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In the metal structures that are subjected to significant mechanical and radiation loads during their
operation, structural alterations occur, which are unevenly distributed over the depth of the material. Ma-
terials with a modified surface, including thin coatings and multilayers, are equally challenging objects for
structural studies. The development of methods for depth-selective layer-by-layer X-ray diffraction diag-
nostics is a nontrivial task aimed at controlling the effective depth of the collection of structural infor-
mation. The most developed approaches to date include: (a) asymmetric (glancing-angle) geometry and (b)
the use of primary radiation with different penetrating power. In both cases, calibration procedures with
coatings or two-layer systems of known thickness are required to determine the thickness of an effectively
reflective layer. In this work, we have studied the possibilities of X-ray diffraction examinations of steel
and iron samples with a thin (micron) copper coating. The thickness of the copper coating was estimated
from the intensity decrease of the iron substrate’s diffraction lines. With the use of asymmetric (glancing-
incidence) measurements, the conditions for the disappearance of lines from the substrate were estab-
lished, which made it possible to estimate with acceptable accuracy the thickness of the steel layer partici-
pating in the formation of the diffraction pattern. The method of the depth-differentiated estimation of the
structural characteristics of the "interface" and conditionally "bulk" regions of the a-Fe substrate by using
polychromatic cobalt radiation is tested. The limitations of this approach and the possibility of its applica-
tion to a wider range of steels are discussed. The considered aspects of X-ray diffraction studies of model
systems of the "steel-coating" or "steel-modified surface" type are important in the study of surface radia-
tion-stimulated structural alterations in steels of power engineering.
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1. INTRODUCTION

Steels of various structural classes are widely used
in power engineering, including constructions exposed
to radiation [1, 2]. Neutron beams generated in both
fusion reactors and fission reactors provoke structural
alterations in materials, leading to their serious de-
structive changes during long-term operation. Beams of
accelerated particles (protons, ions of helium and heavy
elements) are used in simulation experiments aimed at
predicting the safe life of reactor materials. One of the
disadvantages of such experimental modeling is that
the structural defects formed by ion irradiation, in con-
trast to the defects of neutron generation, are not
formed in the entire volume of the material, but only in
its near-surface regions determined by the energy of
the bombarding particles [2]. Under these conditions,
the role of surface analysis methods increases, which
makes it possible to carry out depth-selective structural
diagnostics with the profiling of the informative depth
and the determination of the levels of predominant
occurrence of defects formed by irradiation. In X-ray
diffraction studies, a special "glancing-angle" geometry
and/or long-wave (soft) primary radiation are used to
controllably reduce the depth of structural information
collection [3-5].

To estimate the depth of the layer of the material
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participating in the formation of the diffraction pattern
(briefly, "effective penetration depth", 7), in the sym-
metric Bragg-Brentano (6-20) geometry (Fig. 1), an
equation is usually used, which is a consequence of the
exponential law of radiation absorption in matter [3, 4]:

sin @

(2u/p)-p’ ®

r=In(ly/1,)

where 1/p is the mass attenuation coefficient of radia-
tion, which is, in fact, the total integral cross-section of
interaction (photoabsorption cross-section), p is the
density of the sample material, 0 is the angle between
the sample surface and the direction of the primary
beam, or half the diffraction angle, o is the intensity of
the primary (incident) beam, I; is the recorded intensity
of the beam "reflected" from the Akl planes located
within the depth of the "reflecting" layer =

The Io/I; ratio is to a large degree determined by in-
strumental factors and, first of all, by the sensitivity of
the detection system of a diffractometer. The uncer-
tainty of this ratio forces researchers in practice, when
estimatingz, to resort to the choice of an arbitrary Io/I;
or to use a series of values of 7 for different Io/I; [5]. For
example, the authors of [4] take Io/I; = 20, while in [6]
Io/I; = 2. Tt is supposed that in the first case, the diffrac-
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tometer counter allows recording 5 % of the primary
beam intensity, and in the second, 50 %, and nothing
less. As can be seen from Fig. 2, such an ambiguity in
the choice of Io/I: does not allow the depth of the mate-
rial layer involved in the formation of the diffraction
pattern to be estimated with acceptable accuracy. Such
estimates differ most for large angles 26.
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Fig. 1 — Schematic representation of the penetration depth (z)
at 6-26 focusing, S is the focus of the X-ray tube, D is the radi-
ation detector, ngw and ns are the normals to the reflecting
planes hkl and to the sample surface, respectively
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Fig. 2 — Dependence of the penetration depth on the diffrac-
tion angle 26 and the ratio I/Iy for low-alloy ferritic steel cal-

culated by formula (1) for different probing radiation (CoKa,
FeKa, CuKa)

