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UDC 621.787:519.87 Improvement of the operational reliability of critical machine parts is largely deter-

mined by the surface layer state formed during finishing operations. In this regard, re-
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cess of surface roughness formation in 30KhGSA steel during vibration-centrifugal
ANALYSIS hardening using fixed profiled rollers is studied in this paper. In contrast to processing
OF SURFACE in a loose abrasive medium, this approach ensures a deterministic character of the pro-

cess and technological inheritance of the tool geometry on parts with stress concentra-
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FORMATION technological factors: processing time (1), vibration amplitude (A), and working gap (Z)
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al experiment of the 2° type with logarithmic transformation of input variables, which
CENTRIFUGAL allowed for the linearization of the power model and ensured high approximation accu-
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- confirmed the model's adequacy and revealed that the working gap (Z) is the dominant
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EXPERIMENTATION leading to an increase in R, due to micro-fatigue failure and the overshoot (surface

peeling) phenomenon. Using the Box-Wilson steepest ascent method, optimal modes
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Introduction

Ensuring the operational reliability of critical machine parts operating under cyclic loads is one of
the priority tasks of modern mechanical engineering [1]. It is known that fatigue failure usually occurs in
stress concentration zones, such as the recesses of threaded profiles and technological grooves. Traditional
methods of blade and abrasive processing do not always allow to form a surface layer with the necessary
physical and mechanical properties, since they are often accompanied by residual tensile stresses and micro-
geometric defects [2]. In this regard, methods of surface plastic deformation are widely used, which provide
structural strengthening, increase microhardness and create fields of compressive residual stresses that block
the development of microcracks [3, 4]. Among the methods of the surface plastic deformation (SPD), a special
place is occupied by vibration-centrifugal hardening. This process is based on a synergistic combination of a
low-frequency vibration field and centrifugal forces, which allows to intensify plastic deformation and en-
sure the formation of a regular microrelief [5]. The parameters of dynamic interaction (kinetic impact energy,
frequency, working gap) are decisive for the formation of a regular microrelief and ensuring a given surface
quality [6]. Mathematical modeling of such processes makes it possible to predict the state of the surface
layer at the design stage [7]. Special attention is required to study the strengthening regimes for structural
alloyed steels, in particular, 30KhGSA steel. The high initial hardness and specific carbide heterogeneity of
this material create the risk of defects such as "overshoot" or microcracks with excessively intensive pro-
cessing regimes [8].
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Analysis of research and publications

The fundamental works of leading scientists are devoted to the study of the physicochemical founda-
tions, dynamics and technological capabilities of the vibration-centrifugal hardening (VCH). In particular, the
mechanisms of formation of an ultrafine-grained structure and gradient phase states in the surface layer, which
provide a significant increase in the fatigue strength and wear resistance of parts, have been studied in detail
[4, 9]. It has been established that under conditions of intense plastic deformation during VCH, the grain size
can decrease to 19—43 nm, which is accompanied by an increase in the microhardness of the material [8]. Pre-
vious studies of the VCH process, carried out on KhVG tool steel, demonstrated the significant potential of the
method in increasing operational characteristics: an increase in the microhardness of the surface layer by 31.8%
compared to the initial state was recorded. This confirms that the dynamic impact action during VCH provides
not only the formation of the relief, but also a deep structural modification of the material.

The possibility of forming a reinforced layer with a significant depth (up to 6 mm) and a high level of
compressive residual stresses reaching 1600 MPa has been studied [2, 6]. The constructed models are based on the
principles of functionally oriented design, which allows technologically ensure the specified quality parameters.

However, the analysis of existing publications shows that most of the developed mathematical models
are focused on the processes of machining parts in free abrasive or hardening media. In such models, roughness
is considered as a result of multiple chaotic micro-impacts of the medium particles, the motion of which is of-
ten described through the dynamics of a "pseudo-gas" [7, 10]. In contrast to such machining in a free abrasive,
the use of fixed profiled rollers makes the process deterministic. This provides technological inheritance of the
tool geometry on parts with stress concentrators, which is a key advantage of this paper, since it allows predict-
ably form the parameters of the microrelief.

