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This article provides information technology on the analysis and synthesis of models for ensuring the quality
characteristics of the working surfaces of products during mechanical processing, taking into account the de-
fects of the material structure. Various micro defects are described, the development of which, under the influ-
ence of mechanical processing, leads to the appearance of cracks and their increase and, as a result, local or
complete destruction. The problem of thermoelasticity for bodies weakened by inhomogeneities is solved. The
probabilistic-statistical approach in increasing the accuracy of identification of technological processes of me-
chanical processing, development, and implementation of new, more effective methods and means of infor-
mation and computer modeling is considered. The developed model takes into account the influence of inho-
mogeneities of technological origin (starting from the workpiece and ending with the finished product), which
arise in the surface layer during the manufacture of structural elements, the analysis of which allows the crea-
tion of an information base of criteria, the implementation of which allows preventing the loss of functional
properties of the responsible elements. Mathematical models of the dynamics of thermomechanical processes
accompanying the mechanical processing of products from materials of the heterogeneous structure have
been improved in the form of a spatially non-stationary formulation of the problem based on systems of differ-
ential equations of thermoelasticity in partial derivatives and discontinuity conditions on defects of the elastic-
deformation characteristics of the processed material, which, unlike existing ones, made it possible to increase
the accuracy of identification of mathematical models generally. Mathematical models of the system for evalu-
ating the effectiveness of the functioning of technological complexes of mechanical processing have been de-
veloped, which make it possible to determine the relationship between the state parameters of the treated sur-
faces and the main controlling technological characteristics that provide the necessary properties of functionally
gradient materials. Finally, the modeling results provide an opportunity to create effective information technolo-
gy, which makes it possible to reduce the loss of functional properties of heterogeneous systems significantly.
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Introduction

Among the methods of researching physical processes occurring in environments of heterogeneous
structure, electromagnetic signals in environments with variable characteristics, as well as the formation
of defects on the working surfaces of products made of structural materials with various types of hetero-
geneity of hereditary origin, the development of information technologies for analysis and synthesis re-
mains the most effective models for ensuring the quality characteristics of the working surfaces of prod-
ucts during mechanical processing.

The work aims to create an information technology that considers the control and management of
thermomechanical phenomena during the mechanical processing of products from materials of the heter-
0geneous structure.

This work presents the information technology of functional connections of technological parameters
with thermomechanical processes accompanying the processing of materials based on the analysis and
synthesis of models for ensuring the quality characteristics of the working surfaces of products during
mechanical processing. The only approach to solving problems of thermoelasticity for bodies weakened
by inhomogeneities is presented thanks to the method of singular integral equations [1, 2].
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The choice of a method for studying the strength and destruction of structural elements depends on the
size of the object being studied, the limited state of fundamental elements weakened by defects, and the
construction of information technology on this basis, which will create the prerequisites for a good dis-
play of the destruction mechanism.

Micro-research in manufacturing elements of workpiece structures related to inhomogeneities, which
are formed in the surface layer at the production stage. Taking defectiveness into account allows us to
adequately consider the mechanism of destruction of objects as a process of crack development. There-
fore, in addition to the deterministic approach during the research, it is also necessary to consider a prob-
abilistic statistical analysis of the effect of material inhomogeneities of structures on their functional
properties [3, 4].

Formulation of the problem

Let us consider some provisions necessary for modeling systems in a non-homogeneous space. The
inner and outer regions separated by a system of closed contours included in the contour L are denoted by
S* and S, respectively, while we consider that the outer region S~ contains an infinitely distant point of
the complex plane C. Let the function f(t) € H®W(L), where H®W (L) is the set of Holder continuous
functions on the contour, that is, such that meet the conditions [5-7]:

|f(t2) - f(tl)l =< A|t2 - tllu; (1)
A>0,0<u<l

The constant A here is called the Holder constant, and u is the Holder exponent. At the same time, at

the points z € L of the complex plane C, there is a Cauchy-type integral as the primary value:
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moreover, at the points z € L, this integral exists in the usual sense, and on the contour L, the relation [8]

is valid:
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in which the integral of the right-hand side coincide. The properties of the Cauchy-type integral are used
directly to solve two-dimensional problems of the theory of elasticity. For example, the limit values of the

singular integral are given in the form [8]:

