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KAPITEL 1/ CHAPTER 1
PHYSICO-CHEMICAL FUNDAMENTALS OF SYNTHESIS OF BINDING
MATERIALS FROM ORTHOPHOSPHORIC ACID AND INORGANIC

SALTS OF METALS
PIBUKO-XIMIYHI OCHOBHY CHUHTE3Y 3B’S3YBAJIBHUX MATEPIAJIIB I3
OPTOD®OCHOPHOI KUCJIOTU TA HEOPTAHIYHUX COJIEM METAJIIB

DOI: 10.30890/2709-2313.2021-07-08-015

1.1. Modern scientific issues of creation and use of binders

Binders are used in many fields of technology, such as construction, chemical,
paint and varnish, mechanical engineering and instrumentation. They have also found
their purpose in the medical and food industries. At the same time, metallurgy,
foundry production and production of refractories have a significant advantage in
terms of specific consumption of binders [1-4].

According to official data, today it is necessary to use 7...8 tons of auxiliary
(molding) materials for the production of one ton of foundry products, part of which
are binders [1, 5-8]. Prospects for the development of foundry production and
mechanical engineering, which in many countries of the world form the main part of
the state budget and regulate economic processes, depend on their properties, quality,
and environmental friendliness.

Since the early 90’s of the twentieth century, the leading place in foundry
technology has been occupied by sand-resin molding and core mixtures of both cold
and thermal hardening. Binders in them are urea, phenol-formaldehyde and furan
resins [1, 2, 5]. In many countries around the world, the production of resin binders
has been discontinued due to high environmental threats to the components (phenol,
formaldehyde, furfural, etc.). Therefore, recently the search for new technical
solutions based on the use of inorganic binders has become relevant.

One of the main directions in the search for new inorganic binders is the study of
phosphate materials. They are a large group of compounds that can be obtained in
finished form or by chemical synthesis from non-deficient and environmentally
friendly components. The problems of creating phosphate binders were studied by
prominent scientists: W. D. Kingery [9], D. Wygant [10], V. F. Zhuravlyov [11],
M. M. Sychov [12], L.G. Sudakas [13, 14], V.A. Kopeikin [4] and others.
Investigations of molding and core mixtures with binder components were carried out
in the works of Yu. P. Vasin [15], E. S. Gamov [16], S. S. Zhukovsky [17],
I. E. Illarionov [18, 19], S. P. Doroshenko [20].

The scientific basis for the synthesis of phosphates from oxide materials is quite
clear, but not fully disclosed in some areas. This hinders the development of new
types of binders, particularly for molds and cores. To date, there is no description of
the laws of physicochemical processes of interaction of orthophosphoric acid with
inorganic salts of sulfuric, hydrochloric, nitric, carbonic and other acids. There are no
regularities in the formation of phosphates of active metals (elements of groups I and
IT of the periodic table), which have binding properties, there is no data on the
dynamics of their transformations during heating. Information on the mutual

MONOGRAPH 8 ISBN 978-3-949059-44-5
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conversions of phosphates and sodium polyphosphates and the comparison of their
binding properties is fragmentary.

1.2. The aim and objectives of the study

The aim of the study is to establish the laws of physicochemical interaction of
the most common inorganic metal salts with orthophosphoric acid and to study the
binding properties of synthesized products.

Research objectives:

1. Qualitative analysis of the processes that occur during the interaction of
orthophosphoric acid with inorganic metal salts.

2. Calculation and analysis of thermodynamic parameters of orthophosphoric
acid interaction processes with inorganic metal salts at different temperatures.

3. Establishing the influence of side physicochemical processes (hydration,
dehydration, hydrolysis, thermal decomposition) on the interaction of inorganic salts
with orthophosphoric acid.

4. Establishment of phase and mineralogical composition of products
synthesized in the studied systems.

5. Research of the binding potential of synthesized products by determining the
strength of samples based on granular quartz filler.

6. Research of the dynamics of transformations of synthesized phosphate binders
components when heated to 1000 °C.

1.3. Method of experiments and calculations

Binders based on a combination of inorganic metal salts and orthophosphoric
acid have not yet been developed. The general chemical scheme by which this
process could take place, in a simplified form can be represented as follows:

MGX(AR)y + H3PO4 = Me3(PO4)y + HX(AR),
or MGX(AR)Y + H3PO4 = Me3(PO4)y : I]Hzo + gas, (1)

where Me — metal;
AR — acid residue;
X, y — valence of acid residue and metal.

The most common acid residues are SO4; SO;; NOs; Cl, as well as PO,.
Phosphates Me3(POs)y or their crystal hydrate form Mes;(POs), nH,O, usually have
binding properties.

Acid H3PO, is weaker than H,SO4; H,SOs; HCI; HBr and HNOs, and from this
point of view the passage of reactions (1) is impossible.