The specifics of local strengthening of the recesses of threaded grooves and technological hubs re-
quire the use of profiled rollers fixed to the device. In this case:

1) the process becomes deterministic, i.e. the tool geometry is copied to the part profile according to
the principles of technological inheritance [2];

2) the dynamics of the system is determined not only by the vibration parameters, but also by the ri-
gidity of the tool system and the size of the working gap (Z), which acts as the main regulator of the kinetic
energy of the impact.

This necessitates the refinement of the mathematical apparatus for predicting the arithmetic mean
deviation of the profile R, as a function of dynamic factors specifically for circuits with a discrete profiled
contact, which is considered in this paper.

Aim and objectives of the study

The aim of the paper is to establish quantitative patterns of the influence of key technological factors
of vibration-centrifugal hardening: processing time (), vibration amplitude (4) and working gap (Z), on the
formation of the arithmetic mean deviation of the profile R, of parts made of 30KhGSA steel when using
profiled rollers, as well as to substantiate a rational processing trajectory to minimize surface roughness. To
achieve the set goal, it is necessary to solve the following tasks:

—to determine statistically significant technological factors and assess the nature of their mutual in-
fluence on the surface quality parameters under the conditions of shock-impulse action of rollers;

—to build an adequate mathematical model in the form of a regression equation, which allows to
predict the level of roughness R, depending on the dynamic operating modes of the system;

—to carry out a technological interpretation of the physical influence of each parameter on the state
of the surface layer, in particular, the role of the working gap (Z) as the main regulator of the kinetic energy
of hardening;

—to develop practical recommendations for the selection of processing modes for parts with stress
concentrators based on the Box-Wilson steepest ascent method, ensuring the achievement of minimal rough-
ness without the risk of overshoot defects.

Materials and research methods

Methodology and experimental design. For effective study of complex multifactorial processes, among
which vibration-centrifugal strengthening is recognized, it is important to use a formalized approach to experi-
mental planning. In this study, the methodology of a full factorial experiment (FFE) of the 2° type was used,
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which allows to obtain the maximum amount of infor-
mation about the influence of each factor and their inter-
actions with the minimum required number of experi-
ments (N=8), ensuring high reliability and validity of the
conclusions.

Experimental setup and object of study. The ob-
ject of study were samples of 30KhGSA steel (Fig. 1),
which is characterized by high hardness.

The mechanism of the VCH plant operation. Ex-
perimental studies were conducted on a specialized vi-
brating pendulum semi-automatic machine (Fig. 2). The
design of the machine ensures operation in a resonant
mode, which guarantees high stability of the amplitude
characteristics of the process. The key feature of the sys-
tem is the transformation of the kinetic energy of the ma-
chine into a localized strengthening effect on the surface
of the stress concentrator. The energy source is an asyn-
chronous motor (1.7 kW), which drives a two-section
unbalanced shaft through a belt drive.

The hardening process is carried out using an
experimental device (Fig.3) fixed on the workbench.
During the rotation of the shaft, complex spatial ellipti-
cal trajectories of the table, which are transformed into
directed planetary kinematics of the roller assembly, are
generated. This provides a high frequency of shock
pulses directly at the root of the concentrator. Under the
action of vibration-centrifugal force, three profiled roll-
ers inertially move within the working gap in the direc-
tion of the part. Due to the high hardness of the profiled
roller (62 HRC) and the exact coincidence of the roller
profiles and the threaded groove, the impact energy is
focused on the bottom of the concentrator. This causes
intense surface plastic deformation, which leads to
nanostructuring of grains and the formation of a stable
layer of residual compressive stresses. After the impact,
due to a change in the table acceleration vector, the roll-
er moves back. Free rotation of the upper part of the
device ensures a gradual rotation of the rollers around
the part. Each subsequent blow falls on a new point
along the circumference of the groove, ensuring the con-
tinuity of the reinforced layer.

