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Abstract—The characteristics of the production technology for fuel rod cladding oriented to its application
for water-moderated water-cooled power reactors with a coolant temperature of 300—350°C are presented.
Possible directions for the modification of the cladding surface are proposed. The methodological back-
ground for the diagnostics of materials based on the ion-beam and X-ray diagnostic methods is discussed.
Using this diagnostics, it is possible to characterize the parameters of the inner and outer surfaces of the fuel-
rod cladding without changing its form. Experimental data are presented, which demonstrate the efficiency
of the proposed analytical complex for characterizing the surface layers of fuel-rod cladding.
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INTRODUCTION

Nuclear reactors that operate using thermal-neu-
tron fluxes, i.e., the so-called water-moderated water-
cooled power plants, form the basis of modern nuclear
power engineering. Plants of this type that operate at
temperatures of 300—350°C in the reactor core are the
most widespread. Under these conditions, a super-
heated water—vapor mixture, on the one hand, is a
carrier of thermal energy from fuel rods located in a
nuclear reactor to the second water circuit that serves
the steam generator and, on the other hand, is a
medium for moderating the neutron flux. Fuel rods in
these plants play the role of converters of the energy
released by nuclear reactions into heat. Heat is gener-
ated by nuclear fragments that occur during the decay
of uranium nuclei under exposure to a thermal-neu-
tron flux and lose their energy in the material of the
fuel pills. This energy is removed through the cladding
of the fuel rod by the coolant that passes over it.
In principle, the design of the fuel rod is quite simple.
It consists of a thin-walled cylindrical cladding that
holds nuclear fuel. Uranium oxide prepared in the
form of a pill with a central hole is the nuclear fuel
material for such fuel rod. The longitudinal cross sec-
tion of a fuel rod with such a design is shown in Fig. 1.
Although the design of the fuel rod is apparently sim-

ple, its production technology is a complex multifunc-
tional procedure with a set of specific requirements for
the selection of the cladding material and a sequence
of technological operations that guarantee its mechan-
ical, corrosion, and radiation resistance during long-
term operation as a nuclear-reactor component.

The lowest level of neutron absorption is the most
important requirement for the selection of a material
for fuel-rod cladding. Experimental investigations
have shown that magnesium, aluminum, and zirco-
nium nuclei are characterized by a small neutron-cap-

7.57 £0.03

9.10 £ 0.05
7.72 £ 0.08

” 77

Fig. 1. The longitudinal cross section of a fuel rod of a
water-moderated water-cooled power reactor: (/) metal
cladding of the fuel rod, (2) nuclear fuel pill, (3) techno-
logical hole in the pills, and (4) clearance between the fuel
pills and the cladding, which is filled with 4He under pres-
sure.
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ture cross section [1]. The thermal conductivity and
mechanical stability of a fuel-rod structure are factors
of the same importance. The degree of corrosion resis-
tance of the cladding of a fuel element is determined by
the properties of its outer and inner surfaces. Since an
entire set of requirements is imposed on the fuel-rod
cladding material, the specific choice turns out to be a
compromise. Experimental experience has shown that
zirconium doped with a small amount of niobium is the
most suitable material for manufacturing the fuel-rod
cladding for water-moderated water-cooled nuclear
reactors with operating temperatures of 300—350°C in
their cores [2].

The technology for manufacturing thin-walled
tubular claddings from this material is rather laborious
[3]. First, the starting Zr must be purified of impuri-
ties, especially of hafnium. Second, the procedure for
obtaining long thin-walled pipes should provide con-
stancy of the wall thickness along the entire pipe
length, as well as the homogeneity of the structure and
composition of the material. Further, while carrying
out measures for increasing corrosion resistance, the
modification procedure must provide the constancy of
the properties along the entire length of the cladding.
At the present stage of the development of water-mod-
erated water-cooled nuclear reactor technology, the
problem of long-term corrosion resistance of fuel-rod
claddings has become a significant obstacle to increas-
ing their efficiency. Therefore, attempts were made to
perform implantation [4] and diffusion [5] modifica-
tions of the surface of fuel-rod claddings and to use
various anticorrosive coatings [6].