1 t)dt
®(z) = = f, 2L, (4
where ¢(t) belongs to the class of Holder functions H®,

The joint application of the introductory provisions of the flat problem of the theory of thermoelastici-
ty and the theory of functions of a complex variable or the method of singular integral equations allows
for estimating the stress-strain state near a defect of the crack or problematic inclusion type. The asymp-
totic distributions of the stress tensor and displacement vector caused by introducing the specified defects
into the elastic body are significant. For example, in the asymptotic approximation, the combined stress
tensor and displacement vector near the vertices of a rectilinear problematic inclusion or crack is given as
follows [9]:

* 3
4(;(”):K_IJ£\/Z [2(x+p)+1]cos§—cos7’8 ~
vio e [Z(x—p*)—l]sing—sin%

K \/7 [2(x + p*) + 1] sing + sin% + 0(7,3/2),
PINZT\ _[2(x — p*) — 1] cosg— cos%

where (u, v) are the components of the vector of elastic displacements; K;°, Kir — stress intensity coeffi-
cients (coefficients for the singular part of stresses); the signs "+" and "—" correspond to the right and left
vertices of the linear crack-like defect. If p* = —1, the given formulas show the known asymptotic distri-
bution near the crack, and if p* = x, where x = 3 — 4 for plane strain and x = (3 — w)/(1 — ) for the
plane stress state, we obtain the corresponding asymptotics in the case of solid inclusion [9-11].

The stress at the tip of a crack-like defect has a root characteristic of 1/+/r, where r is the distance
from the end of the crack or inclusion. At the same time, the coefficients K, and K;; characterize a local
increase in the stress level at the top of a crack-like defect, and their values do not depend on the coordi-
nates of this defect. Although the dimension of the stress intensity coefficients, at first glance, seems unu-
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sual — MPa/+/m, these values can be interpreted as a specific stress acting at a distance of /2 from the
top.

The simulation results make it possible to effectively assess the influence of foreign fillers on the loss
of strength of an elastic body containing the specified imperfections. In turn, the exact determination of
the order and character of the singularity of stresses near the vertices of an acute-angle imperfection in an
elastic material, presented in an analytical form, is required in fracture mechanics for the formulation and
recording of the appropriate criterion strength ratios.

It is assumed that the coefficient G (t) belongs to the class H, and does not become zero anywhere on
C. Let us agree to understand by In G(t) a branch of the logarithmic function that is wholly defined for
each arc ay by.. Obviously, In G (t) also belongs to the class H,,.

Consider the Cauchy-type integral:

v (@) =Lfr InG(7)dt 6)

2mi T-z

Then the behavior of the function expy(z) around the corner ¢; is characterized by the formula

expy(z) = (z - cj)af+ﬁj exp Yo(2). We will look for the canonical solution to problem (2) in the form:

@) = expy (@D Mz - )7 =Tea(z = )7 expro (@), 0
where x; are integers chosen so that the desired behavior of the function X (Z) in the neighborhoods of the
nodes of line C is ensured, namely —1 < a; — b; < 1.

Remote sensing is one of the effective methods of studying natural phenomena, which is successfully
used to study heterogeneous environments, and their characteristics and determine the peculiarities of
their evolution [12, 13].

In this case, the impulse response over the entire span does not depend on t: h(t,t) = h(t), which
leads to a mathematical model that uses convolution-type equations:

27 h(t = )s(@)dr = g(6) ®)
or hS = g. The simplicity of solving equations of this type (both concerning s(t) and h(t)) makes this
approach quite effective in many applied problems.