[ N 1 AR A

Fig. 1. Sample with localized stress concentrator
(razor-shaped groove)

Fig. 2. General view of a pendulum semi-automatic
machine for vibration-centrifugal hardening:
1 — engine; 2 — unbalanced shaft; 3 — workbench;
4 — experimental device

Fig. 3. Experimental device mounted on the VCH plant:
1 —sample; 2 —rollers with a threaded profile;
3 — device body

Identification of response factors and parameters. The following variables were identified during the

study.
Independent factors (process input parameters):

— processing time (¢, min) — duration of shock-pulse action;
— vibration amplitude (4, mm) — range of vibrations of the device part;
— working gap (Z, mm) — distance between the roller and the bottom of the groove, which determines

the acceleration energy of the tool.

Dependent parameter (response parameter): arithmetic mean deviation of the profile (R, um) is a
key roughness indicator that characterizes the quality of the processed surface.

Method of measuring the arithmetic mean deviation of the R, profile. To ensure precision measurement
accuracy in the hard-to-reach area of the root of the threaded groove, a non-contact interference 3D profilome-
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ter "Micron alpha" was used. The choice of the white light interferometry method allowed to avoid errors in-
herent in probe methods, where the radius of the needle often exceeds the radius of the microprofile cavity. The
measurement process included vertical scanning with a lens to record the moments of maximum interference
contrast, on the basis of which a digital height map was built. The value of R, was calculated by the software as
the arithmetic mean of the absolute deviations of the profile points from the average line on the baseline. For
each of the 8 experiments, two parallel measurements were carried out at different points along the groove ac-
cording to the planning matrix.

Levels of variation of factors and coding of variables. Since the relation between roughness parame-
ters and SPD modes is usually power-law

R,=C,-t"-A4"-Z7,
then logarithmic transformation of input variables was applied for linearization of the model. The transition
from natural values (z, 4, Z) to the coded dimensionless variables (X, X>, X3) was carried out by logarithmiz-

ing the natural values of the factors according to the limits of variation given in Table 1. For each factor, two
levels of variation were selected: lower (-1) and upper (+1), which determine the limits of the studied range.

Table 1. Variation levels and intervals

Factor Symbol | Natural units | Lower (-1) | Upper (+1) | Basic level (X%) | Variation interval (AX)
Time, min X1 min 2 8 5 3
Amplitude, mm Xz mm 1 5 3 2
Gap, mm X; mm 4 10 7 3

Experimental data and construction of a mathematical model

The VCG treatment was carried out for 30KhGSA steel with the following factor values: time (¢) 2—
8 min, amplitude (4) 1-5 mm, working gap (Z) 4-10 mm. To ensure high reproducibility and the possibility
of estimating the experimental error, each experiment was carried out twice (+=2). The obtained roughness
values R, for each experiment are given in Table 2.

Table 2. Output data

Experiment No. Time (7) Amplitude (4) Working gap (2) Rai Ra
1 8 5 10 8.437 6.365
2 2 5 10 1.331 0.803
3 8 1 10 3.038 3.620
4 2 1 10 0.832 1.056
5 8 5 4 29.682 26.631
6 2 5 4 13.013 11.800
7 8 1 4 41.742 55.936
8 2 1 4 8.916 6.442

Construction of a mathematical model and statistical verification of its adequacy. The complete
planning matrix, including coded and natural factor values, as well as the results of roughness measurements,
is presented in Table 3.