If an insoluble salt or gaseous product is formed in the right part of the reaction,
the weak acid can displace the strong one from its salts, provided that the strong acid
salt 1s water-soluble.

Phosphates are mostly insoluble, with the exception of sodium phosphate and,
according to some data [21], sparingly soluble magnesium phosphate. Therefore, the
probability of exchange reactions (1) exists. After that their thermodynamic

MONOGRAPH 9 ISBN 978-3-949059-44-5
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possibility comes to the fore.

The thermodynamic possibility of interaction of orthophosphoric acid with
inorganic metal salts was evaluated by the calculated values of the isobaric-
isothermal potential (Gibbs energy) for each chemical reaction. The reaction potential
was determined at different temperatures from 20 to 300 °C, or from 293 to 573 K.

Two formulas can be used to find the isobaric-isothermal reaction potential
when the temperature rises. The first of them takes into account the dependence of
heat capacity on temperature (using virial coefficients a, b, c¢). However, these
coefficients for the vast majority of reagents (including aluminum salts) are not listed
in the literature [22-24 and others]. In addition, the heating of the samples in our case
is relatively insignificant, and therefore the dependence of heat capacity on
temperature can be neglected. Based on this, the formula is used in the calculations:

T

_ 0 0 0 0

AGy = AH e =T - Sy + AC, (T =298)-AC, T lnﬁ, @
where 20T _ change of isobaric-isothermal potential (Gibbs energy), J/mol;
AI_Ig98

— standard enthalpy, J/mol;
T — temperature, K;
S _ standard entropy, J/(mol-K);

AC, _ heat capacity, J/(mol-K).

Based on the results of calculations, a conclusion was made about the
thermodynamic probability of the studied reactions.

Cylindrical specimens (Fig. 1) with a diameter and height of 50 mm were made
to assess the binding potential of the synthesized phosphate or complex materials.
Such samples are a standard test for the strength of molding and core mixtures in
foundry production.

Fig. 1 — Standard cylindrical sample for compressive strength test

The mixture from which the samples were made, included a granular quartz
filler, the particle size distribution of which is shown in table 1.

MONOGRAPH 10 ISBN 978-3-949059-44-5
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Table 1 — Particle size distribution of quartz sand

The size of
uartz =y 5 116 |1.0]0.63| 04 | 0315] 02 | 0.16 | 0.1 | 0.063 | 0.05 |<0.05
particles,
mm
Perci}“age’ 0.000[00[25]|109]| 157 | 363|215 85 | 31 | 05| 1.0
0

Samples were made from mixtures according to the following two options:

1. Granular quartz filler (92.0% by weight), orthophosphoric acid (3.0% by
weight), inorganic metal salt (3.0% by weight), water (2.0% by weight) — the graphs
show as "acid + name of inorganic salt".

2. Granular quartz filler (90.0% by weight), pre-prepared binder composition
(5.0% by weight) and water (5.0% by weight) are shown on the graphs as "binder
composition". This name refers to a dry composition prepared by pre-mixing 1 mass
part of orthophosphoric acid and 5 mass parts of inorganic metal salt, followed by
exposure for 1 hour at a temperature of 200 °C (473 K).

Technical orthophosphoric acid in the form of an 85% solution was used in all
experiments.

The compressive strength of the samples was determined on a specialized unit
"VC-700" after exposure to 24 hours at normal temperature and after drying for
1 hour at temperatures from 100 to 200 °C (from 373 to 473 K). In some cases, after
the analysis of physicochemical processes, additional experiments were performed at
temperatures up to 300 °C (573 K).

Strengths less than 1.0 MPa were considered unsatisfactory, as this is not enough
for any practical application.

1.4. Qualitative analysis of the chemical interaction of inorganic salts with
orthophosphoric acid

To conduct a qualitative study, inorganic metal salts in the amount of 5 mass
parts with orthophosphoric acid in the amount of 1 mass part were mixed. The total
weight of each sample was 20 g.

To the thus obtained samples were added 5 ml of water to convert them to a
liquid state, and then monitored the behavior of the compositions at normal
temperature for 5 hours.

Similar portions of each mixture were subjected to pre-heat treatment
(150... 200 °C or 423...473 K). Then 5 ml of water was added and the behavior of
each of them at normal temperature for 5 hours was studied.

