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In the framework of studying the evolution of the microstructure of lava-like fuel-containing
materials of Unit 4 of the Chernobyl Nuclear Power Plant, the process of measuring the composi-
tion of uranium oxide mixtures during interaction with an atmosphere of humid air was modeled
based on the ratio of the intensities of the peaks of incoherent I and coherent I scattering of
X-rays. For modeling, powder samples of lead and bismuth were selected, the oxides of which
are closest to uranium oxides in terms of the I-/Iy ratio. The measurements were performed
on a portable energy-dispersive spectrometer SPRUT with an SDD X-100 detector (Amptek) in
radiation from a silver anode; the secondary target was silver, and the source power was 15 W.
Kinetic curves of the change in the I/I ratio for powder samples of lead and bismuth during
annealing in the atmosphere in the temperature range of 0-200 °C for 3 hours are presented. The
sensitivity of the I/I ratio to changes in the atomic composition of the mixture was 0.69 (%/
at%), the relative error in measuring the I/Iz was 3.5%, and the error in measuring the atomic
fraction of the heavy element in the mixture was 2.5 at%. The nature of the kinetic curves cor-
responds to literary data on the transition from pure metal to its higher oxide. The sensitivity of
the I/Iy ratio to changes in the composition of a mixture of uranium oxides during interaction
with humid air and chemical compounds with an effective atomic number Z<13, which are used
in the processing of radioactive waste, was assessed. The use of portable X-ray equipment opens
up prospects for remote monitoring of the conversion process of uranium oxide-based mixtures
using robotics.

Keywords: Rayleigh and Compton scattering intensity ratio, effective atomic number, cali-
bration plots, heavy metals, uranium oxides.

PenrreniBcobkuii MOHITOPpHHr  B3aemMofgil BasKKHX  METAJIIB 3  BOJIOTOIO
noBiTpsaHoio armocdepow. LF. Mikhailov, A.lI. Mikhailov, S.S. Borisova, A.A. Baturin,
L.P. Fomina, A. V. Kushtym, A.D. Chistyakov

B pamrax mocitigpxeHHS €BOJIOIIT MIKPOCTPYKTYPH JIABOIIOII0HUX ITaJIMBOBMICHIX MATepiasiB
geTBepToro eHeprobsioky Yopuobuiabebkoi AEC 0Oysio 3MomesboBaHO IIpoIeC BUMIPIOBAHHS
CRJIAIY CyMIIIedl OKCHIIB ypaHy IIJ 4ac B3aeMoIil 3 aTMOcgepoio BOJIOTOro IIOBITPS Ha OCHOBI
CIIIBBITHOIIEHHA IHTEHCHBHOCTI IKiB HeKOrepeHTHOro [~ po3CciloBaHHA Ta KorepeHTHOro Ip
PO3CIIOBAHHSI PEHTTeHIBChbKUX mpomeHiB. Jlyiss mMomenoBamHsa OyJio 0OpaHO ITOPOIIKOBI 3pasku
CBUHITIO Ta BICMyTy, OKCHJM SIKMX 3a CIIBBiIHOMeHHAM [o/Ip € HaWOMMKIMMU 10 OKCHIIIB
ypaHy. BumipoBaHHS TPOBOAMINCA HA HOPTATUBHOMY EHEPTOIUCIIEPCIHHOMY CIIEKTPOMEeTpl
SPRUT 3 nmerexropom SDD X-100 (Amptek) y BumpomiHOBaHHI CpPIOHOTNO aHOMA; BTOPUHHOIO
MITITeHHI0 0yJ10 cpibJI0, MOTY KHICTD Jkepesna cranosuiaa 15 Br. [lpencrasieno KiHmeTwyHi Kpusl
aminu criBBigHOMeEHHSA [~/Ip N7 MOPOIIKOBUX 3pa3KiB CBUHINO Ta BICMYTY I Yac BiAIaIy B
atmocdepi B miamasoni temmeparyp 0-200 °C mporsrom 3 rogws. YyTJIMBICTD CITIBBIIHOIIEHHS
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I/ I no 3min aToMHOTO CKJIa Ty cyminti cranoBuia 0,69 (%/aT.%), BiqHOCHA OXMOKa BUMIPIOBAHHS
I/Ip cranoBuna 3,5%, a moxubka BUMIPIOBAHHA aTOMHOI YaCTKU BAayKKOTO eJIeMeHTa B CyMilmi
cranoBmwiaa 2,5 ar.%. XapaxkTep KIHETUYHUX KPUBUX BIAMOBIIAE JOTEPATYPHUM JIAHUM IIIOM0
TIepexo/Ty BiJl YMCTOT0 METAJLY JI0 FI0r0 BHUIIOTO OKCHUy. ByJ1o oIfiHeHO Yy T/IIMBICT CIIIBBITHOIIIEHHS
I/ I o 3miH cKIIaJy CyMiITi OKCH/IIB ypaHy IIiJT Yac B3aeMOJIii 3 BOJIOTMM IOBITPAM Ta XiMITHUMEI
CIOJIyKAMH 3 ecbeRTHBHI/IM aToMHAM HOMepoMm Z<13, 1o BUKOPUCTOBYIOTHCH IIPH Hepepo6u1
PaIl0OaKTUBHUX Bmxo;:uB BHKOpI/ICTaHHH HOPTATUBHOIO PEHTIeHIBCHKOr0 00JIa THAHHS Bl,ZI;RpI/IBae
EePCIIeKTUBY JTUCTAHIIIMHONO0 MOHITOPHHIY IIPOIIeCY HEePEeTBOPEHHS CYMIIe HA OCHOBI OKCHIY