The purpose of this work was to refine the thickness
of the layer of the material involved in the formation of
the diffraction pattern, using the example of ferritic
steel, by calibrating the diffractometric measurements
using a copper coating of known thickness. In addition
to this, the work considered the possibility of simulta-
neously obtaining structural information from the up-
permost ("surface") and more in-depth (“bulk”) layers of
steel samples by using unfiltered cobalt radiation con-
taining CoKf and CoKa components.

2. MATERIALS AND METHODS

Ferritic sheet steel (thickness 2 mm) with the Fe
content of about 98.3 wt. % was chosen as the starting
material for the studies. The surface of the samples
18x18 mm in size was carefully processed before apply-
ing the coatings with emery paper with the finest grain
size (grade 2500).

The deposition of copper coatings on a steel sub-
strate was carried out in a VUP-5M installation at a
residual atmosphere gas pressure of 10 -4 Pa. Copper
was evaporated by electrothermal (resistive) method
from a tungsten boat. The deposition of coatings took
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place without heating the substrate.

The thickness of the coating was controlled in the
process of condensation by a quartz resonator with an
accuracy of 10 %, for which an industrial resonator of
the RG-08 type and an electric oscillator with a fre-
quency of 10 MHz were used. According to these esti-
mates, the thickness of the deposited copper coating on
two prepared steel samples was 510 nm and 986 nm.

The structural characteristics of the samples were
studied by X-ray diffraction (DRON-4-07 instrument,
"Burevestnik", connected to the computer-aided exper-
iment control and data processing system). DifWin-1
software package (Etalon PTC Ltd, Russia) was used
for recording diffraction patterns and their primary
processing. In the work, Co radiation was used, both
with a g-filter (Fe foil) to suppress the CoKff component
and without it. The details of the X-ray diffraction ex-
periment are described in the article [7] and in the next
section of this work.

Scanning electron microscopy images of the coating
surface were obtained using a REMMA-102 device
(JSC SELMI, Ukraine).

3. RESULTS AND DISCUSSION

Fig. 3 shows an image of the surface of the copper
coating applied to steel. The coating is not perfectly
smooth, and the steel substrate has distinct traces of
preliminary polishing, which are not hidden by the
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Fig. 3 — SEM image of the surface of the copper coating on a
ferritic steel sample
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Fig. 4 — X-ray diffraction patterns of ferritic steel with copper
coatings of two different thicknesses
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deposited copper layer. In general, the samples pre-
pared for the study do not have any exclusive morpho-
logical features of the surface, which is actually re-
quired for their maximum compliance with real struc-
tural materials for nuclear power.

X-ray diffraction patterns of two samples of steel
with copper coatings of different thicknesses and of un-
coated steel are shown in Fig. 4. As can be seen, the
phase composition of the steel corresponds to a-Fe (fer-
rite, body-centered cubic lattice, JCPDS 06-698), and
the copper coating corresponds to the JCPDS 04-836
card. It can be seen from the diffraction patterns that
the steel sample does not have any pronounced texture.

3.1 Evaluation of the Thickness of the Copper
Coating by Decreasing the a-Fe Substrate
Lines Intensity

The intensities of the a-Fe lines in the diffraction
patterns of the samples with coatings are less than the
intensity of the same lines in the diffractogram of the
original (uncoated) sample (Fig. 4). This is a conse-
quence of the effect of radiation absorption in the Cu
layer deposited on the steel surface. To estimate the
thickness of the absorbing copper layer (zcu), one can
formally use equation (1) [3, 8], but the meaning of the
parameters included in it (with the exception of the
angle 6) will be different in this case. Namely, I; and o
are the intensities of the a-Fe lines in diffractograms of
the samples with and without coating, respectively, w/p
is the mass attenuation coefficient of CoKa radiation in
Cu, p is the density of Cu.