Mathematical models built based on equations of this type make it possible to study processes in het-
erogeneous environments with variable parameters with the necessary accuracy, which opens up new
opportunities for their research.

With their help, we get the boundary condition of the Riemann problem ®*(x) = G(x)®~ (x) +
g(x): -,

A(x)—e'™ B(x)
60 = 0o 00 ©)
g(x) _ 2isinrrl(ﬁ.—x)’1f(x).
A(x)—e~imAB(x)

According to the solution ®(z) of the boundary value problem, the solution v(x) of the singular inte-

gral equation is found from the Abel equation [8]:
. s X —-X 1 A ~ A—(RX
2isinmA [ v(r) (%) dr=0*(0)—0-(0);
2
2isinmA fva(T) (%) dr = —e ™ d* (x) + e o (x)

The behavior at the ends of the segment [a, ] of the sought solution ®(z) of the Riemann boundary
value problem [14] depends on the behavior of the function p(x). For example, suppose the solution v(x)
of the singular integral equation (6) admits integrated singularities at the points @ and g. In that case, the
function p(x), which corresponds to it, satisfies the interval («, ) condition H with an index greater than
1 — A and admits at points @ and g singularities of orders less than A and 1, respectively. On the other
hand, if the function u(x) (the difference of the boundary values of the solution of the Riemann boundary
value problem) satisfies the condition H with an exponent greater than 1 — A on the interval (a, ) and
allows singularities of orders smaller than A and 1 at points a and 3, then the solution v(x) corresponding
to them have integrated singularities at points « and £.

Assume that the coefficients A(x), B(x) of equation (6) satisfy H with an index greater than 1 — A, the
right-hand side of f(x) satisfies the same condition H on the interval («,3) and allows singularities of
orders smaller than A at points @ and §. In addition, let the condition hold:

Q(x) = A2(x) + B#(x) = A%(x) — 2 cosmAA(x)B(x) + B%(x) # 0 (11)

Obviously, |G(x)| = 1. We denote by 6(x) = arg G(x) such a branch of the multivalued function that

(10)
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—2m < 0(a) < 0. Then if 8(a) < 2, it is possible to construct an unbounded solution of the Riemann
boundary value problem at the end x = a; if 6(a) < 2, then the solution of the Riemann problem must
be bounded at this end. At the end x = 3, the solution of the boundary value problem can be unbounded.
The assumption of Holderian properties of the coefficients on the right side of the equation [15] will en-
sure that the difference of the boundary values of the solution of the Riemann boundary value problem
belongs to class H with an index greater than 1 — A.

Research results

The strength and destruction of essential structural elements are significantly influenced by their materials'
heterogeneity and defectiveness (structural, technological, and deformation damage). Therefore, when deter-
mining the bearing capacity of such elements, there is a need to take into account the micro-heterogeneity and
defectiveness of materials and products. Among various defects, cracks, pointed cavities, and extraneous in-
clusions are of particular importance, as they cause a significant concentration of stresses in structural ele-
ments. For example, developing such defects into an unstable trunk crack leads to local or complete destruc-
tion. Taking defectiveness into account makes it possible to accurately determine structural elements' bearing
capacity accurately.

The intensity of the formation of cracks is determined by the properties of structural components and their
orientation in the matrix of metals prone to this type of defect. Therefore, it is advisable to consider the influ-
ence of structural parameters on the main criterion of local destruction of K.

When setting the problem of improving the functional properties of structural elements, the problem arises
of assessing the influence of inhomogeneities, the choice of technological parameters, the use of which elimi-
nates the appearance of defects on the treated surfaces. In this regard, it is necessary to create a database for
optimizing the thermomechanical state of the surface layer, taking into account its defectiveness, excluding
their development to the level of loss of functional properties of structural elements.