The results of the observations are presented in table 2. The hardening of the
compositions was determined visually as well as with a sharp object (their
conditional strength was controlled with a needle with a diameter of 1 mm). If the
sample remained wet or became crumbly after the water evaporated, the absence of
any binding properties was recorded (0). If the sample did not fall apart, but visually
did not have strength — 1. Low conditional strength was estimated at 2 points,
medium strength — 3 points, high strength — 4 points. High conditional strength — the
sample 1s almost not susceptible to abrasive effects, was rated 5 points.
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Table 2 — The results of the interaction of orthophosphoric acid with inorganic

metal salts

Conditional strength of the
samples after the addition of water

Pos. | The main substance Processes after mixing with
ind. of the sample H3POq4 - a nd CAPPSUIE, SCOTE
in the initial heat treated at
state 423...473 K

1 Li2SO4 without visible reaction 0 1
2 | NayS0Os; gas evolution, pungent odor 1 4
3 | NaxS:0s5 gas evolution, pungent odor 1 4
4 | NaxS,0g gas evolution, pungent odor 0 1
5 | MgSO4- 7TH20 without visible reaction 0 1
6 | Al(SO4)3-18H0 without visible reaction 0 1
7 | CoSO4" TH20 changed the color to burgundy 0 1
8 | FeSO4 - TH>O without visible reaction 0 1
9 | MnSO4- 5H>O without visible reaction 0 2
10 | KCI without visible reaction 0 1
11 | KBr without visible reaction 0 2
12 | NaCl without visible reaction 0 3
13 | CaClz - 4H>O heating, pungent odor 0 3
14 | MgCly-6H20 without visible reaction 0 1
15 | MnCl; - 4H,O pungent odor 1 4
16 | NiClh - 6H>O gas evolution, pungent odor 0 1
17 | BaCl, without visible reaction 0 1
18 | NaNOs without visible reaction 0 1
19 | Ca(NOs3), - 4H,O without visible reaction 2 5
20 | AI(NO3)3 - 9HO without visible reaction 0 1
21 | Sr(NO3)2 without visible reaction 0 1
22 | Ba(NO3)2 without visible reaction 0 1
23 | LioCOs active reaction 0 1
24 | NaxCOs3 active reaction 1 1
25 | NaHCO3 active reaction 1 1
26 | CaCOs slight heating 2 1
27 | BaCOs without visible reaction 1 1

1.5. Synthesis of phosphate binders using sulfuric acid salts

Sulfuric acids are stronger than orthophosphoric acid, and therefore from a

chemical point of view, only those reactions are possible, as a result of which
insoluble phosphates are formed. The materials used in this work are salts of various
acids: sulfuric H,SO4, H,SO;, and mixed or complex salts with anions (S0O,S0s),
(S205).

Salts of sulfuric acid are subject to hydrolysis by anion. Many sulfates have

stable crystal hydrate forms. These factors are taken into account when analyzing the
processes in the studied systems.

Thermodynamic calculations for chemical reactions of orthophosphoric acid

interaction with a number of sulfate salts are performed and their results are analyzed.
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The following reactions (2)...(4) were analyzed for lithium sulfate Li>SOs.
Thermodynamic characteristics of the reactions are shown in Fig. 2 (a):

3 L1,SO4 + 2 H3PO4 — 2 L1sPO4 + 3 H,O T+ 3 SO; 1 (2)
LizSO4 + H3PO4 — L12HP04 + Hzo T + SO3 T (3)

LizSO4 +2 H3PO4 —2 L1H2P04 + Hzo T + SO3 T (4)

] 500 R n; 03 /=

g; 400 _— % 02 /

§ =~ : S

£ o T ey

§ 20,1 /-

g 100 * \*\\. § //O//O/

]
a
o

300 350 400 450 500 550 600

Temperature, K
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Fig. 2 — Gibbs energy change in the range from 293 to 573 K for the
reactions of interaction of lithium sulfate with orthophosphoric acid (a) and
the compressive strength of samples (b)

Lithium sulfate is not prone to hydration and hydrolysis. Therefore, no other
processes can occur except reactions (2)...(4). It is thermodynamically established
that these reactions are impossible (Fig. 2, a), and, consequently, the phosphate
binder is not formed in this system. This is also confirmed by the data of the previous
experiment (see Table 2). Hardening of the mixture with this system almost does not
occur (Fig. 2, b).

However, the numerical strength of the samples indicates that the binder in the
mixture is still present. There are two reasons for this. First, lithium sulfate has its
own binding capacity. Secondly, orthophosphoric acid interacts with quartz (filler
mixture) when heated. This has been confirmed by the authors [4, 14], in particular in
our publications [25-27]. However, heating up to 573 K is required for the interaction
of the acid with quartz, so the formation of silicon phosphate in this case is only
partial. Therefore, the strength of the investigated samples is due to lithium sulfate
and partly silicon phosphate. However, the result of 0.3 MPa is obviously
insufficient.

Reactions (5)...(7) were analyzed for sodium sulfite Na»SQOs;. The
thermodynamic characteristics of these reactions are shown in Fig. 3 (a).

