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ABSTRACT

The purpose of the work is to present the concept of an information model of the thermomechanical process in grinding of
products from materials prone to defect formation due to the fact that their surface layer has hereditary defects of structural or
technological origin. The products' strength and functionality depend on the inhomogeneity and defectiveness of the structure of the
materials from which they are made. Such materials have many different micro defects formed in the surface layer of parts during the
technological operations of their production. Reducing number of defects in the finishing operations of these materials and increasing
the operational properties of products made of these materials is an essential national and economical task, the solution of which
leads to a significant saving of material resources, labour intensity and cost of manufacturing parts. The currently available
information on the thermal processes of diamond abrasive processing is obtained on the assumption of the homogeneity of the
materials being polished and needs to consider the presence of defects in the technological heredity of the products. The
phenomenological approach in studying the causes of cracking of materials prone to this type of defect does not allow to reveal the
mechanism of genesis and development of grinding cracks. The choice of the method of investigation of the mechanism of crack
formation is based on micro-research related to inhomogeneities, which are formed in the surface layer of parts during previous
technological operations. A mathematical model has been developed that describes thermomechanical processes in the surface layer
during grinding of parts made of materials and alloys, taking into account their inhomogeneities, which affect the intensity of the
formation of grinding cracks. Calculated dependences between the crack resistance criterion and the main controlling technological
parameters were obtained. According to the known characteristics of hereditary defects, the limit values of thermomechanical
criteria, which ensure the necessary quality of the surfaces of the processed products, are determined. Based on the obtained criterion
ratios, an algorithm for selecting technological possibilities for defect-free processing of products from materials prone to loss of
quality of the surface layer of parts was built. A decision support system has been developed to increase the efficiency of the
finishing process management.
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INTRODUCTION.
PROBLEM STATEMENT

Various technological operations contribute to

Losses due to hereditary defects in finishing
operations are especially significant. Grinding, the
final operation for most parts, which significantly

the appearance of hereditary defects in the surface
layer, which include non-metallic inclusions, flakes,
air pores, microcracks of a shrinkage nature
(melting), deformation of crystal grains, cracks of
liquation origin (forging, drawing), coarse-graining,
accumulation of carbides (heat treatment, thermo-
mechanical treatment, chemical-thermal treatment),
chips, tears, surface cracks, internal cracks,
delamination (finishing operations), grinding burns.
These defects, being stress concentrators,
contribute to the formation of cracks, both in
processing the material and during their operation.
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increases operational properties due to high accuracy
and low roughness, is accompanied by high-
temperature exposure, which leads to burning and
significant defects from the output of suitable
products due to the formation of cracks.

Reducing defects in the finishing operations of
these materials and improving the operational
properties of products made of these materials is an
essential national and economical task, the solution
of which leads to a significant saving of material
resources, labour intensity and cost of manufacturing
parts.
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The scientific task is to provide information
about crack formation during finishing technological
operations, taking into account the influence of
hereditary  defects formed during previous
operations, namely, thermal and thermomechanical
processing, coating, etc. This task is especially
important when processing materials and alloys that
are prone to cracking during the grinding process.

It establishes the regularities of the formation of
grinding cracks during the processing of parts made
of materials and alloys prone to this type of defects,
taking into account the hereditary micro-uniformities
that arise throughout the technology of their
manufacture, starting with the methods of obtaining
blanks and, on this basis, the development of
information support for the technological conditions
of defect-free grinding based on constructed
mathematical models and obtained functional
dependencies.

LITERATURE OVERVIEW

The grinding operation is the central processing
operation of heavily loaded parts made of high-
strength steel and alloys, which include gears, shafts,
stamps, elements of electric machines, and
electronics [1, 2], [3]. This operation also applies to
products whose working surfaces have increased
requirements for accuracy and roughness, which
significantly affect their operational properties. Such
products include parts with wear-resistant coatings
and highly coercive magnets of the cast iron-nickel-
aluminum-based hard magnetic type, e.g., Alnico
8HC (R1-1-13), which is used in modern electrical
machines, devices, and apparatus [4, 5].

The tendency of metals to form cracks during
grinding depends on metallurgical and structural
heredity, which is determined by smelting methods
and the degree of deoxidation, phase transformations
in alloys, and modes of thermal, chemical-thermal
treatment. Operations preceding the finish [6, 7], [8,
9]. At the same time, the parameters that take into
account the dependence of the stress state on the
structural components are a set of mechanical
characteristics (Kic, Kc, Kisc, Kwn) of fracture
mechanics [10, 11].

A distinctive feature of the grinding operation is
the release of a large amount of heat, the central part
of which is perceived by the processed part and
causes structural changes in its parts - burns. These
defects contribute to the reduction of the initial
hardness of the surface, the formation of tensile
residual stresses, and the reduction of contact
endurance and fatigue strength of parts [12, 13],
[14, 15].