Of the available fracture criteria that take into account the local physical and mechanical properties of in-
homogeneous materials, the most acceptable for this case are the criteria of the force approach associated with
the use of the concept of stress intensity factor (SIF). When loading leads to the stress intensity K; becoming
equal to the limiting value K., the crack-like defect turns into the main crack.

The effect of the initial piecewise homogeneity of processed materials (parts with coatings) on thermome-
chanical processes is carried out by discontinuous solutions. By them, we mean such solutions that satisfy the
Fourier thermal conductivity and Lame elasticity equations everywhere except for the boundaries of defects.
When crossing the boundary, the displacement and stress fields suffer discontinuities of the first kind, i.e., their
jumps appear (), (v), (ox), (Txy)-

The stress-strain state of a layered half-plane is also estimated by the method of discontinuous solutions.
The interfaces x = a; (k = 0) are considered defects when passing through which the displacement and stress
fields suffer discontinuities.

Of most significant interest is the behavior of stresses in the vicinity of the vertices of defects such as
cracks, pointed inclusions, and structural imperfections, i.e., stress features at y — +1[,. The nature of the
stress field near the end of the defect, obtained in the framework of the classical theory of elasticity, is deter-
mined by the stress intensity factors K, = iK;.

Thus, the study of the stress intensity at the vertices of a defect with a length of 21, located at a depth of ¢*,
when the heat flux g is set on the surface of the body (x = 0, |y| < a*), made it possible to establish the limit-
ing value this flow g* at which the specified defect begins to develop into the main crack:

* 2‘/§/1(1_V)K4C (12)
a,Elrlo*

For defect-free machining of steels and alloys with crack-like defects and inclusions, when choosing ma-
chining modes and tool characteristics, one should be guided by the limiting values of the heat flux formed
during machining so that hereditary defects do not leave the equilibrium state.

The surface layer of processed materials contains heterogeneities and imperfections of hereditary origin,
which have varying degrees of randomness. Therefore, a probabilistic-statistical approach is necessary to study
the causes of the appearance of defects, in addition to the deterministic one.

To elucidate the role of the heat stress of micro-cutting in the mechanism of crack initiation, taking into ac-
count the heterogeneity of the material being processed, the mechanical and thermal characteristics of the im-
pulse components of machining were determined. It has been established that the heat flux from them is a

variable value determined by the formula g = c\/T, where ¢ is a coefficient that takes into account the thermo-



physical properties of the metal and processing modes, T is the contact time of the pulsed component of the
tool with the machined surface of the experimental studies confirm the established pattern of changes in the
heat flux density from the impulse component.

A comparison of the probabilities of micro destruction from the thermal stress of the impulse components
showed that the highest probability is determined by thermoelastic stresses, the magnitude of which is associ-
ated with the intensity of the heat flux.

The influence of the design parameters of the tool on the thermomechanical state of the surface layer was
determined using the model problem (7), (10) and the boundary conditions in the form:

q(y,7) = [H ) = Hy2a)] Xi=o 0 (y + kl = vjp7) (13)
where H(y) is the Heaviside function; o(y) Dirac delta functlon n is the number of grains passing in the
contact zone during the time ; A - thermal conductivity of the product material; c+/z is the heat flow from a
single grain-pulse component of the tool; vy, vy, ty- Processing modes, 2a* is the length of the arc of contact
between the tool and the workpiece; [* is the distance between impulse components. The maximum values of
the instantaneous temperature T,, were obtained theoretically and experimentally confirmed, from the pulse
component to the constant component -T, which are used further as criteria values in determining the condi-
tions for the formation of defects such as burns and their depth.

The influence of processing modes on the qualitative characteristics of the surface layer was studied de-
pending on the dominant factors. The adequacy of the theoretically established dependences of the contact
temperature on the processing parameters and the physical and mechanical properties of the processed material
was checked. The controlled values were: microhardness, residual stresses, tensile strength, and the presence
of microcracks on the treated surface. The structural stress state of the surface layer of the material, which is
formed during its processing, affects the fracture toughness K;.. Of the technological parameters, the influence
of the depth of processing as the dominant factor in the occurrence of thermomechanical phenomena on the
value of the crack resistance coefficient was studied. The decrease in crack resistance is associated with an
increase in tensile residual stresses.