At the same time, both the technology for modify-
ing the surfaces of the fuel-rod cladding and the stud-
ies of the surface layers of claddings on fuel elements
that have completed a full radiation cycle require a
complex of nondestructive elemental and structural
diagnostics of the surface without changing the shape
of cladding elements. In this paper, we propose a
methodological base for a complex of analytical diag-
nostics that uses the ion-beam and X-ray methods for
studying materials.

ION-BEAM AND X-RAY POTENTIALS
FOR THE DIAGNOSTICS
OF FUEL-ROD SURFACES

Analytical diagnostics of film coatings of material
objects with their surface layers modified using various
methods can be performed by a number of diagnostic
techniques [7—12]. Their selection is determined, on
the one hand, by the possibilities of elemental and
structural analysis, and, on the other hand, by the
expected thickness of coatings or the depth of surface
modification. The task of increasing the corrosion
resistance of fuel-rod claddings involves both modifi-
cation of their outer and inner surfaces to a depth
ranging from a few nanometers to several microme-
ters, and development of technologies for obtaining
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protective coatings with a thickness of several microm-
eters. In this case, it is supposed that elemental and
structural diagnostics of modified regions will be per-
formed without changing the shape of tubular clad-
dings. High-efficiency elemental—dimensional analy-
sis of films and surface layers of materials with
nanoscale thicknesses may be performed using the
method of Rutherford backscattering (RBS) of high-
energy beams of helium and hydrogen ions on test
samples [13]. This method is applicable in ion-beam
analytical systems, e.g., in the Sokol-3 complex [14].
This method is aimed at determining the elemental
concentration profile for the distribution of elements
over the thickness of the surface layer of a material to
a depth of 2 um with a resolution of approximately 10
nm when using *He™ ion beams and to a depth of up to
15 um with a resolution of approximately 30 nm when
using scattering of hydrogen ion beams. The character-
istic X-ray fluorescence yield is measured in parallel
with making RBS measurements to diagnose the pres-
ence of trace impurities in materials. The detection lim-
its of these measurements are at a level of 10~¢ at % and
are better if special geometry is used [15]. The sche-
matic diagram of the experimental chamber in the
Sokol-3 ion-beam analytical complex with a system
for detecting scattered ions and measuring the X-ray
fluorescence yield is shown in Fig. 2. The RBS
method is a nondestructive method owing to the low
values of analytical radiation doses and it is the only
absolute instrumental method for elemental diagnos-
tics of materials. The absoluteness of measurements is
achieved by normalizing the measured scattering
spectra to the total number of ions that hit the test sam-
ple during a measurement session. All measurements
are carried out under medium vacuum conditions of
10—3—10~* Pa. The experimental spectra obtained at the
Sokol-3 complex are fitted using the RUMPP com-
puter program, which is an upgraded version of the
RUMP program [16].

Figure 3 shows the layouts for performing ion-
beam and ion—X-ray fluorescence diagnostics of the
inner and outer surfaces of tubular-structure elements
without their deformation. Since the diameter of the
ion probe is 1 mm, the proposed geometry of mea-
surements will not distort the results of ion-beam and
X-ray elemental diagnostics of the inner and outer sur-
face layers of fuel-rod claddings in their initial state,
after their modification, and after actual functioning
of a fuel rod in a nuclear reactor.

As an additional X-ray diagnostic approach to
studying changes in the elemental composition over
the thickness of the surface layers on the inside and
outside of fuel rods, we used an original concept of the
method that we developed for carrying out X-ray flu-
orescence analysis under conditions of total external
reflection of the exciting hard X-ray flux from the sur-
face under study (TXRF) [17]. The most important
feature of standard TXRF measurements is the use of
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Fig. 2. The diagram of the vacuum chamber for RBS and X-ray fluorescence analysis of test samples using the Sokol-3 analytical
complex and the system for detecting scattered ions and measuring the X-ray fluorescence yield: (PS) power supply, (.S) protective
shield, (Ryy) load resistance (~1 k), (C) ion collimator, (D}, D,) scattered-ion detectors, (£2, £2,) solid angles of scattered-ion
detection, (0, 6,) angles of scattered-ion detection, (, @) angles of spatial orientation of the target, () angle of inclination of

the target to prevent channeling, and (IC) ion channeling.