The results of the calculations performed using the
integrated intensity of the strongest a-Fe (110) line
gave the values of zcu slightly less than expected (464
nm vs 510 nm and 833 nm vs 986 nm). This can be ex-
plained by the discontinuity (porosity) of the copper
coating, which leads to a decrease of the real w/p and p
in comparison with the reference values [9].

However, in order to avoid confusion, in the future
we will use the values of the thickness of the deposited
copper coating that were obtained using a quartz reso-
nator during the condensation process.

3.2 Using the Glancing-incidence Geometry
to Estimate the Io/I: Ratio

One of the effective ways to reduce the thickness of
the material layer involved in the formation of the dif-
fraction pattern is the use of asymmetric geometry for
recording diffraction patterns with a sufficiently small
(glancing) angle of incidence (a) of the primary beam
[3-5]. The scheme of such geometry is shown in Fig. 5.
To determine 7 in this case, formula (2) is valid, which
is the general case of formula (1), i.e. for a = 6 formula
(2) is identical to formula (1):

- In(1,/I,) _sina-sin(20-a)

(,u/p)-p sina +sin(20-a) @

If, in the glancing-incidence geometry, the diffrac-
tion patterns of a specimen with a coating of known
thickness are recorded with a stepwise decrease in the
angle a, then having achieved the disappearance of the
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diffraction lines from the substrate, it is possible to de-
termine the ratio Io/I;. Fig. 6 shows the diffraction pat-
terns of the a-Fe sample with copper coating (510 nm)
recorded in asymmetric geometry (Fig. 5) at three val-
ues of the angle a.

n(hkl)'!:“‘ Ng D
=6-a

Fig. 5 — The scheme of asymmetric geometry with small an-
gles of inclination of the primary beam (a) to the plane of the
sample. S is the focus of the X-ray tube, D is the radiation
detector, 6 is the half of the diffraction angle, 6 — a is the angle
between the normal to the reflecting planes and the normal to
the sample surface
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Fig. 6 — X-ray diffraction patterns of a-Fe coated with 510 nm
Cu recorded in CoKa radiation and with asymmetric geome-
try, demonstrating the effect of disappearance of the iron sub-
strate lines at a <2

As can be seen from Fig. 6, the iron lines disappear
at a <2, although the weak contribution of the most
intense a-Fe (110) line to the diffuse profile of the Cu
(111) line cannot be completely excluded. The strong
broadening of Cu lines with decreasing a is associated
with the violation of the focusing conditions in the case
of asymmetric geometry. Considering this uncertainty,
we calculated the Io/I; values using formula (2) for two
grazing angles (a = 2° and a = 1°) and for three diffrac-
tion lines of copper (Table 1). The obtained values of
Io/I; strongly depend on the angle a (which, as it re-
vealed, is difficult to determine with good accuracy)
and weakly depend on the diffraction angle 26. Thus,
from the performed estimates it is clear that the real
ratio Io/I; lies within a wide range, namely, from 2.8 to
7.7. However, even this ambiguity significantly nar-
rows the range of the calculated values of the depth of
the material layer involved in the formation of the dif-
fraction pattern in comparison with the estimated val-
ues of Io/I; used in some works (e.g., [4]).
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Table 1 — Results of the ratio Io/I; calculation using formula
2) for ¢=2° and a=1° (tcu =510 nm; pcu = 8.96 g/lcm3 and
wlp =176.15 cm?/g for CoKa radiation in Cu [9])

26 (hkl) 50.8 (111)  [59.42 (200) [89.04 (220)
In(Io/L) (o= 1°) [2.0397 2.035 2.029
In(Io/I) (o= 2°)[1.0434 1.0385 1.032

I/l (a=1° |77 7.66 7.62

/L (=2 [2.84 2.83 2.81

3.3 Using Unfiltered Cobalt Radiation to Obtain
Structural Information from "Bulk" and
Near-surface Regions of Copper-coated Steel

The importance of the structural analysis of the
near-surface (interface) layer of the substrate material
adjacent to the applied coating stems from a number of
problems associated with the mechanisms of action of
coatings on the substrate surface. Copper and copper
alloy coatings on steel structures are used in power
engineering to improve thermal and electrical conduc-
tivity, as well as to increase corrosion resistance.