The influence of technological heredity on the crack resistance of metals during grinding was studied using
the fracture mechanics parameter K;., which considers the stress-strain state's dependence on the surface lay-
er's structural components.

The study of the role of the heterogeneity of the coating structure in the mechanism of crack resistance re-
duction was carried out using the theoretically established criterion of local failure in the form of the following
inequality:

Iy < DaA*v¥KZ
2 [cvkp6(1+v)at<1 2xp(vq\/_)>]

where vy, vg, t are grinding modes; D, C - tool parameters; A, a - thermophysical characteristics of the treat-
ed coating; K - crack resistance of this coating; G is the modulus of elasticity; v - Poisson's ratio; a; - temper-
ature coefficient of linear expansion; [ is the characteristic linear dimension of the structural parameter (struc-
tural defect).

The development of technological criteria for controlling the process of defect-free grinding was based on
the established functional relationships between the physical and mechanical properties of the processed mate-
rials and the main technological parameters.

The quality of the machined surfaces will be ensured if, using the controlling of the technological parame-
ters, such as processing modes, lubricating-cooling media, and tool characteristics are selected that the current
values of the grinding temperature T'(x, ¥, T) and the heat flux q(y, T), stress c(M) and grinding forces P, P,
coefficient K;. will exceed their limit values.

Implementation of the system of limiting inequalities in terms of the values of the temperature itself and the
depth of its propagation in the form:

c Kl Lkl
T(x,y,1) =5~ ﬁ:oH(T—U—)H< )X

(14)

kp Vkp (15)
X f;’lzf(x y, 7,7 )dt" < [Tly
T([h],0,7) = 57— ( vkp)H (LZI:) (16)

x [ ”z/)(x 7,7)d7 < [Tlen,
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lenax(L’ 0) Cvk_?"zol\/E [1 — exp <— M)] [T] (18)
Alvg T a

allows avoiding the formation of grinding burns and can serve as the basis for designing grinding cycles ac-
cording to the thermal criterion.

The processing of materials and alloys without grinding cracks can be ensured if the stresses formed in the
zone of intensive cooling are limited to the limit values:

o015, (77z) ondmax (19)

.

In the case of the dominant influence of hereditary heterogeneity on the intensity of the formation of grind-
ing cracks, it is necessary to use criteria that include deterministic relationships between technological parame-
ters and the properties of the heterogeneities themselves. As such, you can use the limitation of the stress inten-
sity factor:

1 e I+t
K=— IS, /E{ax,ay}d t <K, (20)

or providing, with the help of control technological parameters, the limiting value of the heat flux, at which the
balance of structural defects is maintained:
* Pyugpas \/§/1K c
= D:M = Hl\/ﬂ_lla (21)
Defect-free grinding conditions can be implemented using information about the structure of the material
being processed. So, in the case of the general nature of structural imperfections with a length of 21, their regu-
lar location relative to the contact zone of the tool with the workpiece, it is possible to use the defect equilibri-

um condition as a criterion relation in the form:

K2
lo < x[GTk(liv)at]C (22)

In this formula, the technological part is connected with the value of the contact temperature T}, with the
grinding conditions.

The above inequalities link the longitudinal characteristics of the temperature and force fields with the con-
trol and technological parameters. They set the range of combinations of these parameters that satisfy the ob-
tained thermomechanical criteria. At the same time, the processed material's properties are considered, and the
required quality of products is guaranteed.