the phenomenon of total external reflection of an
exciting flux, within which characteristic X-ray fluo-
rescence is generated by the near-surface layer of a test
sample with a thickness of 3—5 nm. As a result, this
method is characterized by a sharp decrease in the
detection limits for impurities in comparison with the
X-ray fluorescence analysis in a standard geometry
and with the electron microprobe analysis. In addi-
tion, data from research carried out using TXRF spec-
trometry are free from the influence of the matrix
effect. The idea behind the modified TXRF approach
is illustrated by the layout of measurements presented
in Fig. 4. The diagram shows the radiation source (the
focus of an BSV-28 (Ag) X-ray tube); the flux former,
which is an assembly of two vertical mutually aligned
cutting slits .S; and S, 6 um wide and 10 mm high,
which are spaced 100 mm apart [18]; a scintillation
detector D with its own slit system; a sample holder
that is equipped with a horizontal microfeed system;
and a semiconductor detector of the characteristic
X-ray fluorescence yield. The exciting flux only
touches the top of the outer surface of the diagnosed
tube sample in Fig. 4a, and Fig. 4b illustrates the situ-
ation when the sample completely covers the exciting
X-ray microbeam. Since its width in this position of
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the sample is 15 um, the semiconductor detector mea-
sures the X-ray excitation yield from a 15-pum-thick
surface layer of the sample. The developed method for
X-ray elemental diagnostics is original; it allows us to
analyze the elemental composition to a greater depth
in comparison with the ion-beam diagnostics of mate-
rials. At the same time, this method cannot provide
direct information on the distribution of elements over

(a) (b)
2 N
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Fig. 3. The layouts of the RBS investigations of the element
distribution in the depth of surface layers of (a) the outer
and (b) inner surfaces of cylindrical fuel-rod cladding frag-
ments: (/) surface layers, (2) volume of the cylindrical

cladding, and (H+) primary high-energy proton beam.
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Fig. 4. The diagrams for the diagnostics of the outer surface
of a cylindrical fuel-rod cladding using the modified
TXRF method (a) under conditions of conventional
TXRF geometry and (b) under conditions of complete
overlapping of the exciting flux by a fragment of the tested
cladding: (F) the focus of the BSV-28 (Ag) X-ray radiation
source, (/) the inner and outer surface layers of the fuel-

rod cladding, (2) the volume of the fuel-rod cladding, and
(D) scintillation detector.

depth, since it is not free from the influence of matrix
effects and the absorption of excited characteristic
radiation in the test sample must be taken into account
when interpreting data obtained using it. In addition,
certain expansion of the diagnostic area must also be
taken into account.

Similar information on the elemental composition
of the inner surface layer of a tubular sample can be
obtained in the same measurement geometry, but
upon a significant (down to 1 mm) decrease in the ver-
tical size of the excitation beam.

The intensity of the transmitted flux measured by
the scintillation detector has been selected as a param-
eter that fixes the thickness of the layer excited by an
external X-ray beam.