In the case of a sample with a coating or with a
modified surface layer, provided its phase and concen-
tration homogeneity, it is necessary to consider a two-
level or two-layer system that absorbs radiation (Fig. 7)
and, finally, forms the resulting (averaged) diffraction
pattern.

S D
s |
6, b
61
]
uy T
T

Fig. 7 — Diffraction scheme at 6-26 focusing for a sample with
a coating or with a modified surface layer of thickness 7; 71 and
72 are the penetration depths at different diffraction angles (61
and 02, respectively); S and S’, D and D' indicate the source
(tube focus) and the radiation detector at different angles 0

Then, for the considered model sample (a steel plate
with a copper coating), the total attenuation of X-ray
radiation with a symmetric scheme of diffraction
(Fig. 7) can be represented as follows:

I =1, expi—[2 ) PeuPeuTeu | o M) Plare Pare Tarey, | (3)
sin @ né

where (1/p)cu and (¢/p)are are the mass attenuation co-
efficients of X-ray radiation in Cu and a-Fe, pcu and
paFe are the densities of Cu and a-Fe, respectively, zcu is
the thickness of the Cu coating, and 7zare is the thick-
ness of the effectively reflecting steel layer. Since the
additive coefficient of attenuation of X-ray radiation in
a material (u or wp) is, in fact, the total integral cross-
section of interaction (photoabsorption cross-section),
including elastic scattering processes, the above formu-
la also takes into account diffraction effects. Thus, the
thickness of the steel layer participating in the for-
mation of the diffraction pattern (zare) can be estimated
by the formula:
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1 sin @
TaFez(,u/p)aM[ln(IO/Ir) B —(#/P)Cu'Pcu'TCu](‘l)

It is possible to use this formula directly to calculate
TaFe, 1.€. the thickness of the analyzed steel layer under
the copper coating, having the value Io/I; available.
This ratio was estimated above (Table 1) as lying in the
range of 2.8-7.7.

When unfiltered cobalt radiation (containing CoKa
and CoKJp) is used for an iron or steel sample, two sys-
tems of reflections will be present in the diffractogram,
corresponding to the layers of material of different
thicknesses. Fig. 8 shows the diffraction pattern of a-Fe
sample with a copper coating (510 nm) recorded in pol-
ychromatic radiation: CoKa plus CoKg.

Fe

110
o-Fe + Cu (510 nm) CoKa+CoKp

Fe
10000 4 211

Log,, (Intensity), a.u.

T T T T T T T T 1
40 50 60 70 80 90 100 110 120 130

diffraction angle (26°)

Fig. 8 — X-ray diffraction pattern of a-Fe coated with Cu
(510 nm) recorded in unfiltered (polychromatic) cobalt radia-
tion; line intensities are presented on a logarithmic scale;
indices hkl marked with (*) refer to the diffraction of CoKf
radiation

It can be seen from the presented diffraction pat-
tern that the system of iron reflections obtained in
CoKp radiation does not overlap with copper lines and
can be used for independent analysis.

The different probing depths of CoKa and CoKp ra-
diation in an iron (or steel) sample are due to the pres-
ence of an absorption jump in the z/p dependence on A
for iron (Fig. 9). As can be seen, a jump in the absorp-
tion of radiation in iron breaks the dependence of u/p
on A, so that the diffraction depth of CoKa radiation
will be 5-6 times greater than the diffraction depth of
the CoKp radiation component.

Using formula (4) to calculate zare for two Io/I; (5
and 3.33), the numerical values of the effectively re-
flecting layer thickness were obtained for the main
diffraction lines of a-Fe (Table 2). The selected Io/I; val-
ues can be considered a reasonable compromise, since
they lie within the range obtained from the previous
estimates (from 2.8 to 7.7).