For a large group of metals and alloys that are
not prone to structural transformations in the process
of processing them by grinding, a characteristic type
of defect is defects such as cracks, which
significantly reduce the operational properties of the
products.

The nature and intensity of cracking in products
are primarily determined by the thermophysical
properties of the processed materials, their structure,
the heredity of previous and subsequent
technological operations, and their parameters.
During the operation of parts whose surface layer
contains hereditary defects, the destruction of
products occurs at the places of their accumulation.

The quality of the surface layer is formed under
the influence of thermomechanical phenomena
accompanying the final operations. Therefore, in
works [1, 2], [3, 7], [8, 9], [10], the thermal tension
of diamond abrasive processing is used as the
leading indicator of the physical and mechanical
condition of the treated surfaces. Based on the
models of temperature fields developed by them, the
regularities of the formation of defects such as
cautery and the technological possibilities of their
elimination were studied depending on the
thermophysical properties of the processed materials
and the technological parameters of their processing.

However, currently, available models of
thermal processes of diamond-abrasive processing
are obtained on the assumption of homogeneity of
the materials being polished and need to consider the
presence of defects in the technological heredity of
the products [14, 15], [16]. In these works, the
condition of the surface layer of the part is
considered mainly from a qualitative point of view
or evaluated in each case by experimental methods.
Thus, the susceptibility of magnetic alloys to crack
formation during grinding is associated with the
peculiarities of their magnetic and crystal structure,
designed to obtain high magnetic properties [17, 18],
[19]. The absence of quantitative relationships
between the crack resistance of magnets and other
properties does not allow us to unambiguously use
the existing information base of defect-free grinding.
There is a study of the influence of structural
transformations and steels on the formation of
grinding cracks, according to which the presence of
a large amount of austenite in the subsurface layer of
parts leads to the formation of tensile stresses, which
are realized in the form of brittle cracks [20].

Structural transformations in the materials of
the products cannot be determined as an
"independent” cause of the appearance of grinding
cracks since structural stresses, reaching destructive
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values, are formed over a considerable period.
Grinding is characterized by short duration and high
heating and cooling rates, during which structural
changes are insignificant and thermomechanical
stresses reach extreme values.

The mechanism of the formation of cracks in
the surface layer of parts with coatings is explained
by the effect of temporary tensile temperature
stresses exceeding the limit values and the peeling of
the coating from the base metal by the effect of
residual stresses in the surface layer [20]. The
considered models of the stress-strain state of parts
with coatings need to consider piecewise
inhomogeneity (coating-matrix), and studies of the
effect of coating inhomogeneity on the mechanism
of defect formation are absent [20, 21].

The phenomenological approach in studying the
causes of cracking of materials prone to this type of
defect does not allow to reveal the mechanism of
genesis and development of grinding cracks. The
choice of the method of investigation of the
mechanism of crack formation is based on micro-
research related to inhomogeneities, which are
formed in the surface layer of parts during previous
technological operations.

The intensity of the appearance of cracks is
primarily determined by the presence of various
inhomogeneities that arise in the surface layer during
the manufacturing technology of the part. Hereditary
defects such as flakes, sharp cavities, domains, and
foreign inclusions are hazardous from the crack
initiation point of view. Therefore, constructing the
theory of crack formation during grinding using the
criteria of fracture mechanics is possible only based
on an in-depth study of the mechanism of crack
initiation in the tops of concentrators, which are
metallurgical, structural and technological defects.

To control the quality of the part during
grinding, it is necessary to study the patterns of
formation of the thermomechanical state of the
surface layer, taking into account its heterogeneity.
High-performance, defect-free grinding of materials
sensitive to crack formation must be carried out,
considering residual defects at the limit modes while
maintaining an equilibrium state that does not yet
cause cracks. There still needs to be an informational
provision of technological possibilities for defect-
free processing of products made of materials prone
to cracking.

When setting the task of improving the quality
of finishing operations of parts, the problem of
assessing the impact of inhomogeneities and
choosing technological parameters that exclude the
formation of defects on the processed surfaces

arises. The wide range of materials prone to
cracking, the variety of their properties, and the size,
orientation, location and distribution of hereditary
defects contributed to the currently available
recommendations for eliminating grinding cracks
during the treatment of product surfaces. In this
regard, it is necessary to develop information
support for optimizing the thermomechanical state
of the surface layer of products, taking into account
hereditary defects, which prevent the occurrence of
defects such as cracks and burns during finishing
operations.

Therefore, determining the information
provision of technological conditions for defect-free
grinding of products whose materials are prone to
defect formation is urgent.

THE AIM AND OBJECTIVES OF THE
RESEARCH

To develop information technology of
normative decision-making theory for high-quality
processing of products from materials prone to
defect formation.

Achieving this goal required setting and solving
the following main tasks:

1. Development of methods, models and tools
for solving the problem of choosing effective
solutions for technological assurance of quality
characteristics of the surface layer of parts made of
materials and alloys prone to defect formation
during their grinding processing, taking into account
previous operations and hereditary inhomogeneities.