DIAGNOSTICS OF THE EXTERNAL SURFACE
OF THE MODIFIED FUEL-ROD CLADDING

The use of E-110 zirconium alloy with 1 at % nio-
bium as a cladding material for fuel rods has shown its
high mechanical and radiation stability under operat-
ing conditions in cores of water-moderated water-
cooled power plants. At the same time, the experience
from long-term operation of reactor units made of this
material has demonstrated its insufficient corrosion
resistance, especially to the action of a high-tempera-
ture steam—water mixture. Therefore, the increase in
the operational properties of fuel rods turned out to be
directly dependent on improvement in the corrosion
properties of the external surface of their claddings.
The use of external chromium coatings appeared to be
among the most effective means for increasing the
corrosion resistance of zirconium—niobium claddings
[19]. Therefore, the chromium coating was deposited
on the outer surface of the fuel-rod cladding while
developing the technology for modifying this clad-
ding. This coating was investigated by making RBS
measurements in parallel with probing the outer sur-
face of the cladding without the chromium coating.
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The experimental and theoretical spectra obtained
during these measurements are shown in Fig. 5. The
figure also shows the RBS spectrum of a thick zirco-
nium oxide film, which also has prospects of being
used as a possible protector against the corrosion
action of a high-temperature steam—water mixture.
The theoretical approximation of the RBS spectra of
compounds that contain zirconium atoms is difficult,
since this element, in contrast to the elements located
nearby in the periodic table (Y and Nb), is character-
ized by the presence of a number of stable isotopes
(°%Zr, 52%; °'Zr, 11%; *°Zr, 17%; **Zr, 17%; and *°Zr,
3%). The RBS spectrum of H* ions (£, = 1.186 MeV)
from the outer surface of the unmodified cladding
sample (Fig. 5a) is a flat spectrogram with a shape
ascend in the region of channel 545. The spectrum has
a barely noticeable step in the region of channel 436.
The fitting processing of the spectrum showed that
this step indicates the presence of oxygen atoms in the
surface layer several hundred nanometers thick at a
level of 2—3 at %. Since the initial composition of the
cladding was represented as Zr ¢551Nby o, Fe o4, Zirco-
nium oxide may have appeared in the external surface
layer of the unmodified cladding in the presence of a
low oxygen concentration in the volume.

The experimental and theoretical spectra of H'
ions (E, = 1.187 MeV) in Fig. 5b were obtained for a
zirconium oxide (ZrO,) film. The fitting of the exper-
imental spectrum showed that the thickness of the
oxide layer exceeded 10 um and the composition was
close to stoichiometric. These spectra are presented
together with the spectra of the original fuel-rod clad-
ding in order to exclude any doubt about the presence
of a significant oxygen concentration in its surface
layer. The experimental and theoretical RBS spectra
of H" ions (E, = 1.182 MeV) from the outer fuel-rod
cladding modified by deposition of the chromium
coating on its surface is shown in Fig. 5c. The prelim-
inary fitting of the experimental spectrum showed that
a 5.7-um-thick film containing a significant amount
of chromium atoms was result of the deposition proce-
dure on the outer surface of the cladding. This film is
characterized by a content of approximately 10 at % of
oxygen and the presence of up to 10 at % of either
hydrogen or structural vacancies in its structure. Diag-
nostics of hydrogen in the material was not carried out
due to technical difficulties. The channel numbers
that correspond to the energies of scattering of hydro-
gen ions from atomic nuclei located on the surfaces of
the test samples are marked in the spectra with arrows.

In parallel with measuring the RBS spectra, we
recorded the spectra of the characteristic X-ray mea-
suring from the test samples that were excited by a pro-
ton beam incident on these samples. The obtained
spectra are shown in Fig. 6. The spectra are presented
on a logarithmic scale, since the intensity of the char-
acteristic X-ray fluorescence lines of zirconium and
chromium significantly exceeds the intensity of the
Vol. 64
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Fig. 5. The RBS spectra of HY ions (E = 1.18 MeV)
obtained for the external surface of the fuel-rod cladding
(a) with the initial structure, (b) with the zirconium oxide
film on it, and (c) with the structure modified by deposi-
tion of the chromium coating. The arrows indicate the
energy of hydrogen-ion scattering from nuclei of surface
atoms and the energy characterizing the sharp decrease in
the Cr concentration in the target under study. The energy
step is 1.9 keV/channel.