3 Na,SO; + 2 H;PO4 — 2 NazPO4 + 3 H,O 1+ 3 SO, 1 (%)
Na,SO; + H;PO4 — Na,HPO, + H,O 1 + SO, 1 (6)
Na,SO; + 2 H;PO4 — 2 NaH,PO4 + H,O 1T + SO;? (7)

Sodium sulfite i1s a salt of sulfuric acid that is slightly stronger than
orthophosphoric acid. It is thermodynamically established that the chemical reaction
of sodium phosphate formation is possible at any temperature, including under
normal conditions. A previous experiment (see Table 2) showed the release of gas
with a pungent odor. According to official sources, it is SO,. Thus, the main process
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in the system is the formation of sodium phosphate.
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Fig. 3 — Gibbs energy change in the range from 293 to 573 K for the reactions
of sodium sulfite with orthophosphoric acid (a) and compressive strength of
samples (b)

However, a satisfactory strength index could not be achieved (Fig. 3, b).
Complete conversion of sodium sulfite to its phosphates in the first sample (acid +
sodium sulfite) is possible, taking into account the mass ratios of chemical reactions
(5)...(7). This should form a mixture of acidic sodium phosphates with a small
amount of trisubstituted orthophosphate. These compounds provide an increase in
strength in Fig. 3 (b). The effect of temperature is explained by the fact that the
curing of the composition with water-soluble sodium phosphates requires the removal
of moisture. In the second sample (binder composition), the maximum amount of
sodium sulfite that can react is 37%, the rest remains in the original state. The
strength of the samples is much lower, because they are dominated by sodium sulfite,
rather than its phosphates.

Sodium pyrosulfite Na»S:0s is a mixed salt of sulfuric acids (H,SO4, H,SO3). It
is less stable and emits SO, gas when heated to 338 K, melts at 423 K and
decomposes completely at 575 K [28]. There are no reliable data on the
thermodynamic characteristics of sodium pyrosulfite, so no analysis of its chemical
reactions with orthophosphoric acid was performed.

According to the previous experiment (see Table 2), the evolution of gas in the
process of mixing this salt with acid indicates the passage of a chemical reaction,
which results in the formation of one of the sodium phosphates. Significant hardening
of the samples (Fig. 4), compared with the samples of the second sample, in which
there is a significant amount of residual sodium pyrosulfite, confirms the formation of
sodium phosphates.

Similar processes, according to sample observations (see Table 2), occur in the
system with sodium persulfate Na,S,0s. It 1s a salt of sulfuric acid, but less stable
and prone to decomposition. However, the decomposition apparently occurs only
partially (before the formation of ordinary sodium sulphate Na,SO4). Since data on
the thermodynamic parameters of sodium persulfate are also not available, it is not
possible to analyze the Gibbs energy change for its reactions with acid. Indirect
evidence of the formation of sodium phosphates in this system are the results
obtained in Fig. 5.

MONOGRAPH 14 ISBN 978-3-949059-44-5



Prospektive globale wissenschaftliche Trends ‘ 2021

3

N
N 3]

/

| —O—

-

Compressive strength, MPa
5]

I
3

—O
A

300 350 400 450 500

Temperature, K

(=]

N
8

—e—Acid + sodium pyrosulfite —0—Binder composition

Fig. 4 — Dependence of compressive strength of samples of a mixture with
orthophosphoric acid and sodium pyrosulfite on temperature

25

2 SN

<
o
=
£
(=]
S 15
K / \o¥ l;
2
2 4
0
e
£ /
g 05 //
o
0 A e
250 300 350 400 450 500

Temperature, K

—e— Acid + sodium persulfate —O—Binder composition
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The process of phosphate formation occurs at a temperature of about 473 K,
because this temperature compared to others provides a significant strengthening of
the samples. The second sample consists of a binder composition treated at 473 K.
It obviously contains water-soluble sodium phosphates. Hardening of the sample is
due to the removal of moisture at a temperature of 373...423 K.

Reactions (8) and (9) were analyzed for magnesium sulfate MgSOj.
Thermodynamic characteristics of the reactions are shown in Fig. 6 (a).

3 MgSO4 + 2 H;PO4 — Mg3(PO4)2 + 3 H,O + 3 SO, T (8)
3 [MgSO4 . 7H20] + 2 H;PO4 — Mg3(PO4)2 + 24 H,O + 3 SO T(9)

Magnesium sulfate is a salt of a strong acid. Crystalline heptahydrate magnesium
sulfate was used in the research. At a temperature of 473 K and more, as shown in the
graphs in Fig. 6 (a), it must interact with orthophosphoric acid by reaction (9). Since
this salt is not subject to hydrolysis and has a high thermal stability (decomposition
temperature 1410 K) [28], this system really should form a phosphate binder
component. These conclusions are confirmed by the properties of the samples of the
mixture. The figures are very low up to a temperature of 473 K. The samples have a
strength of 2.1 MPa when it is reached (Fig. 6, b).
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Fig. 6 — Gibbs energy change in the range from 293 to 573 K for the reactions
of interaction of magnesium sulfate with orthophosphoric acid (a) and
compressive strength of samples (b)