From the calculations performed under these as-
sumptions, it follows that in the diffraction analysis of
steel coated with copper (510 nm) for CoKa, the pene-
tration depth is approximately 6 to 15 um, and for
CoKJp it is approximately 1-2 um. This makes it possi-
ble to simultaneously obtain the structural information
from the upper ("interfacial") and more in-depth (condi-
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tionally bulk) regions of the steel substrate using a
single (cobalt) X-ray tube and constant geometrical
conditions of data acquisition.
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Fig. 9 — The dependence of the mass attenuation coefficient of
X-ray radiation (u/p) in iron on the radiation wavelength (built
on the reference data [9]); the threshold (jump) of absorption
i corresponds to the removal of a K-electron from the Fe atom

Table 2 — Results of calculating zare (um) for CoKa and CoKf
radiation for two values of I/I. Reference values for Fe
wpcorp) = 341.5 cm?/g and g/pcora) = 54.79 cm?/g [9]

hkl 110 | 200 | 211 | 220

WE=50 745 1087 [13.51 |15.72
Info/T; = 1.61

CoKa
Ll =833 535 |7.00 |o.86 [11.51
Info/l=1.20 |>°° |" : '
Lil=5.0 1110 |1.60 [198 [2.30
Info/T; = 1.61

CoRf 111, =333
T a0 [080 117 (145|169

The disadvantages of this approach include the fact
that the diffraction lines obtained in CoKp radiation
have insufficient analytical characteristics due to their
smearing and low intensity. This limits the application
of the methods of line broadening analysis, but still
gives the possibility to precisely determine the lattice
constant using extrapolation methods [6]. The use of
Nelson-Riley extrapolation for all recorded a-Fe lines
showed that the interface steel layer adjacent to the
copper coating has a slightly larger lattice parameter
than a-Fe layers remote from the contact surface
(2.8680 A vs 2.8674 A). For the control sample of un-
coated steel, this effect was not observed. Since copper
can dissolve in a-Fe to a limited extent, it is reasona-
ble to assume that the reason for the increase in the
lattice parameter of a-Fe is the partial substitution of
iron by copper.

From the diffraction pattern shown in Fig. 8, it can
be seen that the ratio of intensities of the (111) Cu and
(110) a-Fe lines obtained in CoKa and CoKp radiation
differs quite significantly. Formal application of the
phase ratio estimation of copper and a-Fe by the Refer-
ence Intensity Ratio (RIR) method [10] showed that in
the case of CoKa radiation, the phases of a-Fe and Cu
are in the ratio of 3.5:1, while for CoKf radiation this
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ratio becomes approximately equal 1:1 with a slight
predominance of copper. This result is in good agree-
ment with the estimated calculations of 7are for the
CoKa and CoKf radiation components (Table 2) and
clearly illustrates the possibility of depth-differentiated
analysis of the near-surface layers of iron and steel
samples using cobalt radiation.

From the equation for z.re determination (4), it is
possible to formulate the condition for the disappear-
ance of diffraction lines of a-Fe with an increase in the
copper coating thickness:

sinf _

In(1,/1,) 5 —(y/p)0u~p0u-TCu. (5)

According to such estimates, the (110) a-Fe line
should disappear at a coating thickness of 4-5 um, and
the (220) line at 8-10 um, although in practice less in-
tense lines corresponding to large 26 angles weaken
and disappear faster than strong lines at small 26.

Based on the condition (5), an alternative method
for determining the Io/I; ratio can be implemented. If
the thickness of the coating is increased stepwise and
the diffraction patterns of a two-layer sample are tak-
en, then the conditions for the disappearance of the
substrate lines will correspond to the desired value of
In(lo/Iy). 1t is clear that such a method does not have
high accuracy, in view of the noted above ambiguity in
determining the critical thickness of the coating; more-
over, it is more laborious than the glancing-incidence
technique used in this work.

It can be seen from the results obtained that an ab-
sorbing copper coating with a thickness of 2-3 pm on a
steel substrate does not prevent a satisfactory estima-
tion of the depth of the steel layer involved in the for-
mation of the diffraction pattern. Therefore, the meth-
od of analyzing the near-surface layers of steel samples
using unfiltered cobalt radiation is applicable to sam-
ples coated with copper or other material with a close
or lower u/p value in the case of non-overlapping dif-
fraction lines.

In the case of high-alloy steels, due to the additive
nature of the X-ray attenuation coefficient in the mate-
rial, it is necessary to preliminary plot the dependence
of ulp on A (Fig.9) for a specific steel grade with the
determination of the numerical values of /p(coke) and

Hp(CoKp).