Table 3. Experiment planning matrix

Experiment Xi Xo X; - s 5
No. code | £, min | code | 4, mm | code | Z, mm Rat,pm | In Rt | R, pm | InRp | R, pm | 1, =InR,

1 +1 8 +1 5 +1 10 8.437 | 2.133 6.365| 1.851| 7.401 1.992

2 -1 2 +1 5 +1 10 1.331 0.286 0.803| -0.219 1.067 0.034

3 +1 8 -1 1 +1 10 3.038 1.111 3.620| 1.286| 3.329 1.199

4 -1 2 -1 1 +1 10 0.832 | -0.184 1.056| 0.054| 0.944 -0.065

5 +1 8 +1 5 -1 4 29.682 | 3.391| 26.631| 3.282| 28.157 3.337

6 -1 2 +1 5 -1 4 13.013 | 2.566| 11.800( 2.468| 12.407 2.517

7 +1 8 -1 1 -1 4 41.742 | 3.732| 55936| 4.024| 48.839 3.878

8 -1 2 -1 1 -1 4 8.916 | 2.188 6442 1.863| 7.679 2.026

Based on the planning matrix, regression coefficients were calculated. Regression equation with
coded variables, taking into account the interaction of factors
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Y=by+bX, +b,X, +b0,X; +b, X\ X, +b;X, X5 +b X, X5 +5,3X, X, X;. (1)

The general form of the regression equation in coded dimensionless variables, taking into account all
interaction effects, has the form

Y =1,865+0,737 X, +0,105.X, —1,075.X; — 0,042 X, X, + 0,068 X, X; + 0,117 X, X, +0,215X, X, X;.

Statistical analysis and model optimization. To confirm the reliability of the obtained results, a com-
prehensive statistical analysis was conducted.

1. Checking the homogeneity of variances: the calculation according to the Cochran's C test showed
that G=0.402. Since the obtained value is less than the critical one (G<0.6798 for 0=0.05), the hypothesis of
homogeneity of variances is accepted. This indicates the high quality of the experiments.

2. Assessment of the significance of the coefficients: according to the Student's t-test, the confidence
interval Ab~=0.1155 was determined. The coefficients bo, b1, b3, by3 and bi23 were found to be significant. The
coefficient b,=0.105, although it is less than the significance threshold, was left in the model to preserve the
physical description of the influence of the vibration amplitude on the strengthening process. The terms b2
and b3 were recognized as insignificant and removed from the model.

3. Adequacy of the model: Fisher's exact test confirmed the adequacy of the constructed equation.
The calculated value F=1.303 is significantly less than the tabulated F,=4.46, which allows to use the model
for forecasting.

4. Approximation accuracy: the calculated multiple correlation coefficient R=0.9981 indicates that
the obtained mathematical model describes the real physical processes of microrelief formation of 30KhGSA
steel during VCH by 99.8%.

Mathematical model in natural variables. After carrying out the potentiation procedure and transi-
tion from logarithmic codes to physical parameters (¢, 4, Z), the empirical dependence for determining the

arithmetic mean deviation of the R, (um) profile took the following form
R, =28.48.£%31. 4168 Z(-166-067hi—084In 44083 nrln 4) 183 Insind

Analysis and discussion of results

Analysis of the resulting model allows to understand how each technological parameter and their
combinations affect the final surface quality, measured by the roughness R,. The high predictive ability of
the model (R=0.9981) is due to the deterministic nature of the interaction: unlike stochastic processes in a
free environment, where chaotic microshocks prevail, the use of a profiled tool guarantees a clear copying of
the profile according to the principle of technological inheritance. This allows to control the formation of R,
with high accuracy through the parameters of the gap, time and amplitude.