2. Create an algorithm for ensuring the
technological conditions for grinding materials with
hereditary heterogeneities, which provide the
necessary quality indicators and a decision support
system to increase the efficiency of the management
of the finishing process.

GENERAL PROVISIONS

When choosing and substantiating the mathe-
matical model, it was considered that both thermal
and mechanical phenomena accompany the process
of grinding parts. However, temperature fields exert
a predominant influence on the stress-strain state of
the surface layer. Considering that the central mass
of the surface layer of the metal during grinding is in
an elastic state, it is possible to use the model of a
thermoelastic body, which reflects the relationship
between mechanical and thermal phenomena at fi-
nite values of heat flows. Since information on the
distribution of temperatures and stresses along the
depth and in the direction of the tool movement is
essential for studies of the thermomechanical state of
polished surfaces, a flat problem is considered.
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When drawing up the calculation scheme
(Fig. 1 in [22]), it is assumed that a workpiece-type
detail can be represented in the form of piecewise
homogeneous conventional layers with different
properties located on the primary matrix material,
which allows studying thermomechanical processes
during grinding of parts with several types of coat-
ings, fillings Ada; applied to the base material.
Such a scheme determines the thermal and de-
formation conditions of the connection of layers
outside their interface — a;.

The influence of inhomogeneities in the form of
phase transformations of unstable structures,
intergranular films, boundaries of the contour of
hereditary austenite grains, carbide striations, non-
metallic inclusions, shells, flakes and other defects
that arise in the surface layer due to their presence in
the surface layer in the form of conditional cracks.

The system of equations that determine the
thermal and stress-strain state when grinding the
surface of parts with coatings, the upper layer of
which has inhomogeneities such as inclusions and
cracks, contains [1, 2], [3].

Equation of non-stationary thermal
conductivity:
oT 9°T 9°T < ;
To(Sge) 0=xsE
ot 0x?  0y?) —o<y<oo.
Lame's equation of elasticity in displacements:
00 1 . 0l
ox 1—2pu =P e
u
7 =—; )
(x,y) =50
() =575
VEOY) =56
00 1 b AD = BT aT
oy 1—2u V= oy’
4G(1 + )
BT — . 3
1 _ 2/,{ at' ( )
92 92
A=—+—,
dx? + dy?

where T(x,y,t) is the temperature at a point with
coordinates (x,y) and at any moment t; a is the
thermal conductivity of the material; a, is the
temperature coefficient of linear expansion; p, G are
Lamé constants; v, v are the components of the
vector of displacements of the point (x,y); A=

az/axz + ‘32/6}}2 is the Laplace operator.

The initial conditions for this task can be taken
as:

T(x,y,0) = 0. 4)

Boundary conditions for temperature and
deformation fields that take into account heat
exchange from the surface outside the tool contact
zone with the part and intense heat release in the
processing zone are as follows:

o _ qak,7) vl < a*

Ox 1’ y ) (5)
2L oy > a
ax VP TR~ a

0x (%, Y, T) |x=0 = T‘L’y(x:y; T|x=0 =0, (6)

where q(y,t) is the intensity of the heat flow
formed as a result of the interaction of the circle
with the part; A is the coefficient of thermal
conductivity of the material being ground; 2a* is the
length of the contact zone of the circle with the
processed surface; y is the coefficient of heat
exchange with the environment; o, T, are normal
and tangential stresses.

Conditions for combining layers (coatings):
for temperature fields:

k-1 k
T (ay - 0,y,7) =T(a, +0,y,17),

-1

oT
Ak—qW(ak - Olle)
o

oT
= Aka (ak +0, Y, T), (7)

for deformation fields:
k-1 k
v j(ax —0,y) =vj(ax + 0,y);

k-1 k
o x(ax —0,y) = ox(ax +0,y);
-1 k
T xy(ak —0,y) = Txy(ak +0,y),
where A, is the thermal conductivity of the k-th

layer; oy is the thickness of the k-th layer; Skj are
components of movements in the k-th layer.

For surface layers with structural and
technological inhomogeneities, the discontinuity
conditions of the solution, depending on the type of
defect, will be:

on inclusions:
(0) = 0,{(gy) # O,
(0) = 0,{(gx) # 0,
on crack-like defects: (8)
(ox) =0,{(0) # 0,
(txy) = 0,(D) # 0.
Classical strength criteria evaluated the limit
equilibrium state of the deforming surface layer.
Of the available failure criteria, which take into
account the local physical and mechanical properties of
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heterogeneous materials, the most appropriate for this
case are the criteria of the force approach associated
with the use of the concept of the stress intensity factor
(SIF) [4, 5], [10, 11]. When the load leads to the stress
intensity K; becoming equal to the limit value K, the
crack-like defect turns into a main crack.