ypaHy 3a I0TIOMOT0I0 POOOTOTEXHIKM.

1. Introduction

The process of interaction of heavy metals
(U, Zr) with moist air (O, N, H,0, Co,) deter-
mines changes in the structure of fuel-contain-
ing waste from nuclear power plants [1]. Moni-
toring the phase composition of the waste using
X-ray diffraction analysis is extremely difficult
due to its multiphase nature, low reflectiv-
ity and high radioactivity. However, the pro-
cess control is necessary for the development
of chemical methods for the binding of volatile
compounds based on low atomic number ele-
ments and heavy metals. Such control can be
carried out remotely by the ratio of the intensi-
ties of the peaks of incoherent (Compton) and
coherent (Rayleigh) scattering of X-ray radia-
tion [2]. The intensity of the Compton peak is
determined by the proportion of weakly bound
electrons in the scatterer material [3], and the
intensity of the Rayleigh scattering peak is de-
termined by the base electrons of the atoms.
With a decrease in the effective atomic num-
ber of the material, the ratio of the Compton
and Rayleigh peaks increases sharply, which
makes it possible to characterize multiphase
materials on average by their effective atomic
number [4-7]. Therefore, if oxidation or any ad-
dition of light elements from the atmosphere
occurs in a heavy metal mixture, the intensity
ratio of the Compton and Rayleigh scattering
peaks increases significantly.

Due to the high radioactivity of the lava-
like fuel-containing materials of the Chernobyl
Nuclear Power Plant, powders of heavy metals
— lead and bismuth — were chosen to simulate
the process of interaction of uranium oxides
with a humid air atmosphere. The oxides of
these metals are closest to uranium oxides in
the ratio of Compton and Rayleigh scattering
peaks. Kinetic curves of changes in the ratio of
scattering peaks under external influence al-
low us to characterize the interaction process
and determine the capabilities of the remote
control method.
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2. Experimental

The objects of the study were powders of
pure lead and bismuth with a characteristic
particle ssize of 60+100 um. Heat treatment
of the powders was carried out in an atmo-
sphere of humid air (humidity 80-90%) in the
temperature range of 50-200°C. The scattering
spectra were measured using a SPRUT energy-
dispersive X-ray spectrometer with SDD X-100
(Amptek, USA). A BS-22 X-ray tube with a
silver transmission-type anode was used. The
secondary emitter was silver. Scattering angle
20=135 degrees. Spectrum accumulation time:
600 - 1200 s. The relative measurement error of
the integrated peak intensity was determined
by the magnitude of the dispersion in multiple
measurements.

The spectrometer was calibrated using pow-
der mixtures of lead and aluminum with a lead
content of C .. = 1; 0.9 and 0.7 mass fractions,
which corresponds to C,; = 100, 54 and 23 atom-
ic percent. The calibration mixtures were se-
lected to cover the range of changes in the I/Iz
value during the oxidation of lead and bismuth.
The results of measurements of the ratio of the
integrated intensities of scattering peaks I/Iz
(Table 1) were compared with the calculated val-
ues of the ratio of the incoherent scattering func-
tion S and the square of the atomic form factor

f 2 [8]. Calculations for mixtures are performed

CS.

2 ———L Ci (at%) [6].
>C.f?

The sensitivity o of the I./I value to a
change in the atoSmic fraction of a heavy
metal in a mixture of reagents was deter-
mined for the range of 0.122—-0.211 using the

using the ratio % =

0 i 100%
1, o .
ratio o = ?W( %lt%) . ACCOI‘dlng
IR

to the data in Table 1, the sensitivity value
was 0=0.69(%(at%)). The relative measure-
ment error of I/l is =3.5%, and the value of
C,; ~2.5at%.
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Table 1 — Experimental values of the integrated intensities of the Compton I~ and Rayleigh I scat-
tering peaks for powder mixtures of lead and aluminum and the calculated values of the ratio of the

incoherent scattering function S and the square of the atomic form factor f?. ((sin 0)/\ = 1.5A°1).