lines of impurity and alloying elements. The spectrum
of proton-induced X-ray emission (PIXE) obtained
for the outer surface of the unmodified fuel rod clad-
ding (Fig. 6a) demonstrates the observed absence of
lines of impurity components, whose content, at least,
does not exceed 1 ppm [20]. At the same time, in accor-
dance with the initial data, the cladding material con-
tains niobium atoms at a level of approximately 1 at %
and iron atoms with a content of less than 0.04 at % in
addition to zirconium atoms. Diagnostics of the pres-
ence or absence of oxygen atoms in the test sample is
impossible for technological reasons. The point is that
the X-ray detector built into the experimental chamber
of the Sokol-3 complex is equipped with an 8-um-
thick entrance Be window, which completely absorbs
the emission of the characteristic oxygen line OK,
(E=0.523 keV). The NbL, line, whose position cor-
responds to channel 220, is completely masked by a
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Fig. 6. The PIXE spectra obtained for external surface of
the fuel-rod cladding with (a) the initial structure, (b) a
thick zirconium oxide film on the outer surface, and (c¢)
the structure modified by the chromium coating deposi-
tion. The energy step is 10 eV/channel.

high-intensity ZrLg, peak. The presence of Fe atoms
in the cladding material is found by a barely noticeable
irregularity in the spectrum region of channel 830.
It should be borne in mind that ion-beam diagnostics
has a local character, as the diameter of the ion probe
is 1 mm. The low intensity of the Fe K, line in the pre-
sented spectrum indicates that the distribution of iron
atoms in the material of the fuel-rod cladding was
inhomogeneous. The content of Fe atoms was quanti-
tatively estimated on the basis of averaged results of
measurements at a number of successive points.

The PIXE spectrum in Fig. 6b, which was obtained
for the zirconium oxide sample, demonstrates a
greater elemental diversity. The material contains S
atoms at a level of a few ppm, as well as Cu and Ti
atoms at a level of several hundred ppm. The Nb[Z,
line also turns out to be masked by the intense ZrLg,
peak. The spectrum contains lines of unidentified ele-
ments. As was the case with the previous spectrum, the
ZrK, (E=15.77 keV) and ZrK (E = 17.67 keV) lines
are absent in the diagram, since the measurable energy
range is limited to 10 keV.

The PIXE spectrum in Fig. 6¢, which was obtained
for the external surface of the fuel-rod cladding modi-
fied by deposition of the chromium coating, demon-
strates two intense lines: ZrL g, and CrKg. In addition
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Fig. 7. The TXRF spectra obtained for external surface of
the fuel-rod cladding with (a) the initial structure and (b)
the structure modified by the chromium-coating deposi-
tion. The energy step is 20 eV/channel.

to these lines, the spectrum contains the FeK,, SrL,,
AgL,, and CulL, lines. It should be noted that low-
energy X-ray fluorescence lines are excited well under
the conditions of PIXE measurements in comparison
with lines that correspond to higher energies. There-
fore, the TXRF spectra obtained for the external sur-
face of the original and modified fuel-rod cladding are
shown in Fig. 7 in addition to the PIXE studies. These
spectra were recorded in the geometry of total external
reflection at a zero angle of incidence of the Agk,
excitation beam under conditions of beam contact
with the outer surface of the test sample (Fig. 4a).
A significant difference between the data obtained in
the TXRF measurements from the PIXE elemental
diagnostics reflects the fact that these data are averaged
over the entire excited surface layer of this sample.

The X-ray fluorescence spectrum shown in Fig. 7a,
which characterizes the elemental composition of the
outer surface layer of the unmodified fuel-rod clad-
ding, shows that zirconium is the main element of this
layer, which is ~5 nm thick. Since the matrix effect
and the effect of characteristic X-ray fluorescence
absorption in the sample material are absent and the
cross sections for fluorescence excitation zirconium
and niobium atoms by the AgK,, flux are equal, the rel-
ative concentration of these elements in the excited
layer can be calculated based on the ratio of the inte-
gral intensities for their X-ray fluorescence lines. This
relationship shows that the concentration of Nb atoms
in the surface layer is 1.25 at %. The spectrum also
contains the ZrLg, line, but its intensity is immeasur-
ably lower than its intensity in the spectrum obtained
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in the PIXE measurements; in addition, the acquisi-
tion time for PIXE spectra is shorter by an order of
magnitude than the acquisition time of TXRF spectra.
Moreover, the spectrum contains an ArK, line (£ =
2.957 keV), which reflects the fact that the measure-
ments are made in air, and a number of lines that char-
acterize the presence of impurities in the cladding mate-
rial (FeK,, CoK,, NiK,, CuK,, and ZnK,). The content
of Fe atoms is close to 0.08 at %, and the concentration
of other impurities does not exceed 0.05 at %.