Modeling of the influence of initial piecewise
homogeneity of materials being ground (coated
parts) on thermomechanical processes is carried out
by the method of discontinuous solutions [9, 12].
They mean solutions that satisfy the equations of
Fourier heat conduction and Lamé elasticity every-
where except at the boundaries of defects. When
passing through the boundary of inhomogeneities,
the displacement and stress fields experience discon-
tinuities of the first kind. That is, their jumps appear
(U)a (U), <O-x>’ (Txy>-

The application of generalized Fourier trans-
formations by the variables x and y to equations (1)-
(7), taking into account (8), allows us to obtain re-
current relations connecting displacements and
stresses in the k-th layer with stresses and displace-
ments formed in the first layer under the influence of
non-stationary temperature fields.

The effect of inhomogeneities in the surface
layer of steels and alloys on the intensity of defect
formation during grinding is investigated as follows.
In conditions of uneven heating, thermal defor-
mations occur in the surface layer, which causes
temperature stresses. Under the influence of these
stresses, which are concentrated in the locations of
defects, the formation of grinding cracks occurs.

Of most significant interest is the behavior of
stresses in the region of the top of defects such as
cracks, sharp inclusions, and  structural
imperfections, i.e. stress features at y — +I,. The
nature of the stress field near the end of the defect,
obtained within the framework of the classical
theory of elasticity, is determined by the stress
intensity coefficients K; = iKj; [6, 7], [8].

Thus, the study of the stress intensity at the
vertices of a defect of length 21, located at a depth of
o*, when the heat flow q is given on the surface of
the body (x =0, |y| <a*), made it possible to
establish the limiting value of this flow g* at which
the specified defect begins to develop into a main
crack [10]:

. 2V3(1 = v)Ky¢
1 a,ElNTlo* '

(9)

q(y, 1) = C/1£ [Hy) — H(y — 2a")] Z o(y + kil — vyp1),
k=0

The mutual influence of defects on the stress in-
tensity is indicated when they are located at a dis-
tance from each other slightly more than 6™ = 1/3.
At the same time, the lowest crack resistance of the
material is achieved if the defects are oriented rela-
tive to each other at an angle ¢ = /6 + /4. The
geometry and properties of inclusions can create
conditions for both inhibition and the development
of grinding cracks. If the heat flow is directed paral-
lel to the larger axis of an elliptical inclusion and a
rectilinear thermally insulated crack, then if the co-
efficient of linear temperature expansion of of the
inclusion is greater than that of the primary material
oM (af > o), the stiffness increases to growth K;
regarding different relations of thermal conductivity
coefficients, components of the material.

It leads to a decrease in the crack resistance of
the surface layer. For defects of the crack type,
which are in the layer with a smaller coefficient o,
the orientation of the defect strongly affects the val-
ue of the SIF [12, 13].

When a crack located in a more complex layer
is significantly removed from the interface line, SIF
K; takes maximum values when the defect is orient-
ed parallel to this line. As the crack approaches the
interface, the maximum K; is reached when it be-
comes perpendicular to this interface. If the crack is
in a less rigid material, the maximum K; is reached
when the crack is perpendicular to the dividing line.
The coefficient K;; becomes maximum at angles
between the line of separation of the layers close to
/6, regardless of the relative stiffness of the layers.

For defect-free processing of steels and alloys
with crack-like defects and inclusions, the selection
of processing modes and tool characteristics should
be guided by the limit values of the heat flow
formed during grinding so that hereditary defects do
not leave the equilibrium state.

The surface layer of polished materials contains
inhomogeneities and defects of hereditary origin,
which have one or another degree of randomness.
The stochasticity of micro inhomogeneities in cast
iron-nickel-aluminum-based hard magnetic alloys,
e.g., Alnico 8HC (R1-1-13), cemented steels, and
various coatings are especially significant. In this
case, the hypothesis of the weakest link — the defect
with the largest geometric size — is used [14, 17].

The influence of the design parameters of
the tool on the thermomechanical state of the surface
layer was determined using the model problem (1)-
(5) and boundary conditions in the form:

n

(10)
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where H(y) is the Heaviside function; o(y) is the
Dirac delta function; n is the number of grains
passing through the contact zone; A is the thermal
conductivity of the product material; c+/t is the heat
flow from a single grain; vy, vy, tg are grinding
modes, 2a* is the length of the contact arc of the
circle with the part; [* is the distance between the
cutting grains. The maximum values of the
instantaneous temperature T,,, from single grains to
the constant component — Tk, were obtained
theoretically and confirmed experimentally. They
were used later as criteria for predicting the
conditions for forming grinding defects.

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

An increase in the strength of steels with an in-
crease in carbon content or a decrease in the temper-
ing temperature after hardening naturally leads to a
decrease in K;. and, therefore, to an increase in the
process of crack formation during their grinding. In
order to achieve the appropriate level of crack re-
sistance, it is quite justified to use a high temper and
improve such steels before finishing operations.
Such measures make it possible to eliminate the
tendency of these steels to the appearance of grind-
ing cracks.