The fundamental principles of devices for automatic stabilization of the grinding temperature and the quali-
ty characteristics of the workpieces have been developed. Unlike known devices, the proposed circuits of such
devices should contain blocks for determining the current values of the burn depth of the polished surface,
contact and instantaneous temperatures, thermal exposure time, and stress intensity. From the output of these
blocks, the values of the indicated values are fed into the control parameter selection logic block. Finally, the
power amplifiers send the corresponding commands to the machine's executive bodies, where the limit values
of the controlled values are worked out (Fig. 2).

Stochastic micro-heterogeneity and defects are formed in structural elements during manufacture and oper-
ation. The surface layer of products contains inhomogeneities and defects of hereditary origin, which are asso-
ciated with one degree of randomness. Therefore, it is necessary to use a probabilistic-statistical approach
when investigating the causes of hereditary and deterministic cracks in structural elements [16].

The stochastic model of the formation of cracks during the grinding of metals of heterogeneous structure is
built based on a complex approach based on the results of the deterministic theory of the development of indi-
vidual defects and methods of probability theory. The surface layer is considered an environment weakened by
random defects - cracks, and inclusions, which determine that they do not interact with each other, the parame-
ters of which are random values with known probability distribution laws. The probability of destruction of the
surface layer is studied depending on different types of probability distributions of defects' sizes (length, depth)
and their orientation. Probabilistic characteristics of the limiting heat flow are considered from the same posi-
tions. It was established that an increase in the homogeneity of the material leads to an increase in the heat
flow value, which corresponds to a fixed probability of destruction. Therefore, when investigating the limited
state of structural elements weakened by defects, and building on this basis a well-founded theory of their
strength and destruction, in addition to the deterministic one, it is necessary to use a probabilistic-statistical
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approach [16].

A structural element is considered an environment weakened by random defects (cracks, defining inclu-
sions, the parameters of which are random values with known laws of their probability distribution).

For an element containing n-random cracks, the probability of failure is calculated assuming the weakest
link, the probability distribution of which is static.

Conclusions

The limiting value of the heat flux for the balanced state of the crack, which has the length of the weak-
est link under the thermal influence on the structural elements, which have uniformly scattered, randomly
distributed defects of the crack type, is determined.

The developed model takes into account the influence of inhomogeneities of technological origin (start-
ing with the workpiece and ending with the finished product), which arise in the surface layer during the
manufacture of structural elements, on its destruction.

Determining the stress intensity around the peaks of crack-type defects and comparing it with the crack
resistance criterion for the material of the structural element allows the solution of the singular integral
equation with the Cauchy kernel. Modeling of thermomechanical processes makes it possible to obtain a
criterion ratio of the conditions of the balanced state of the defect depending on the contact temperature
gradients.

The mechanism of formation and development of defects, such as cracks in functional-gradient materi-
als of the heterogeneous structure under the influence of thermomechanical phenomena accompanying the
manufacturing and operation of structural elements, was studied. The basic principles of the device for au-
tomatic stabilization of the grinding temperature and quality characteristics of the processed parts have been
developed.

The proposed schemes, in contrast to known devices, should contain blocks — determination of the cur-
rent values of the depth of ignition of the surface being polished, determination of the contact and instanta-
neous temperatures, the time of thermal exposure, and the intensity of stresses.
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KOHTPO.Ib TA YIIPABJIIHHSI TEPMOMEXAHIYHUMH ABUIIIAMU
TP MEXAHIYHIN OBPOBLI BUPOBIB 13 MATEPIAJIIB HEOJHOPI-
JAHOI CTPYKTYPH