The mass ratio of components for chemical reaction (9) and reactions of
formation of acidic magnesium phosphates is analyzed, since the probability of their
formation is also high:

MgSO4 - TH,O + H;PO4 — MgHPO4 + & H,O + SO; T (10)
MgSOy - 7TH,0 + 2 HiPOs — Mg(HoPOu), + 8 RO + 8Os 1 (11)

The mass ratio of magnesium sulfate to acid in reaction (9) is 3.2:1, in
reaction (10) — 2.15:1, in reaction (11) — 1.05:1. Thus, in the first sample, the ratio is
closest to the formation of monosubstituted magnesium phosphate Mg(H,POs)s.
According to researchers [10-14], acidic phosphates of metals have a much higher
binding potential.

The mixture with the binder composition does not provide sufficient strength.
First, this is due to the fact that it has already undergone a partial conversion of
magnesium sulfate to phosphate. Magnesium phosphate is poorly soluble in water
and therefore does not form adhesive bonds when mixed with quartz filler. Second,
the estimated amount of magnesium sulfate that reacted is not more than 64%, and
the rest is residual magnesium sulfate. The calculation also shows that trisubstituted
magnesium phosphate is formed in this sample. Its binding potential is much lower,
which leads to a much lower value of strength (Fig. 6, b).

Comparison of thermodynamic data (Fig. 6, a) and the results of control of the
strength of samples (Fig. 6, b) lead to a fundamental scientific conclusion: It has
been established that the replacement of a strong acid salt with its crystal
hydrate analogue can be a theoretical basis for the synthesis of a phosphate
binder.

Reactions (12)...(13) were analyzed for cobalt sulfate CoSQ4. Thermodynamic
characteristics of the reactions are shown in Fig. 7 (a).

3 CoSO4 + 2 H3PO4 — Co03(POy4) 2 +3 H,O 1 +3 SO3 1 (12)
3 [COSO4 : 7H20] + 2H3PO4—>C03(PO4)2 + 24H20T + 3SO3T (13)
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Fig. 7 — Gibbs energy change in the range from 293 to 573 K for the reactions
of interaction of cobalt sulfate with orthophosphoric acid (a) and compressive
strength of samples (b)

Cobalt sulfate is a much less stable chemical compound than the sulfates
previously discussed. Heptahydrate cobalt sulfate at 314...316 K turns into
hexahydrate, at 344 K — into monohydrate and in the range of 523...693 K
completely loses crystal hydrate water [29]. In addition, cobalt sulfate is prone to
cation hydrolysis. This can result in the formation of cobalt hydroxide, which is also
able to react with acid.

The thermodynamic possibility of reactions has been proven with any form of
cobalt sulfate. According to the graphs in Fig. 7 (a), the interaction can begin as early
as 373...423 K. As a result, insoluble in water cobalt phosphates can be formed —
anhydrous, octagonal (there is up to 413 K) dihydrate (there is up to 873 K). These
phosphates are purple, and this is the color of the sample of the binder and samples of
the core mixture.

Additionally, the chemical reactions of formation of cobalt acid phosphates were
analyzed and it was established that for reaction (13) the ratio of cobalt sulfate to acid
should be 3.65 : 1, for reaction (14) —2.45 : 1, for reaction (15) — 1.21 : 1.

CoSOy4 - 7TH,0O + H3PO4 — CoHPO4 + SHQOT + SO3T (14)
CoSOy4 - 7TH,0O + 2H;3PO4 — CO(H2P04)2 + 8H20T + SO3T (15)

After analyzing the chemical reactions of heptahydrate cobalt sulfate with
orthophosphoric acid, it was found that in the first sample (acid + cobalt sulfate) the
conversion of sulfate to cobalt phosphate can be completed, and in the second sample
(binder composition) only 73% of sulfate can react. Acidic phosphates are formed, so
they have increased binding capacity. However, the overall strength remains low.

Reactions (16)...(17) were analyzed for ferrous sulfate FeSQs. The
thermodynamic characteristics of these reactions are shown in Fig. 8 (a).

3 FeSO4 + 2 H3PO4 — Fe3(PO4), + 3 H,O 1 +3 SO3 1 (16)
3 [FeSO4 - 7 H,O] + 2 H3sPO4 — Fe3(PO4), + 24 H,O 1+ 3 SO3 1 (17)

Ferrous sulfate is used in crystal hydrate heptahydrate form. Thermodynamic
analysis showed that none of the reactions of formation of iron phosphate from its
sulfate is possible. Even significant heating (573 K or more) will not contribute to the
formation of the binder component in this system. However, ferrous sulfate can be
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hydrolyzed by the cation to form hydroxosulfate [Fe(OH)],SO4 or even hydroxide
Fe(OH), [28]. In a mixture containing water, this process is possible. Iron hydroxide,
in turn, can react with orthophosphoric acid to form iron phosphate.
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Fig. 8 — Gibbs energy change in the range from 293 to 573 K for the reactions
of interaction of ferrous sulfate with orthophosphoric acid (a) and
compressive strength of samples (b)