Steels in the state of reverse temper embrittle-
ment are particularly prone to the intense occurrence
of grinding cracks. Studies of fracture surfaces of
steel samples in this state showed that increasing
vacation length causes significant changes in micro-
fracture. In high-strength steel, cracks develop by a
viscous micromechanism, and in the state of reverse
tempering brittleness, destruction by intergranular
chipping and cracking of carbide particles became
predominant [16].

Thus, the influence of impurities on the crack
resistance of steels and alloys is significant.

Thus, in particular, a negative influence of sul-
fur content (0.008-0.009 %) in high-strength steels
of the SNCM815 (18NCD6, 820A16, 14NiCrMo13)
type on their crack resistance was established. Based
on factographic studies, it is shown that the foci of
microfracture in these steels are sulfide inclusions.

Alloying of steels, accompanied by grain crush-
ing, contributes to a certain extent to the growth
of Kj..

An increase in the purity of alloys due to impu-
rities is always combined with a simultaneous in-
crease in crack resistance and short-term strength.
The same favorable factor in reducing the suscepti-
bility of steels to crack formation during their grind-

ing is the processing of the surface layer on an ul-
trafine grain. Grinding of steel grain by cyclic elec-
trothermal treatment from 15 — points (I-2 pm) in-
creases K;. by 40-50%, and the yield of suitable
products from materials that are particularly sensi-
tive to grinding cracks increases by 2.5-3 times.

Elimination of grain-boundary brittleness, to
which high-strength alloys are prone, can be carried
out by increasing the tempering temperature or by
high-temperature  thermomechanical  treatment,
which contributes to the deformation of the austenite
grain boundaries, as a result of which the smooth
boundaries are subject to fragmentation and acquires
a specific serration. It leads to an increase in the
strength of boundaries and the elimination of grain-
boundary destruction during the grinding of such
alloys.

Quantitative evaluations of the crack resistance
of magnetically hard alloys were carried out depend-
ing on the methods of obtaining blanks and their
subsequent heat treatment to the y-phase and ther-
momagnetic treatment to the a + a’ phase at differ-
ent relaxation modes and cooling rates. The con-
trolled parameters were the values of bending
stress apeng, Stretching og, coefficient K;. and mag-
netic properties characteristics — the material's coer-
cive force on magnetization h. and residual induc-
tion B,.. Experimental data show that the values of
K, are different for mono- and polycrystals of cast
iron-nickel-aluminum-based hard magnetic alloy,
e.g., Alnico 8HC (R1-1-13), in the preparation stage.
It indicates that the percentage content of non-
metallic inclusions in alloys obtained by various
methods varies widely. The phase composition of
these alloys changes the value of the coefficient Kj..
Thus, for polycrystals in the initial state, K;. = 30
MPa m, while the presence of the y-phase increases
K;. to 97 MPa m. It was established that the y-phase,
more plastic than this alloy's main matrix, helps
inhibit microcracks.

Therefore, the analysis of the structure of the
manufacturing process of magnets is an essential
step in identifying reserves for increasing the output
of suitable magnets during final grinding operations
since the primary defects — cracking and chipping —
occur precisely during the final processing of these
magnets.

Blanks of permanent magnets from alnico and
tykonal alloys are obtained mainly by casting. Cur-
rently, the following methods of casting are used:
open and vacuum. The most common open-casting
method is melting [17, 18], [19].

Fractographic analysis of fractures in the gam-
ma-phase state shows that the fracture zone has an
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intercrystalline character with pronounced slip lines.
However, the presence of this phase in the cast iron-
nickel-aluminum-based hard magnetic alloy (e.g.
Alnico 8HC (R1-1-13)) reduces the coercive force
by 40 %, the residual magnetic induction by

15-20 %, and the maximum magnetic energy by
more than 60 %. Therefore, these alloys are subject-
ed to further thermomagnetic treatment. A feature of
the structure of the highly coercive state of the con-
sidered alloys is the periodic alternation of elliptical
particles of the a’-phase surrounded by the matrix of
the a-phase. Further processing of these alloys by
grinding causes the formation of defects, such as
cracks in the surface layer.

Moreover, the intensity of crack formation is
related to the heat treatment regimes, which, in turn,
affect the particle size of the o'-phase and the direc-
tion of the thermo-mechanical treatment about the
longitudinal feed during grinding. Dominant techno-
logical parameters affecting crack resistance and
contact temperature are grinding depth and tool
characteristics [20]. Thus, in the case of grinding
with different depths with diamond wheels, the
crack resistance is measured insignificantly, in con-
trast to the range of change of K;. when processing
with 25AF4607B wheels. The contact temperature
in the first case is significantly lower than in the
second.

