), ionic and elemental composition (at.%) of samples I-VI.
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1| 380.7 | U(IV) | 60 1323 | SrO 61 88(U)
3822 | U(VID) | 40 133.5 SrCO; 39 12(Sr) U10810.14033C11(COan

I 3790 [uQiy |6 1324 | SrO 44 90(U)
380.7 | U(V) | 80 133.2 SrCO; 56 10(Sr) U,.08F2.11044Co:0(CO:* o2
382.3 | U(VI) | 14

U1 | 3805 | UQv) | 54 1334 | SrCO; 78 53(U) U'105705006.0C3.2(CO3 7)oy
381.9 | U(VI) | 46 Sr(OH), | 22 47(Sr)

IV | 380.7 | U(IV) | 56 133.6 | SrCO;, 9 51(U) U1 0S70.9604 2Ca.6(CO3” o0
381.7 | U(VI) | 44 St(OH), |91 49(Sr)

V | 3806 | UQV) |27 1335 | SrCO, 58 29(U) U105r2.4005.5C1 5(CO3 7)1 4
381.8 | UV | 73 Sr(OH), | 42 71(Sr)

VI [380.7 [uav) |32 1337 | SrCO; 37 30(U) U105r230054Co{CO3 Jos
3817 [ U(VI) | 68 Sr(OH), | 63 70(Sr)

VIl | 3809 | U(IV) | 84 100(U) U0y
387.9 | Sat 16

vill ggg; Ué\alll) :Izg 100(U) +-UO;

1X 132.4 StO 100 | 100(Sr) Sr0

X 1334 | SrCO; 100_| 100(Sr) SrCO;

After a 6 minute heating of the initial tablet in argon at 2300 °C, the coefficient x in
UOs+ decreased significantly and uranium ions of oxidation degree lesser than U(IV) formed.
(Sample II). Taking into account an empirical fact that when the oxidation degree changes by
1, the corresponding binding energy, as a rule, must change by ~1 eV [5], the formation of
ions formally referred to s ~U(1Il) was suggested.

For the U4f spectra from the “hot” particles (sample III-VI) binding energy for U4f;p
electrons equals <381.8> eV on average instead EnU4{7,=382.4 eV for v-UOx. This fact and
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adventitious hydrocarbon< at the sample surface defined as 285.0 ¢V. The measurement errors
of line position and widths were £0.1 eV, whereas relative line intensities errors were about
10%. Quantitative elemental and ionic analysis was done using the following equation:
ni/ni=(S/S;)(ki/k;) where ni/n; — relative concentration of the studied atoms, Si/S; - relative
electron line intensity (area) of the corresponding atomic shells, kj/k; — experimental relative
sensitivity coefficient. In this work sensitivity coefficients related to carbon 1.00 (Cls), 2.8
(O1s); 5.9 (Sr3dsn), and 18.4 (U4fyp) were used.
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Fig.2. X-ray photoelectron spectrum of the U4f electrons of the

oxide with the general formula “*hot” particles containing U and Sr (Sample 1V).

UQO;.17 were found to form on the
surface. The ionic composition of this oxide was found to be: 26% of U(IV), 67% of U(V),
and 17% of U(VI). In such approximation the decomposition of the U4f line was done. It gave
the same result (30% of U(IV), 65% of U(V) and 15% of U(VI)). Thus, uranyl groups were
found to present on the vurface of the “hot” particles (Sample I11). That led to a complicated
spectrum of the IVMO electrons from UQ,,y.
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the large concentration of Sr in the “hot” particles indicates to the creation of big amount of
uranyl compounds like StUO3, Sr;UOg and SrUO,CO3(OH), during the heating of fuel.

XPS spectra of strontium. The surface of metallic strontium was shown to contain oxide,
hydroxide, and carbonate due to the interaction with the environment: Sr(131.9 eV), SrO
(132.4 eV), and SrCOj3 (133.4eV), where the Sr3ds,- binding energies respectively are given
in parentheses [3].

The Sr3d lines as the most intense were used . —_—
for the quantitative ionic analysis. For the studied
samples these lines were not always observed single
(Fig.3). It indicated the presence of Sr ions of differ-
ent oxidation states. For example, the Sr3d spectrum
of the initial reactor fuel (Sample I) besides a dou-
blet of strontium oxide (E,Sr3ds»=132.3 eV) exhib- 5004
ited an extra doublet attributed to strontium carbon- >
ate (EpSr3ds,=133.5 eV). The surface contents of A P P M A P P

Sr(11) of oxide and carbonate were 61 at.% and 39 Bitglingeesray; oV

) . . Fig.3. X-ray photoelectron spectrum of the
at.% respectively for this sample. Sr3d electrons from the reactor fuel (UO,)

containing U and Sr (Sample V).

Conclusions. In this work the XPS elemental and

ionic analysis of the reactor fuel containing strontium before and after heating at 2300 °C in
argon, and “hot” particles formed during the heating were carried out. The heating of the fuel
was shown to cause strontium ions to diffuse toward the sample surface and sublime partially.
During such heating, in the initial fuel uranium ions of oxidation degrees lesser than U(IV)
(formally referred to as U(III)) were shown to form. Complex oxides UO2.x (0 < x< 1) were
found to form on the sample surface, Sr ions were shown to be Sr(Il) in oxide and carbonate.
Carbonates were shown o form on the sample surface. After 5 to 30 second Ar' cleaning, a
significant decrease of the carbonate groups, decrease of U(VI)/U(IV) ratio on the surface was
observed. This fact allowed a suggestion that carbonates and U(VI) ions formed on the sur-
face due to the interaction with the environment. Condensed phase of the “hot” particles was
found to consist mainly of strontium (47 and 71 at.%) and uranium (53 and 29 at.%) ions for
samples 111 and V respectively. Uranyl compound like StUO3, Sr;UOg and SrUO,CO3(OH),
were suggested to form.

l . Sdn

2000

1500 <

1000

Intensity, arb. units

This work was supported by INTAS No. 96-1927, RFFI No. 00-03-32138a, 00-15-97289, 99-
03-32640, ISTC No 1358.

References

[1]. Tinant V., Froment P., Vanbegin J., Cara J., Ronneau C. Radiochimica Acta. 1997. 79, P.51-55.

[2]). Teterin Yu.A., Kulakov V.M., Baev A.S. et al. Phys.Chem Minerals. 1981. 7, P.151-158.

[3]. Sosulnikov M L, Teterin Yu.A. J. Electr. Spectr. Relat, Phenom. 1992. 59, P.111-126.

[4]. Band 1.M., Kharitonov Yu.l., Trhaskovskaya M.B. Atomic Data and Nuclear Data Tables. 1979.
23, Ne 5. P.443-505.

[5). Nefedov V.1. X-ray photoelectron spectroscopy of chemical compounds. Moscow, Khimiya, 1984.
255 p (in Russian).