The TXRF spectrum obtained for the surface of the
modified fuel-rod cladding (Fig. 7b) demonstrates
significant changes compared to the spectrum that
characterizes the unmodified surface. The spectrum
contains two intense doublets, CrK,—Kz and
ZrK,—Kg, the ZrL,g, and ArK,, lines, as well as a num-
ber of alloying (FeK, and CuK,) and impurity (CaK,
TiK,, ZnK,, and Gak,) elements. All of this set of ele-
ments characterizes the thin surface layer of the clad-
ding, which was modified by deposition of the chro-
mium coating. Its estimated thickness, was 5 mm. The
presented TXRF spectrum suggests that during the
deposition of the chromium coating, the deposited
chromium atoms were mixed with the structure-form-
ing substrate material, seemingly, with the formation of
the intermetallic compound ZrCr,. In this case, the
concentration of alloying components in the thin sur-
face layer was 8—10 at % of each element. Moreover,
the presence of a few oxygen and hydrogen atoms in
the film coating can be expected, which seemed very
likely when the RBS spectrum of this sample was fit-
ted.

Further investigations of the outer surface of the
fuel-rod cladding modified by deposition of the chro-
mium coating on it were carried out using X-ray radi-
ation. The method of originally modified spectrome-
try is reassembling on the investigations under condi-
tions of total external reflection of the excitation beam.
Figure 8 shows the geometry of measurements and
presents the experimental data obtained upon chang-
ing the position of the test sample of the modified
fuel-rod cladding relative to the exciting X-ray beam
along the direction of the X axis. The obtained experi-
mental diagram shows the dependences of the integral
X-ray fluorescence intensities of the lines of elements
contained in the diagnosed layer on the depth of pen-
etration of the exciting radiation flux into the material
of the modified cladding from its outer side. As the
excitation flux deepens into the cladding material, a
sharp increase in the X-ray fluorescence intensity of
chromium and zirconium is observed. At the same
time, no increase in the X-ray fluorescence intensity
for the FeK, and CukK, lines is observed. This indi-
cates that copper and iron atoms are mainly concen-
trated in a thin near-surface layer of the obtained coat-
ing with a thickness of up to 10 nm, which largely con-
sists of the intermetallic compound ZrCr,. As the
beam deepens, the ratio between the output intensities
Vol. 64
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Fig. 8. (a) The diagram of measurements of the X-ray characteristic fluorescence yield, which is a specific modification of TXRF

measurements, and (b) the diagrams for the ZrK,, CrK, Cuk,

and FeK|, fluorescence yields for the external surface of the fuel-

rod cladding modified by deposition of a chromium coating, vs. the penetration depth of the exciting beam (AgK,,) into the clad-
ding and vs. the ratio of the content of the ZrCr,/0.-Zr phases in it: vs. the depth (4) flow damper.

of the ZrK, and CrK|, lines begins to change from 1 : 2
to 1 : 1. This suggests that the protective chromium
coating is a mixture of the intermetallic compound
and o-zirconium with a gradual increase in the pro-
portion of oi-zirconium with a decrease in the distance
to the coating/substrate interface. At the same time, it
should be recognized that these results are purely
qualitative, since it is clear from geometric consider-
ations that when the fuel-rod cladding is deepened
into the exciting flow, the change in the X-ray fluores-
cence intensity is no longer a direct reflection of the
distribution of atoms over the coating thickness.