It is obvious that in the temperature range of 423...473 K such a chemical
process of interaction of the formed iron hydroxide with acid takes place, which
ultimately provides high strength (Fig. 8, b). The calculation of the mass ratios of the
components, taking into account the reaction of hydrolysis of ferrous sulfate (18) and
subsequent formation of phosphates (19)...(21), showed that in the first sample
(acid + ferrous sulfate) in excess acid (less than 80% acid reacts), and in the second
sample (binder composition) there is an excess of iron sulfate (no more than 72% of it
reacts).

FCSO4 -7 HzO — FC(OH)z + Hz SO4 T +5 Hzo (18)
3 FC(OH)Z + 2 H;PO4 — FC3(PO4)2 + 6 H,O (19)

FC(OH)Z + H;PO4 — FeHPO, + 2 H,O (20)
FC(OH)Z +2 H3PO4 — FC(H2P04)2 +2 HzO (21)

The relatively low strength of the pre-prepared binder composition is due to the
fact that all ferrous phosphates are insoluble in water and do not provide the
formation of adhesive bonds with the quartz filler. In addition, trisubstituted iron
phosphate has a lower binding potential compared to acidic phosphates, the formation
of which is typical for the first mixture, the strength of which is much higher (Fig. 8,
b).

Comparison of thermodynamic data from Fig. 8 (a) and the results of the
strength control of the samples (Fig. 8, b) lead to another fundamental conclusion: It
has been established that salts of strong acids and transition metals can interact
with orthophosphoric acid in a stepwise scheme — hydrolysis by cation with
subsequent formation of phosphates, which is the scientific basis for the
synthesis of phosphate binders.

Reactions (22)...(23) were analyzed for manganese sulfate MnSQs.
Thermodynamic characteristics of the reactions are shown in Fig. 9 (a).

3 MnSO, + 2 H;PO4 — Mn3(PO4)2 + 3 H,O T + 3 SOs T (22)
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3 [MI’ISO4 5 HZO] +2 H3PO4 — Mn3(PO4)2 + 18H20 T + 3SO3 T (23)

Manganese sulfate is used in the crystal hydrate pentahydrate form. This salt
also cannot thermodynamically react with orthophosphoric acid. However, it, like
ferrous sulfate, is hydrolyzed to form Mn(OH), hydroxide by the reaction:

MnSO; - 5 H,O — Mn(OH), + H, SO4 1 + 3 H,0 (24)

Manganese hydroxide, in turn, is able to interact with orthophosphoric acid and
form phosphates. Manganese phosphates are water-soluble (especially
monosubstituted Mn(H,PO,),). In addition, they are more prone to hydration. This is
indicated by the fact that in the previous experiment (see Table 2) the sample with
manganese sulfate has a higher conditional strength than the sample with ferrous
sulfate.
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Fig. 9 — Gibbs energy change in the range from 293 to 573 K for the reactions
of interaction of manganese sulfate with orthophosphoric acid (a) and
compressive strength of samples (b)

Mixtures with a binder composition have better strength than with individual
components (Fig. 9, b). After aging in the oven, the composition changed its color
from pink, inherent in manganese sulfate, to light gray. Apparently, acidic manganese
phosphates have formed here, which have a high binding potential. However, the
recalculation of the mass ratios for the hydrolysis reactions and the subsequent
formation of phosphates (25)...(27) indicates that no more than 62% of manganese
sulfate will react.

3 MH(OH)Q + 2 H;PO4 — M1’13(PO4)2 + 6 H,O (25)
Ml’l(OH)z + H3;PO4s — MnHPO, + 2 H,O (26)
Ml’l(OH)z +2 H3PO4 — MI’I(H2PO4)2 +2 HzO (27)

A significant amount of manganese sulfate remains in the sample, which
obviously has a better binding capacity than phosphate, and therefore provided a
higher strength index. This is indicated by the fact that the strength of the mixtures
with the first sample is less. According to the calculation of mass ratios in this case,
manganese phosphate is completely formed.

The following reactions (28)...(29) were analyzed for aluminum sulfate
Al2(SOs4)3. Thermodynamic characteristics of the reactions are shown in Fig. 10 (a).