Ranking the absolute values of the regression coefficients (1) allows to establish a hierarchy of the
influence of factors on the formation of roughness:

— dominant influence of the working gap (Z): the coefficient b3=-1.075 is the largest in modulus,
which determines the gap as the most influential factor in the studied range. The negative sign clearly indicates
that increasing the gap (up to 10 mm) leads to a significant decrease in roughness. Physically, this is explained
by the increase in the amplitude space for the acceleration of the rollers, which allows the tool to accumulate
more kinetic energy before impact, providing more intensive smoothing of the initial irregularities;

— influence of the processing time (¢): the coefficient 51=0.737 is the second largest and has a positive
sign. This means that the increase in roughness (deterioration of quality) occurs with an increase in the pro-
cessing duration beyond optimal values. Such an effect may be associated with the phenomena of surface layer
fatigue or the accumulation of microdamages with excessively long impact action. The obtained results on the
change in roughness correlate with the physics of steel hardening during SPD. It should be noted that under
similar processing regimes of KhVG tool steel, an increase in microhardness, which indicates intensive plastic
deformation, was achieved. For the studied steel 30KhGSA, this explains the nature of the change in R,: initial
intensive smoothing is accompanied by an increase in hardness, however, when the energy threshold is exceed-
ed (time over 8 min), the plasticity resource is exhausted, which leads to microfatigue fracture;

— the influence of the vibration amplitude (4): the coefficient »,=0.105 is the smallest among the lin-
ear effects. This indicates that the independent influence of the amplitude on the roughness within the studied
values (from 1 to 5 mm) is less significant compared to the processing time and the gap.
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The complex nonlinear nature of the VCH process is confirmed by the significance of the interaction
effects (b23=0.117 and b123=0.215). This means that the influence of each factor dynamically changes de-
pending on the levels of other parameters, which makes the use of the resulting regression equation neces-
sary for accurate process control.

For hierarchical ranking of the degree of influence of 12
the studied factors on the surface quality, a Pareto chart was 10
constructed (Fig. 4).

In the processes of vibration-centrifugal hardening, the
arithmetic mean deviation of the surface profile (R,) and its

0,6
0,4
E 0,2
kinetic energy of tool impacts into the work of plastic defor- 00 - - '._ N

Effects of factors, |bi |

stress state are interrelated results of the transformation of the

: : : s ] . Working gap Processing Interaction Interaction Vibration
mation. This relathn is based on such ke?y mechanisms as: ' P A e
- energy dlStrlbutlon the klnetlc energy Of 1‘01161‘ m- Technological parameters and their interactions
pacts is spent simultaneously on two processes — smoothing of Fig. 4. Pareto chart of the influence

initial micro-roughnesses (reduction of R,) and accumulation

. L of technological factors on roughness
of plastic deformation in the surface and subsurface layers;

— compensation of micro-stress concentrators: profile irregularities act as micro-stress concentrators,
where the theoretical concentration coefficient increases in proportion to the height of irregularities. Residual
compressive stresses create the effect of "pre-loading". This generates a "closing" force on potential fatigue
cracks at the bottom of micro-depressions in the profile, which increases fatigue strength;

— influence of processing modes and the effect of overshoot: increasing the working gap (Z) to 10
mm expands the space for roller acceleration, which provides higher impact energy, more intensive surface
smoothing and a simultaneous increase in the level of compressive stresses. However, the increase in R, de-
tected in the experiment with a processing duration of more than 8 min indicates the exhaustion of the mate-
rial’s plasticity resource. This effect, known as "overshoot", is accompanied by micro-fatigue failure and re-

laxation (reduction) of compressive stresses due to loss of metal integrity.

Process optimization using the Box-Wilson meth- 7
od. To minimize the arithmetic mean deviation of the Ra s \
profile, the steepest ascent method was used (Fig.5),
which allows for a systematic analysis of complex interre-

lations of factors and finding the extremum with a mini- f ;

mum number of control experiments. The direction of ! s
movement to the optimum was determined by the signs of o T
the linear coefficients of the obtained equation (1): the pro- U me s . -~ .
cessing time (7) and the amplitude (4) were subject to de- ‘ Bifiniifindien

crease, and the working gap (Z) was subject to increase.
The gap (2) with a working gap AZ=1.0 mm was chosen
as the basic factor. Proportional steps for other factors were
calculated based on the ratio of their coefficients to bs.