Cyy (PD) at% %2* coigj u. corfsj u. To/Ty
100 0.134 3950+80 32355+350 0.122+0.004
54 0.160 5235+80 34515+300 0.152+0.004
23 0.234 7195+100 34110+250 0.211+0.004

* The calculations did not take into account the difference in the attenuation coefficients of the Comp-

ton and Rayleigh scattering peaks, which at 26=135 degrees is % ~1.1.
R

Table 2 - Theoretical values of the ratio of Compton and Rayleigh scattering peaks %2 for heavy met-

als and their oxides with different atomic fractions of the heavy metal. ((sin 0)/X\ = 1.5A‘1) [8].

U uo, U,0q U,04 U0, Pb PbO Bi BiyO4
C, at% 100 33.3 30.8 27.3 25.0 100 50 100 50
%2 0.0994 | 0.1265 | 0.1298 | 0.1350 | 0.1397 | 0.1340 | 0.1541 | 0.1301 | 0.1585
3. Results and Discussion = T Tctooooooooooosooososoooooes Bi,0;
The theoretical values of the ratio of Comp- et .
ton and Rayleigh scattering peaks for all ura- e
nium oxides and the studied heavy metals
— lead and bismuth — lie in a narrow range of —
0.126-0.159 (Table 2). Therefore, the sensitiv- &
ity of the I-/I ratio to heavy metal oxidation is ¥ 0128 o PbI0O
the same for uranium and selected heavy met- 5 —0—Pb200
als (Pb, Bi). . xg:;gg
According to the data in Table 2, when the
scatterer material changes from a heavy metal 0.120
to its higher oxide, the intensity ratio of the
scattering peaks increases by 14-15% for all 0.116
the metals considered. Such a change can be re- . . ' . l . .
corded in the experiment and justifies the fea- 0 S 3

sibility of experimentally constructing kinetic
curves of the process using the I/I ratio.

Fig. 1 shows the kinetic curves of the I/l
ratio during annealing in a humid air atmo-
sphere. The experimental values of the scatter-
ing peak ratios in absolute value are 10+12%
lower than those theoretically calculated using
the S/f 2 ratio (Table 1). This is due to the dif-
ference in the attenuation coefficients of the
Compton and Rayleigh scattering peaks, which
was not taken into account in the calculation.
The nature of the kinetic curves for lead (curves
reaching saturation) is entirely consistent with
the known mechanism of lead oxidation in the
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Fig. 1. Dependence of the ratio of scattering peaks
1,/Ip on the exposure time of lead and bismuth
powder samples in an atmosphere of humid air:
Pb100 and Bil00 — temperature 100°C; Pb200
and Bi200 — temperature 200°C.

atmosphere, namely, the formation of a thin
layer of PbO oxide on the surface of the lead,
which prevents further oxidation.

For bismuth at a temperature of 100°C, no
change in the ratio of scattering peaks with ex-
posure time was detected, 1.e., the bismuth sur-
face turns out to be very resistant to oxidation.
Noticeable changes occur at a temperature of
200°C: three hours of exposure of bismuth to

Functional Materials, 33, 2, 2026
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a humid atmosphere leads to significant oxida-
tion of the surface. According to the I/Iy ratio
of the scattering peaks, the mixture is close to
the higher oxide BiyO5, which corresponds to
the literature data [9].

Thus, the [/Iz kinetic curves characterize
the change in the composition of heavy metal
mixtures when interacting with an atmosphere
of humid air and chemical compounds based on
light elements. The /Iy kinetic curves were
first used in [10] to determine the trajectory
of the figurative point in the triangular Gibbs
phase diagram of NiO-Li,0-O,, which made it
possible to characterize the lithiation-oxidation
process of the heavy metal. A similar applica-
tion of I/Iy kinetic curves is also possible for
mixtures of uranium oxides for which X-ray
diffraction analysis data on the phase composi-
tion of the main components of the mixture are
available.

4. Conclusion

The process of interaction of heavy metals
with an atmosphere of humid air was experi-
mentally modeled. The saturation of powder
mixtures of heavy metals with light elements
during heat treatment in an atmosphere of
humid air was studied using the ratio of the
intensities of the Compton and Rayleigh scat-
tering peaks. This process is the main one in
the transformation of radioactive waste from
nuclear power plants during long-term storage.
The processing of these wastes to bind volatile
components is carried out by adding chemicals
based on light elements. Control of this process
can also be performed remotely by the ratio of
X-ray scattering peaks.

The measurement of the scattering peak ra-
tio is performed on powder mixtures of heavy

Functional Materials, 33, 2, 2026

metals without special surface sample prepa-
ration using low-power X-ray equipment. This
opens up prospects for monitoring the process
of conversion and processing of radioactive
waste using compact robotics.
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