Alz(SO4)3 + 2 H;PO4 — 2 AIPO4 + 3 H,O T + 3 SO; T (28)
AL(SO4)s - 18H,0 + 2 HyPO, — 2 AIPO4 +21 HLO 1 +3S05 1 (29)
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Fig. 10 — Gibbs energy change in the range from 293 to 573 K for the
reactions of interaction of aluminum sulfate with orthophosphoric acid (a)
and compressive strength of samples (b)

Aluminum sulfate is used in the form of eighteenhydrous crystal hydrate. It was
found that, as for other sulfate materials, the crystal hydrate is more active, and this
activity depends on the number of moles of water. Anhydrous aluminum sulfate
cannot react with orthophosphoric acid in the considered temperature range.
Eighteenhydrous sulfate is able to interact when heated in the range of 423...473 K.
In addition, aluminum sulfate is prone to hydrolysis by cation, which results in the
formation of hydroxide AI(OH)s;. Such hydroxide at a temperature of about 373 K
can react with acid. This is the basis for the preparation of well-known aluminum-
phosphate and other complex binder components [3, 4, 14, 30, 31].

In the temperature range 423...473 K the samples of the mixture are harden.
Regardless of the method of preparation, approximately the same result is achieved.
From the analysis of Fig. 10 (b), it should be assumed that the strength of the
mixtures can be determined by both sulfate and phosphate of aluminum, because the
strength of mixtures with both samples gives the same results.

X-ray phase analysis was performed to determine the composition of the
products of interaction between the components. The object of the research is a
composition of 10 mass parts of aluminum sulfate Al,(SO4); - 18H,0O and 1 mass part
of orthophosphoric acid. After mixing, the sample was kept in an oven at 473 K for 1
hour. The diffractogram of the composition is shown in Fig. 11.

A number of new phases have been identified in the composition. In particular,
the actual aluminum sulfate Al>(SO4); - 16.4H,0 was identified, which differs from
the original sulfate Al,(SO4); - 18H,O by the number of moles of crystal hydrate
water. Two types of phosphates and aluminum hydroxide were also found. Therefore,
the role of the binder component here is obviously performed by both aluminum
phosphates and its sulfate, which predominates in the sample.

Based on the obtained results, the analysis of the kinetics of transformations that
led to the formation of the specified phase composition was performed.

At the first stage there was a partial decomposition of crystal hydrate aluminum
sulfate. In article [32] all forms of existence of crystal hydrates of this salt are
investigated and it is shown that 16.4-hydrous sulfate really exists, and separation of

18 moles of crystal hydrate water occurs gradually in a wide range of temperatures —
from 356.5 K to 713 K.
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Fig. 11 — X-ray phase analysis of the composition of eighteenhydrous aluminum
sulfate (10 mass parts) with orthophosphoric acid (1 mass part) after heat
treatment at 473 K

In our case, the chemical reaction is as follows:
2AL,(S0,), -18H,0 = AL,(SO,), -16,4H,0+ 24I(OH), + 350, +1,6 H,0 (30)

Using the molar masses of the components, it can be calculated that the
decomposition of 1332 mass parts of 18-hydrous sulfate produces 637 mass parts of
16.4-hydrous sulfate and 210 mass parts of aluminum hydroxide.

Thus, it is scientifically established that in the systems of sulfates of transition
metals with orthophosphoric acid the formation of intermediate phases
(hydroxides) is possible not by hydrolysis reactions, but due to partial thermal
compounds that form phosphates at relatively low (423...473 K) temperatures.

Aluminum sulfate does not interact with orthophosphoric acid, as established
thermodynamically. However, the hydroxide can interact with it at a temperature of
363...383 K. The binders in the test sample are formed by reactions:

AZ(OH)3+H3P04 —)AIP04+3H20 (31)
AI(OH), +3H,PO, — AI(PO,), +6H,0 (32)

In the sample, the mass ratio of aluminum sulfate to acid is 10 : 1. Returning to
the reaction (30), we find that we have 1332 mass parts of 18-hydrous sulfate account
for 133 mass parts of acid, and taking into account its concentration — 112 mass parts
of H3PO4. To complete the reaction (31) on 105 mass parts of hydroxide, 98 mass

parts of H;PO, are required. Therefore, the maximum amount of hydroxide that could

105-£=120

react: 98 mass parts. At the same time there were 210 — 120 = 90 mass
parts of hydroxide. Also by this reaction, the amount of aluminum orthophosphate
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122-12—():140

formed from 120 mass parts of aluminum hydroxide: 105 mass parts.

After transformations (30) and (31), the sample must contain 637 mass parts
(or 73.5%) of 16.4-hydrous aluminum sulphate, 90 mass parts (or 10.4%) of
aluminum hydroxide, 140 mass parts (or 16.1%) of aluminum orthophosphate.

In fact, two different phosphates were formed in the sample, so the reaction (32)
should be analyzed. For its full implementation, 105 mass parts of hydroxide require
297 mass parts of acid, and taking into account its concentration — 350 mass parts of

H3;PO4, and we have only 133 mass parts of H;PO,4. Therefore, only a part of the

105-£:40

hydroxide could react: 350 mass parts. This left 210 — 40 = 170 mass parts
of aluminum hydroxide. Also by this reaction instead of 264 mass parts of aluminum

264-£=100

metaphosphate, formed from 40 mass parts of hydroxide: 105 mass parts of
aluminum metaphosphate AI(PO;)s.