C n ki
T(x,y,7) =2—Mzk=0H(r—@> xH(
w00 =5 3, |

L

+ yeyz(f‘t)[l +o(yVT - t)]} dndt < [T]

Tk(O' Y, T) =
x {—1
Ja(t—1)

T (L,0) =

allows to avoid the formation of grinding burns and
can serve as a basis for modeling thermophysical

L+kl

Tl e (27| < m

Based on the built model, the mechanism of the
appearance of grinding cracks was studied from the
positions of influence of the geometry and physical
properties of the a’-phase and its orientation con-
cerning the direction of grinding these magnets in a
highly coercive state. At the same time, the equilib-
rium conditions of the structural components of the
a'-phase depending on the dominant factors of the
grinding process and the fracture toughness K;. of
the magnet were also used, the implementation of
which does not lead to the appearance of cracks on
the treated surface [21].

The development of technological criteria for
managing the process of defect-free grinding was
carried out based on the established functional rela-
tionships between the physical and mechanical
properties of the processed materials and the main
technological parameters.

The quality of the processed surfaces will be
ensured if, with the help of controlling technological
parameters, such technological processing condi-
tions (modes, lubricating and cooling media and tool
characteristics) are selected that the current values of
the grinding temperature T(x,y,t), the heat
flow q(y, 1), stresses o(M) and coefficient K;. will
not exceed their limit values [23].

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

) f (@, y,7,0Yd7 < [Tl (1)
”kl) f W01, YT < [Tlen, 12)
(y-n)?
X, et
e 2{m(t—1t) (13)
(14)

processes in the technological system of grinding
according to the thermal criterion (Fig. 1).
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Fig. 1. An information model for determining the relationship between the thermomechanical

state of products and the technological parameters of processing
Source: compiled by the authors

Considering the shortcomings of such
approaches, which do not ensure maximum
efficiency, which is determined by the ratio between
the quality of the final product and the costs for its
production, it is advisable to introduce the method,
the scheme shown in fig. 1, with the help of which,
based on the knowledge of the current parameters, it
is possible to obtain the predicted values of the
temperature in the next step, which will make it
possible to calculate the control influences, taking
into account the quality of the products and energy
savings during their manufacture. The idea of the
proposed generalized method is to use neural
networks, which are characterized by the ability to
approximate any dependencies.

Processing of materials and alloys without
grinding cracks can be ensured if limited by the limit
values formed in the zone of intense cooling stress:

X

zx/E)' (15)

1+v
Omax(%,7) = ZGlTvatTkerf<

< [oy]

In the case of the dominant influence of
hereditary heterogeneity on the intensity of the
formation of grinding cracks, it is necessary to use
criteria that include deterministic connections of

technological parameters and the properties of the
heterogeneities themselves.

As such, it can use the limitation of the stress
intensity factor:

1 [+t
= T[—\/Z EO'X, O'ydt < KIC.
—e

Alternatively, ensuring, with the help of
controlling technological parameters, the limiting
value of the heat flow at which the balance of
structural defects is maintained:

B Pugpas < \/5_’/1K,C

K (16)

= < . 17
a JDtyr H Wrlo (17
Defect-free  grinding conditions can be

implemented using information about the material's
structure being processed. Thus, in the case of the
prevailing nature of structural imperfections with a
length of 21, their regular location concerning the
contact zone of the tool with the part, it is possible to
use as a criterion ratio the condition of equilibrium
of the defect in the form:
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K¢
ly < .
x[GT, (1 + v)a,]?

In this formula, the technological part is con-
nected with the value of the contact temperature T},
and the processing conditions.

The indicated inequalities can be an infor-
mation base (Fig. 2) [23] for determining the rela-
tionship between temperature and force fields with
controlling technological parameters. They specify
the range of combinations of these parameters that
meet the obtained thermomechanical criteria. At the
same time, the properties of the processed material
are taken into account, and the necessary quality of
the products is guaranteed [24, 25], [26].

Based on the obtained criterion ratios, an
algorithm was built to select technological
parameters that ensure the quality characteristics of
the surface layer of parts during grinding, taking into
account the maximum processing productivity
(Fig. 2).

The algorithm (Fig. 2) for selecting parameters
for finishing parts from materials prone to defect
formation includes the following steps.

1. At a certain point in time ¢;, the current value
of the temperature in the chamber T; is determined,
and the deviation of this value from the regulated

(18)

value is analyzed. Knowing the current temperature
and the temperature that should be at this moment
according to the temperature curve determines
whether the temperature is within the specified
limits. Depending on the size of the deviation, there
are two possible ways of further passing the process
of controlling the temperature regime of the
processing.

a) If the temperature is within the specified
limits, it is necessary to determine the rate of its

change AT/A‘[’ to predict the value of the

temperature T;,, in the next interval T;,, after the i-
th measurement.

b) If, in the next step, the T;,; temperature
deviates from the limits set by the processing
regulation, it is necessary to determine the
controlling influence that allows returning the T;,,
temperature value to the specified limits.

c) If the temperature at the next step meets the
specified limits, it can proceed to the next step in the
algorithm.