4. CONCLUSIONS

On the example of ferritic steel with a copper coat-
ing, the possibility of structural analysis of the near-
surface layers of steel with separate estimation of the
characteristics of the "interface" and conditionally "bulk"
regions of the a-Fe substrate using polychromatic cobalt
radiation was studied. The correctness of the estimation
of the layer depth of steel participating in the formation
of the diffraction pattern is ensured by the use of the
glancing-incidence diffraction with the determination of
the conditions of the substrate lines disappearance. The
method is suitable for phase analysis and for determin-
ing the lattice constant of the near-surface regions of
steel and iron samples and is limitedly suitable for
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texture analysis and analysis of diffraction line broad-
ening. The considered aspects of X-ray diffraction stud-
ies of the model systems of the "steel-coating" or "steel-
modified surface" type are useful in studies of radia-
tion-stimulated surface structural alterations in steels
of power engineering.

JJ. NANO- ELECTRON. PHYS. 13, 02037 (2021)

ACKNOWLEDGEMENTS

This work was partially supported by TAEA (Re-

search Contract No 24191), as a part of Coordinated
Research Project F43025, and partially supported by
the National Academy of Sciences of Ukraine (state

registration number of the work 0120U105445).

REFERENCES

1. T.N. Kompaniets, Probl. At. Sci. Technol., Ser. Thermonu-

clear fusion (PAS&T/TF) 3, 16 (2009). 7.
2. R.L.Vasilenko, V.N. Voyevodin, A.S. Kalchenko, Y.O. Nazarenko,

M.M. Pylypenko jr., E.S. Solopikhina Probl. At. Sci. Technol.

No 4(128), 3 (2020).

3. P.F. Fewster, Rep. Prog. Phys. 59 No 11, 1339 (1996). 8.
4. Y.P. Mironov, L.L. Meisner, A.I. Lotkov, Tech. Phys. 53 No 7,
934 (2008). 9.

5. T. Fraczek, M Olejnik, M Pilarska, Archiv. Metall. Mater. 50

No 3, 2005 (2015). 10.

6. L.I Gladkikh, S.V. Malykhin, A.T. Pugachev, M.V. Reshetnyak,
Strukturnyy analiz v fizicheskom materialovedenii (Kharkiv:

NTU «KHPI»: 2014) [In Russian].

S.N. Danilchenko,  V.N. Kuznetsov, A.S. Stanislavov,
A.N. Kalinkevich, V.V. Starikov, R.A. Moskalenko,
T.G. Kalinichenko, A.V. Kochenko, J. Lu, J. Shang, S. Yang,
Crystal Res. Technol. 48 No 3, 153 (2013).

F.R. Aliaj, N Syla, H Oettel, T Dilo, Surf. Interf. Anal. 49
No 11, 1135 (2017).

B.L. Henke, E.M. Gullikson, J.C. Davis, Atom. Data Nuclear
Data Table. 54 No 2, 181 (1993).

C.R. Hubbard, R.L. Snyder, Powder Diffraction 3 No 2, 74
(1988).

Kaniopyeanna peHTreH-qnudpakTOMEeTPUIHNUX BUMiPIOBAHD AJIA KOHTPOJIbOBAHOTO
3a IYIMOMHOIO CTPYKTYPHOI'0 aHAJII3y JBOLMIAPOBUX 3pa3KiB

C.M. Hauunsuenro!, O.B. Kouenrol!, O.M. Kamuresuul!, A.O. Crenanenxro?, €.1. 3imuenko!,
I1.C. aumapuenro3, 1.10. IIporenko?

L Tnemumym npukaaonoi ¢isuku HAHY, eyn. [lemponasniscoka, 58, 40000 Cymu, Yrpaina
2 Cymcoruil OepocasHull yHieepcun}em, 8yst. Pumcwvrozo-Kopcarosa, 2, 40007 Cymu, Yrpaina
3 Institute of Physics, Faculty of Science, P.J. Safdarik University, 9, Park Angelinum, 04154 Kosice, Slovak Republic

V¥V MerasieBUX KOHCTPYKINAX, IKI OTPUMYIOTH P €KCILIyaTallil 3HAYHI MeXaHiuHi 1 pamiamiiil HaBaH-