Fig.5. Response surface and projection of Box-Wilson
steepest ascent steps for the VCH process

Building a trajectory of movement to the extremum. The calculation of the imaginary experiments
was carried out from the center of the experiment (zero level point: =5 min; 4=3 mm; Z=7 mm) along the
gradient vector. The results of the roughness prediction are given in Table 4.

Table 4. Results of roughness prediction using the steepest ascent method

Experiment No. | Time (¢), min Amplitude (4), mm Working gap (Z), mm Forecast R,, pum
Center (0) 5.00 3.00 7.0 6.45
Step 1 4.32 2.93 8.0 4.12
Step 2 3.64 2.86 9.0 2.63
Step 3 2.96 2.79 10.0 1.68
Step 4 2.28 2.72 11.0 1.07
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The use of the steepest ascent method allowed to identify a rational processing trajectory. Analysis of
the predicted values shows that the "Step 3" mode (gap 10 mm; time 3 min) is optimal, as it provides a reduc-
tion in roughness from 6.45 pm to 1.68 pm without the risk of destruction of the structure of 30KhGSA steel.
Further increase in impact energy ("'Step 4") may be inappropriate due to the likelihood of the "overshoot" ef-
fect, which requires additional verification by second-order models (CCD) for a precise description of the ex-
tremum zone. Thus, the applied Box-Wilson method serves as a tool for quickly entering the zone of rational
modes, providing the foundation for further precision automation of the VCH process.

Conclusions

1. Based on the 2* type FFE, an adequate mathematical model of the formation of roughness Ra during
vibration-centrifugal hardening of 30KhGSA steel has been constructed. The high correlation coefficient
(R=0.9981) confirms that the model describes real physical processes in the studied range of factors by 99.8%.

2. A hierarchy of the influence of technological factors on the surface quality has been established:
the dominant one is the working gap (2), the increase of which to 10 mm provides intensive smoothing of
micro-unevenness due to the rational distribution of the kinetic energy of impacts. The time factor (¢) is of
critical importance due to the risk of overshoot defects when the processing duration exceeds 8 min.

3. The effects of the interaction of factors (b23, b123) were quantitatively evaluated, which proves the
nonlinear nature of the VCH process and the need to use higher-order models for accurate prediction of the
state of the surface layer.

4. The use of the Box-Wilson steepest ascent method allowed to justify a rational processing mode:
gap 10 mm, time 3 min, amplitude 2.8 mm. This ensures a reduction in the arithmetic mean deviation of the
R, profile from 6.45 pm to 1.68 um, which meets the requirements for finishing operations of critical parts.

5. The results of the study are recommended for use in methods of functionally-oriented design of
technological processes for the final hardening of parts made of special steels.
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MarteMaTH4YHe MOJIEJTIOBAHHS Ta aHAJI3 GopMyBaHHS HIOPCTKOCTI MOBEPXHIi
npu BidpauiiiHoO-BiIIeHTPOBOMY 3MillHEHHi HA OCHOBi 0araToakTOPHOT0 eKCIEPUMEHTY