2. If the temperature is outside the limits set by
the processing regulation, it is necessary to
determine the necessary level of control influence,
which allows returning the value of temperature T; 4
to the set limits.

\TGTM/ -
Determine the current value of the

temperature curve and stress
intensity

—]

Analysis of current temperature and
stress |mens|ty K|

fVithin the givel
limits?
1
<

D ination of the rate of temp
change T and stress intensily K,

v

Prediction of T and K| on At

fithin the give
]

limits?

D ination of influence for &
change on AT and stress intensity K

—_—

Assessment of the state of the
quality indicators of the
processed layer of the part

fithin the give) Identifying impact for
limits? change

Forecast of quality
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Assessment of the state of
energy indicators: Ta, K., q

Determination of impact for
of technological
parameters

ithin the givel
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Forecast of energy
indicators

fvithin the givel
limits?

1

Fig. 2. Algorithm for selecting parameters for finishing parts from materials

prone to defect formation
Source: compiled by the authors
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3. Assessment of the state of physical and
chemical processes. At the same time, two further
development paths are possible.

a) If the process parameters satisfy the specified
conditions and restrictions, predicting their values at
the next time interval T;, 4 is necessary.

b) If during the time interval T;,;, the
indicators of processes do not deviate from the
normative ones, it is possible to continue processing
and proceed to the next step of the algorithm.
Otherwise, the value of the controlling influence is
determined, and step 1 is repeated.

c) If the indicators of the parameters of
processes are outside the limits, it is necessary to
determine the required level of control influence and
steps a, b, ¢ and whether the necessary temperature
regimes will not change simultaneously.

4. Evaluation of energy process parameters. At
the same time, two further development paths are
possible.

a) If the values of the energy process
parameters satisfy the conditions and restrictions set
by the processing regulation, then it is necessary to
predict their values at the next measurement T;, 4. If
by T;,., the values of the parameters of the energy
processes do not deviate from the normative ones, it
can continue and go to step 1 of the algorithm;
otherwise, it is necessary to determine the
controlling influence and repeat step 4 to check
whether the necessary temperature regimes will not
change.

b) If the parameters of energy processes are
outside the specified limits, it is necessary to
determine the value of the controlling influence and
repeat step 4 to check whether the specified
temperature regimes and parameters of processes
will not change.

The necessary conditions for the effectiveness
of decision-making to increase the efficiency of the
management of the finishing process (Fig. 3) are
their completeness, timeliness and optimality.

Fulfilling the condition of completeness leads
to the need to consider all the properties of the
technological system as fully as possible. The
requirement of optimality of the solution determines
the need to move to normative formalized
procedures based on mathematical models [27, 28].

The work presents a structural diagram, the
general view of which is shown in Fig. 3. Let us
consider the features of the main blocks of the
system.

eThe “Data Collection” block contains
measuring process parameters and data transfer from
the measuring devices to the analysis block.

eThe “Data Analysis” block contains the
determination of the coolant flow rate and the
analysis of the change in speed compared to the
technological regulation.

e The unit for determining the damper's opening
percentage includes the forecasting method.

eThe decision-making block includes creating
recommendations for further management of the
process.

e The knowledge base contains a set of “if-then”
type rules for determining the causes of deviations
from the established temperature regime of the
process.

CONCLUSIONS

As a result of the conducted research,
information provision of technological possibilities
for defect-free processing of products from materials
prone to cracking was created, which consists of
establishing calculation dependencies regarding the
determination of the influence of hereditary defects
formed from previous operations on the crack
resistance of the surface layer during grinding,
technological conditions of processing taking into
account  the accumulated damage and
inhomogeneities of materials and alloys, especially
prone to defect formation in the grinding process,
which  has an essential national economic
significance for reducing defects in finishing
operations and improving the operational properties
of machine parts.

1. A mathematical model was developed that
describes thermomechanical processes in the surface
layer during grinding of parts made of materials and
alloys, taking into account their inhomogeneities,
which affect the formation of grinding defects. At
the same time, the calculated dependences between
the crack resistance criterion and the main
controlling technological parameters were obtained
for the first time. According to the known
characteristics of hereditary defects, the limit values
of the heat flux, which ensure the required quality of
polished surfaces, are determined.