TayKeHHs, BUHUKAIOTH CTPYKTYPHI aJbTepaliii, 10 HepiBHOMIPHO PO3MOAiJIeH] Mo IIuOuHI MaTepiady. Y Ta-
Kilf ke MIipl CKIAJHUMU 00'€KTaMHU CTPYKTYPHHX JOCTIIKEHD € 1 MaTepiaan 3 MoIu(IKOBAHOI MOBEPXHEO,
BKJIIOYAIOYN TOHKI IOKPUTTS 1 MyJIbTUNIAPHA. PO3BUTOK METOIB CEJIEKTHUBHOI 3a MIMOMHOIO IIOIIAPOBOI PEHT-
reH-AU(PAKIIHHOI JIATHOCTUKY € HEeTPUBIAJBHUM 3aBJAHHSAM, CIIPSIMOBAHMM Ha KOHTPOJIb eeKTHBHOL
rmOuHY 300py CTPYKTYypHOI iHpopMarrii. Ha chorogui HaiGLIBIN po3po0IeH] MiAX0aM BKIOYAITD: (a) acu-
MeTpuuHy (KOB3HY) reomeTpifo Ta (0) 3acTOCyBaHHS IEPBHHHOTO BHIIPOMIHIOBAHHS 3 PI3HOI IIPOHUKAIOYOIO0
3marHicTo. B 000X BUmagkax s BU3HAYEHHS TOBINWHU IIapy eeKTHBHOIO BIIIOMBAHHS HEOOXIITHO BHKO-
HATH KaIi0pyBaJIbHI IPOIEAYPH 13 BUKOPUCTAHHSAIM IIOKPUTTIB 200 JBOIIAPOBUX CHCTEM B1IOMOI TOBITUHHU. Y
aHI pobOTI BUBYEH]1 MOYKJIMBOCTI PEHTIeHIBCHKOI MU paKItii s aHa i3y 3paskKiB CTasl Ta 3aji3a 3 TOH-
KuM (MIKPOHHWM) MIJTHUM MOKPHUTTAM. 3a OCJIA0JIeHHSM 1HTEHCHBHOCTI JIHIHM ITIKJIAQIKKA 3aJ1i3a OIliHeHa
TOBIIFIHA MIJHOTO HOKPUTTS. 13 3acTocyBaHHSAM HecuMeTpHUdHOI (CKICHOI) 3IOMKH BCTAHOBJIEHO YMOBY 3HUK-
HEHHS JIHIN BIJ MIIKJIAIKH, 110 JO3BOJIMJIO 3 IIPUHHATHOK TOYHICTIO OI[IHIOBATH TOBIMUHY ITAPY CTAJI, SKHH
Oepe yJacTh B yTBOPEHHI JuPaKIIiiHOI KapTuHU. ATpo6oBaHO MeTo AudepeHIiaIbHOI 3a TJIMOMHOIO OIIH-
KM CTPYKTYPHUX XapaKTePUCTUK «iHTepdeiicHOD 1 yMOBHO «00'eMHO» obacreit mifgkaanku o-Fe muisxom 3a-
CTOCYBAHHSI TIOJIIXPOMATHYHOIO KOOAJIHTOBOTO BHUIpoMiHIOBAaHHSA. OOroBopeHO 0oOMe:KeHHS ampobOBAHOIO
MiAX0MY 1 MOYKJIMBOCTI MIOr0 3aCTOCYBAHHS 10 OLIIBII ITMPOKOTO CIIEKTPY cTaieil. PoarisHyTi oco0uBocCTi pe-
HTTeH-TUPPAKIIAHAX TOCTIIKeHb MOJEJbHAX CHCTEM THUIIY «CTAJIb-TMIOKPUTTSI» ab0 «CTasIb-MomaudikoBaHa
THOBEPXHS» BAMKJIMBI IIPY BUBYEHHI [IOBEPXHEBUX DPAIAIlifiHO-CTUMYJILOBAHUX CTPYKTYPHUX AJbTEpalliil B
CTAJISIX @HePreTUIHOI0 MAIIIMHOOY/ Ty BAHHS.

Kmiouosi ciosa: Penrrenisebka mudpaxiria, Ilorimuanasa sumpomiHioBaHHA, ToBIIMHA 1mapy, o edgex-
TuBHO Binousae, Crasub, [lokpurra, Mins, Kossua reomerpis, [TomixpoMarndase BUIIPOMIHIOBAHHS.
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