Harmionansauit yaiBepcureT «Omecbka NOTITEXHIKA

Y cmammi npedcmassieHo iHhopmauilHy mexHOso2ito aHanisy ma cuHmesy moodesiel 3abe3riedeHHs1 SIKICHUX Xapak-
mepucmuk poboyux MnosepxoHb 8upobis npu mexaHidHitl 06pobuyi 3 ypaxysaHHsiM 0echekmie cmpykmypu mamepiany. Onu-
CaHo pi3HOMaHImHi Mikpodeghekmu, po38UMOK SIKUX Mi0 8MIUSOM MexaHi4HOi 06pobKuU npu3sodums 00 rnosieu MpPilWuH ma ix
36inbWeHHs i, K Hacridok, flokanbHo20 abo Mo8HoO20 pyUHyeaHHs. Po3e’a3aHo 3adaqyy mepmonpyxHocmi 0nsi min, ocrab-
JieHux HeodHopidHocmsamMuU. Po3arnsaHymo UmMOo8ipHICHO-cmamucmu4yHUU nidxio y nidsuuieHHi moyHocmi ideHmudbikauii mex-
HOro2iYHUX rpouecie MexaHi4Hoi 06pobKu, po3pobui ma enposadxeHHi Hosux, binbw eghekmusHux memodie i 3acobie
iHgbopmayitiHoeo ma Kom’tomepHo2o ModentosaHHs. Po3pobreHa Modesib 8paxosye 8rnnug He0OHOPIOHOCMel MexHOoIo0ai-
YHO20 MOXOOXKEHHS (MoYUHaKyuU 8i0 3a20moeKu U 3aKiH4yyu 20mosumM 8upobom), SKi 8UHUKaOMb y 08epxHe8oMy wapi
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fpu 8U20MOB/IEHHI efleMeHmi8 KOHCMPYKUii, aHani3 skux 003e80s15€ cmeopumu iHghopmauitiHy 6a3y kpumepiis, peanisayis
AKux 0osgornisie 3arnobiemu empami ¢hyHKUiOHanbHUX enacmusocmel gidnosidasibHUX enemMeHmis. YOocKkoHaneHo mame-
MamuyHi modeni duHaMiKu mepMOoMeEXaHIYHUX MPouecis, Wo cynposodxyoms MexaHidHy obpobky eupobie i3 mamepiarie
HeoOHOPIOHOI cmpyKkmypu, y 8u2nsdi IpPocmopo8o-HecmauioHapHOI mocmaHoeKu 3adadi Ha 0cHo8i cucmeM dughepeHuiarsb-
HUX Pi8HSIHb MEPMOIPYXKHOCMI 8 YacmKO8UX MOXIOHUX ma ymMosax po3pusy. Ha deghekmu rpyxHo-0eghopmauyiliHuUX xapak-
mepucmuk 0bpobrieHo2o0 Mamepiany, wo Ha 8iOMiHy 8i0 icCHyruux 003807Us0 Mid8UWUMU MOYHicMb iBeHmudgbikauii ma-
memamuy4Hux Moodeniell 3azanioM. Po3pobrieHo Mamemamu4Hi  MOOesli cucmemu  OUIHI8aHHST  eghekmueHocmi
QPYHKUIOHYB8aHHSI MEXHOI02i4HUX KOMITIIEKCi8 MexaHiYHoi 06pobKu, siki datompb 3MO_2y 8u3Ha4YuUmMuU 38’a30K MiX napamempa-
Mu cmaHy 06pobrieHUX M08epXOHb Ma OCHOBHUMU KepYyYUMU MEeXHOI02iYHUMU Xapakmepucmukamu, wo 3abesneyyroms
HeobXxiOHI enacmusocmi OyHKyioHanbHO epadieHmHi Mmamepianu. Hapewmi, pesynsmamu modentoeaHHs daromb MOXIIU-
gicmb cmeopumu eghekmusHy iHghopmauitiHy mexHosnoeito, sika dae 3Mo2y Cymmeeo 3MeHWUmMuU empamu ¢hyHKUiOHanbHUX
ernacmugocmeli 2emepo2eHHUX CUCMEM.

KntoyoBi cnoBa: KOHCTPYKTMBHMI eneMeHT, NMOBEepXHEeBWI Lap, TeNsoBU NoTik, obpobntoBaHni maTepian, KOHTPO-
nboBaHa BeNu4YMHa.
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