2. Based on the obtained criterion ratios, an
algorithm was built to ensure technological
capabilities for defect-free processing of products
from materials prone to loss of quality of the surface
layer of parts and a decision support system for
increasing the efficiency of process management,
taking into account the maximum processing
productivity.
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AHOTANIA

Meroto poGOTH € TpencTaBiIeHHS KOHIENii iHdopMariifHOi Mozeni TepMOMEXaHIYHOrO IpOoIecy NpH IuTidpyBaHHI UL
6e3nedexTHOi 00pOOKH BHPOOIB i3 MaTepiatiB, CXWIBHHX 1O Ae(QEKTOYTBOPEHHS 3aBISIKH TOMY, IIO X ITOBEpXHEBHH IIap Mae
CHagKoeMHI Je(heKTH CTPYKTYpHOTO a00 TEXHOJOTIYHOTO IOXOJUKEHHsS. MIIHICTh BHPOOIB 1 iX (YHKIIOHAIBHI MOMIIUBOCTI
3aieXaTh BiJl HEOJHOPIMHOCTI 1 Ne(eKTHOCTI CTPYKTYPU MarepiaiiB, 3 SIKHX BOHH BUTOTOBJISIOTHCS. Y TaKMX MaTepianax € BeJUKa
KUIBKICTB Pi3HUX MIKpOAE(EKTiB, SKi (OPMYIOTHCS B TOBEPXHEBOMY IIapi AeTajleld O X0y TEXHONOTIYHUX OTepalliil iX ofepaHH.
3HIKEHHS KUTBKOCTI JepeKTiB Ha (QiHINTHUX OIepamisx JaHUX MaTepialliB, MiIBUIIEHHS eKCIUTyaTaliifHUX BIACTUBOCTEH BUPOOIB 13
IUX MaTepiajiB € BaXJIMBHUM HApPOAHO-TOCHOJAPCHKMM 3aBJIAHHAM, BHpIIICHHS $KOTO INPU3BOAUTH 10 3HAYHOI EKOHOMIl
MaTepiaJbHUX PECyPCiB, TPYIOMICTKOCTI Ta COOiBapTOCTI BUTOTOBICHHS AeTaneld. HasBHI B qanuii yac iHdopMaLiiiHi BiTOMOCTI Ipo
TEIUIOBI TPOIECH ajMa3HO-aOpa3WBHOI OOpOOKM OTpHMaHI B NPUITYIIEHHI OJHOPIZHOCTI MaTepialiB, IO HUI(yIOThCA, 1 He
BPaxXxOBYIOTh HAasBHICTh AE(QEKTIB TEXHOJOTIYHOI CIagKOBOCTI BHPOOiB. (DEHOMEHONOTIYHMI WiAXix Yy BHBYCHHI IPUYHH
TPIIIMHOYTBOPEHHSI MaTepialliB CXMWJIBHUX IO IbOTO BUIY JedeKTiB He O3BOJSIE PO3KPUTH MEXaHi3M 3apOJKEHHS Ta PO3BUTKY
norigyBaneHUX TpimmH. BuOip Meromy MOCHiIKEHHS MeXaHi3My TPINIMHOYTBOPEHHS IPYHTYETBCS Ha MIKPOJOCHIIKESHHSX,
OB’ SI3aHMUX 13 HEOJHOPITHOCTSAMH, SKi (POPMYIOTHCS B IOBEPXHEBOMY Iapi JAeTaleldl Ha MOMEPEAHIX TEXHOJOTIYHHX OIEparlisX.
Po3pobieHo mMaTeMaTHdHy MOAENb, SKa OMHCYE TEPMOMEXaHIYHI MpOIecH B MOBEPXHEBOMY IIapi MpH IutiQyBaHHI AeTanei i3
MaTepiajiB Ta CIJIaBiB 3 ypaxyBaHHAM iX HEOJHOPITHOCTEH, IO BIUIMBAIOTH HA IHTCHCUBHICTH ()OPMYBaHHS LLTI(QYyBaTBHUX TPILIUH.
OTpuMaHO PO3PaxXyHKOBI 3aI€KHOCTI MK KPHTEPiEM TPIIIMHOCTIMKOCTI Ta OCHOBHHMH KEPYIOUHMH TEXHOJIOTTYHIMH TapaMeTpaMu.
3a BIZOMHMH XapaKTepPUCTUKAMHU CIAJKOBUX He(eKTiB BU3HAYEHO TI'PAaHMYHI 3HAYCHHS TEPMOMEXaHIYHMX KpHTEpiiB, II0
3a0e3nevyoTh HEOOXiTHY SKICTh ITOBEPXOHb BUPOOIB, MO 00poOIsIIoThCs. Ha OCHOBI OTpUMaHMX KpHTEpiajbHUX CIIIBBiIHOIICHB
oOyIOBaHO AJITOPUTM BHOOPY TEXHOJIOTIYHHMX MOXKIMBOCTEH miist Ge3nedexTHOi 0OpoOKM BHPOOIB i3 MarepialiB, CXHJIBHHX JO
BTpaTH SKOCTI MOBEPXHEBOTO IIapy Jetayeid. Po3pobieHa cucTtema MiITPUMKH MPUHHATTS pilleHb IS MiIBUIIEHHS eQeKTHBHOCTI
YIpaBIIiHHA IpoliecoM (iHinTHOT 00pOOKH.
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