I. B. Knumam
Harmionansauii yHiBepcuteT «JIbBiBChKa MOMTEXHIKAY, 79013, Ykpaina, m. JIbsis, By, C. Bannepu, 12

Hiosuwenns excniyamayiinoi HAIHOCMI IONOBIOANLHUX Oemaiell MAULUH 3HAYHOK MIPO0 BUBHAYAEMbCSL CMa-
HOM NOBEPXHEB020 Wapy, wo Gopmyemucs Ha Qiniwnux onepayiax. Y 36'3Ky 3 yum akmyaibHum € 00CIIONCEH S RPOYecie
NOBEPXHEB020 NIACMUYHOLO 0eOPMYBANHSL, KT 00360IOMb NOEOHATNU 3MIYHEHH CIMPYKMYPU i3 3a0e3neueHHaAM MiHiMa-
JIbHOT wopcmkocmi nogepxwi. Y pobomi docniodcerno npoyec ghopmyeanns wopcmrocmi nogepxri cmani 30XI'CA npu 6i6-
PayitiHo-8iOYeHmpo8OMY 3MIYHEHHI I3 GUKOPUCMAHHAM 3aKpinieHux npo@imvosanux ponuxie. Ha éiominy 6i0 o6pobku y
8LIbHOMY abpasusi, maxuil nioxio 3abesneuyec 0emepMiHOBAHUL XapaKmep npoyecy i MexHoa02iuHe YCnaoKy8aHHs ceome-
mpii incmpymenma Ha 0emari 3 KOHYEHMpPamopamu Hanpysjcensb. Memoio pobomu € 6CMano61eHHs KITbKICHUX 3aKOHOMID-
HOCmell 6NIUGY MEXHONIOSIYHUX YUHHUKIB. Hacy o6pobKu (1), amnaimyou xonueans (A) i pobouoeo 3azopy (Z) na cepedHbo-
apupmemuune sioxunenns npo@ino Ra. [na eupiwienns 3a0a4i 3acmoco8ano Memoooao2iio N06HO20 (PaKmopHo2o exchne-
pumenmy muny 2° i3 no2apupMivHum nepemeoperHam 6XiOHUX SMIHHUX, WO 00360UL0 THEAPUIYEAMU CTENEeHeEy MOOb i
3abesnewumu 8UCOKY mouHicms anpoxcumayii. Cmamucmuunuti ananiz sa kpumepismu Koxpena, Cmwiooenma ma Diwepa
niomeepous adekeamHicms MoOei 1l 00NOMie GUABUMU, U0 OOMIHYIOUUM YUHHUKOM GUCTIYnAe poboyutl 3a30p (Z). Bussne-
HO He2amusHUll egpekm HAOMIpHOT mpuganocmi 06pobku (noHad 8 xe Ost cmani 0aHo2o KIAcy), Wo npu3eo0ums 00 3poc-
manns R, 6Hacniook MiKpoemomHozo pyiinyeaHHs i I8UA NEPEHAaKIeNny NOBEPXHEBO20 Wapy. 3a 00NOMO2010 Memody Kpy-
mozo cxoovcenns boxca-Bincona eusnaueno onmumanby mpackmopiio pyxy y npocmopi pakmopis, sika 00360a€ 3aoe3-
neyumu 3HUNCeHHsl wopcmrocmi 3 6,45 mxm 00 npozro306anozo pisHa 1,68 mxm. Ompumana mooenv (R=0,998) mae suco-
KY NPOSHOCMUYHY 30AMHICINb [ MOdce OYMuU 6UKOPUCIAHA 5K MAmeMamuyxe niorpyHms Onsl aneopummizayii Qiniunux
onepayiii 3miyHeHHs 1l pO3poOKU cucmem MexHOI0IYHOT ni020mosKy eupooHuYymea. Ompumani pe3ynomamu 00360510Mb
00IPYHMYBAMU PAYIOHALHE PENCUMU BIOPAYIIHO-BIOYECHMPOBO20 3MIYHEHHSL NPOIIbOBAHUM IHCIMPYMEHMOM, W0 3a0e3ne-
yye PopmysanHs cmadiibHO20 MIKPOPENbEQY | CMBOPEHHS 3aNUMKOBUX HANPYICceHb cmucky. Lle cnpuse niosuwenHio exc-
NIYamayitiHol 006208IMHOCI 1l 6MOMHOT MiyHOCMI Oemaiiell i3 KOHYEeHMPAmopamu HanpylceHs.

Knrwuosi cnosa: sibpayitino-6ioyenmpose 3MiyHeHHsl, WOPCMKICMb NOBEPXHI, NOSHUN (DAKMOPHULL eKcnepu-
MeHm, MameMamuyHe MOOeN08AHHS, PIGHAHHS peapecii, memod Bokca-Binicona, onmumizayisi MexHOL02IYHUX PEHCUMIS.
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