DISCUSSION

The methodological approach proposed in this
paper was used to study the elemental composition of
the outer surface of fuel-rod claddings before and after
modification by deposition of a chromium film coat-
ing and demonstrated its fundamental efficiency. The
comparative studies of the modified and unmodified
outer surface of the fuel-rod cladding using the RBS
method allowed us to ascertain that the thickness of
the chromium coating was 5.7 um and that it could
contain some oxygen and, presumably, hydrogen.
Niobium with a content of 1.25 at % was used as the
main alloying element in the bulk of the cladding
material, and Fe with a content of about 0.08 at % was
used as an additional alloying element. The modified
TXRF method for studying the elemental composition
of materials made it possible to determine that the
chromium coating in the 10-nm-thick surface layer
was most likely composed of the intermetallic com-
pound ZrCr,, while the alloying elements Cu and Fe
were concentrated in this surface layer. The measure-
ments showed that the chromium concentration in the
coating decreased with an increase in the depth of test-
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ing and dropped to its concentration in the o-Zr solid
solution at a depth of about 6 um. In accordance with
the phase diagram of the Cr—Zr system shown in Fig. 9,
the Cr content of the o-Zr solid solution did not
exceed 0.5 at %. In the continuation of this research, it
is necessary to deposit a chromium coating on fuel-
rod claddings and perform their heat treatment under
various conditions in order to obtain detailed informa-
tion on the formation of the protective surface layer of
coatings. The problem of the oxygen content in the
original and modified cladding surfaces can be suc-
cessfully solved by complementing the instrumenta-
tion of the analytical chamber of the Sokol-3 complex
with an X-ray detector with an ultrathin entrance win-
dow, which allows measuring the X-ray fluorescence
yield of the OK line.

The problem of the possible presence of hydrogen
in the surface cladding layers can be solved by applying
recoil nuclear spectrometry [22], which has been suc-
cessfully used, in particular, in the study of perovskites
using the Sokol-3 complex [23]. The proposed meth-
odological complex can be expanded by introducing
diffractometric studies of the inner and outer surfaces
of claddings into its program to determine the phase
relations. In future studies, we are planning to investi-
gate not only claddings intended for model research,
but also elements of claddings that have operated in
actual nuclear reactors.

CONCLUSIONS

The main objective of the presented work was to
develop a concept for effective elemental diagnostics
of the fuel-rod cladding surface without changing the
shape of this cladding. The preparation of such clad-
dings is a delicate multistage process in which it is not
only the elemental composition of a material inside
Vol. 64
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Fig. 9. The Cr—Zr phase diagram [21].

the cladding that plays a significant role, but also the
elemental composition of its surfaces. Therefore, a
change in the shape when performing analytical activ-
ities may affect the diagnostic results. Our work in this
direction is pioneering and therefore is not free from
drawbacks. The method for modified TXRF material
diagnostics is exclusive. Its full methodological basis
will be presented in subsequent publications.

FUNDING

The work was carried out in frame of state task 075-
00475-19-00 and with the partial financial support of
RFBR grants No. 19-07-00271.

REFERENCES

1. Beskorovainyi, N.N., Kalin, B.A., Platonov, P.A., and
Chernov, L.1., Konstruktsionnye materialy yadernykh
reaktorov (Structural Materials for Nuclear Reactors),
Moscow: Energoatomizdat, 1995.

2. Zaimovskii, A.S., Nikulina, A.V., and Reshetnikov, EG.,
Tsirkonievye splavy v atomnoi energetike (Zirconium Al-
loys for Nuclear Power Engineering), Moscow: Ener-
goatomizdat, 1994.

3. Razrabotka, proizvodstvo i ekspluatatsiya teplovydelyay-
ushchikh elementov energeticheskikh reaktorov (Devel-
opment, Manufacturing, and Operational Process for
Heat Emitting Elements of Power Reactors), Reshet-
nikov, F.G., Ed., Moscow: Energoatomizdat, 1995,
book 1.

4. Wu, A., Ribis, J., Brachet, J.C., Clouet, E., Lepretre, F.,
Bordas, E., and Arnal, B., J. Nucl. Mater., 2018, vol. 504,
p. 289.
https://doi.org/10.1016/j.jnucmat.2018.01.029

5. Matveev, A.V., Belykh, T.A., Perekhozhev, V.I., Si-
nel’nikov, L.P., Kruzhalov, A.V., Neshov, F.G., and

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Trifanov, A.G., RF Patent 2199607, Byull. Izobret.,
2003, no. 6.

Ivanova, S.V., Glagovskii, E.M., Khazov, I.A., Orlov, V.K.,
Shlepov, I.A., Nikitin, K.N., Dubrovskii, Yu.V., and
Denisov, E.A., Fiz. Khim. Obrab. Mater., 2009, no. 3, p. 5.

Woodruff, D.P. and Delchar, T.A., Modern Techniques
of Surface Science (Cambridge Solid State Science Se-
ries), Cambridge: Cambridge Univ. Press, 1986.

Potapov, A.l. and Syas’ko, V.A., Nerazrushayushchie
metody i sredstva kontrolya tolshchiny pokrytii i izdelii
(Nondestructive Methods and Means for Testing the
Thickness of Coatings and Devices), St. Petersburg:
Gumanistka, 2009.

. Feldman, L.C. and Mayer, J.W., Fundamentals of Sur-

face and Thin Film Analysis, Amsterdam: North Hol-
land, Elsevier Science Publ., 1986.

. Schmidt, B. and Wetzig, K., lon Beams in Material Pro-

cessing and Analysis, Wein: Springer, 2013.

Birkholz, M., Thin Film Analysis by X-Ray Scattering,
Weinheim: Wiley-VCH, 2006.

X-Ray Spectrometry, Recent Technological Advances,
Tsuji, K., Injuk, J., and Van Grieken, R., Eds., New
York: Wiley, 2004.

Egorov, V.K., Egorov, E.V., and Afanas’ev, M.S., J.
Surf. Invest.: X-ray, Synchrotron Neutron Tech., 2013,
vol. 7, no. 4, p. 640.

Egorov, V.K. and Egorov, E.V., NBIKS-Nauka. Tekh-
nol., 2019, vol. 3, no. 7, p. 29.

Egorov, V., Egorov, E., and Afanas’ev, M., J. Phys.:
Conf. Ser., 2017, vol. 808, no. 1, p. 012002.
https://doi.org/10.1088,/1742-6596,/808/1,/012002

Doolittle, L.R., Nucl. Instrum. Methods, 1985, vol. 9,
p. 344.

Klockenkamper, R. and von Bohlen, A., Total X-ray
Fluorescence Analysis and Related Methods, New York:
Wiley, 2015.

Bykov, V.A., Egorov, V.K., and Egorov, E.V., RF Patent
2486626, Byull. Izobret., 2013, no. 18.

Kuprin, A.S., Belous, V.A., Bryk, V.V., Vasilenko, R.L.,
Voevodin, V.N., Ovcharenko, V.D., Tolmacheva, G.N.,
Kolodii, I.V., Lunev, V.M., and Klimenko, 1.O., Vopr.
At. Nauki Tekh., 2015, no. 2 (96), p. 111.

Johanson, S.A., Campbell, J.L., and Malquist, K.G.,
Principles Particle Induced X-Ray Emission Spectrometry
(PIXE), New York: Wiley, 1995.

Diagrammy sostoyaniya dvoinykh metallicheskikh system.
Spravochnik (State Diagrams of Binary Metal Systems.
Handbook), Lyakishev, N.P., Ed., Moscow: Mashi-
nostroenie, 1997, vol. 2.

Hofsas, H., Forward Recoil Spectrometry, New York:
Plenum, 1996.

Egorov, V.K., Egorov, E.V., and Afanas’ev, M.S., Bull.
Rus. Acad. Sci.: Phys., 2014, vol. 78, no. 6, p. 498.

Translated by N. Goryacheva

Vol. 64 No. 1 2021



	INTRODUCTION
	ION-BEAM AND X-RAY POTENTIALS FOR THE DIAGNOSTICS OF FUEL-ROD SURFACES
	DIAGNOSTICS OF THE EXTERNAL SURFACE OF THE MODIFIED FUEL-ROD CLADDING
	DISCUSSION
	CONCLUSIONS
	REFERENCES

		2021-02-12T16:28:51+0300
	Preflight Ticket Signature