After transformations (30) and (32), the sample must contain 637 mass parts
(or 70.2%) of 16.4-hydrous aluminum sulphate, 170 mass parts (or 18.7%) of
aluminum hydroxide, 100 mass parts (or 11.0%) of aluminum metaphosphate.

The calculated composition of the sample is very close to that determined by
phase analysis, so the analyzed chemical processes (30)-(32) fully reflect the
formation of the binder in this system. Since the binder contains two types of
inorganic salts, it should be assigned to a new class — phosphosulfate binder.

In order to study the dynamics of transformations of this binder component
during heating, a differential thermogravimetric analysis of the same sample was
performed (Fig. 12).
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Fig. 12 — Differential thermogravimetric analysis of the composition of
aluminum sulfate (10 mass parts) with orthophosphoric acid (1 mass part) after

exposure at heat treatment of 473 K

Aluminum crystalline sulfate is gradually losing moles of bound water. This
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process is two- or even three-stage (the graph shows two large endothermic effects
and one effect with a small intensity of about 300 °C). In general, the process is
expressed by the equation:

AL,(S0,), - 16,4H,0 — AL,(S0,), +16,4H,0 1 (33)

According to the molar ratios of the components, we see that 637 mass parts of
crystal hydrate sulfate forms 342 mass parts of anhydrous sulfate and 297 mass parts
of H,O. Given the phase composition of the investigated sample, in our case
780 mass parts of crystal hydrate aluminum sulfate forms 417 mass parts of
anhydrous sulfate and 363 mass parts of H,O. The release of H,O from the total mass
of the sample is 36.3%, and the total weight loss in Fig. 12 in the range up to 300 °C
14.7% + 13.3% + 3.3% = 31.3%, which is close to the calculated data.

Significant endothermic effect at a temperature of 865 °C is associated with
thermal destruction of aluminum sulfate:

AL(SO,), = ALO, +350, 1 (34)

According to [33], this process should take place at a temperature of 580 °C. In
our case, the binder is complex — phosphosulfate. Aluminum phosphate acts as a
mineralizer, which significantly increases the decomposition temperature of the
sulfate component.

According to the material balance of reaction (34) from 102 mass parts of
aluminum sulfate should be formed 102 mass parts of aluminum oxide and should be
released 240 mass parts of SOs. In our sample, 417 mass parts of sulfate form
124 mass parts of Al,O3 and 293 mass parts of SO;. The weight loss for the removal
of the gaseous product is 29.3%, according to the DTG curve — 31.5%, this confirms
the reaction (34).

Therefore, this system has been fully investigated and it has been established
that binder is formed not by direct interaction of aluminum sulfate with acid, but due
to the formation of aluminum hydroxide. It is a by-product of the partial
decomposition of sulfate when heated.

Decomposition during heating of the binder component (aluminum sulfate) will
lead to a significant decrease in strength at temperatures above 800 °C. The
researched system is not suitable for use in refractory concretes, furnace linings and
similar areas. However, the unique property of losing strength after heating makes it
promising for molds and cores, because after pouring and crystallization of the metal
should reduce the strength (ideally to zero) in order to reduce the work of removing
castings from molds and cores from castings.

1.6. Synthesis of phosphate binders using salts of halogen acids

Halogen acids are stronger than orthophosphoric acid. This makes it impossible
to chemically react this acid with halogen salts at normal temperature. However,
thermodynamic calculations confirmed the possibility of phosphate formation when
heated.

Reactions (35)...(37) were analyzed for potassium chloride KCIL
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Thermodynamic analysis of reactions is shown in Fig. 13 (a).

3 KCI + H3PO4 — K3PO4 + 3 HCI T (35)
KCI + H3PO4 — KH2P04 + HCI T (37)
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Fig. 13 — Gibbs energy change in the range from 293 to 573 K for the
reactions of interaction of potassium chloride with orthophosphoric acid (a)
and compressive strength of samples (b)

The most probable from a thermodynamic point of view is the formation of
monosubstituted potassium orthophosphate by reaction (37), which can occur starting
from a temperature of 473 K. Potassium chloride is not prone to hydrolysis, so we do
not consider this possibility. Only direct chemical interaction in this system is
possible. Analysis of the mass ratios of the reagents showed that in the first sample
(acid + potassium chloride) due to excess acid should be formed acid phosphates by
reactions (36) and (37). In the second sample (binder composition) with an excess of
potassium chloride, the formation of phosphates is incomplete, and a maximum of
39% of the total amount of KCl reacts.

It has been experimentally confirmed that samples with H;PO4 and potassium
chloride at a temperature of 473 K have high mechanical properties (Fig. 13, b). In
the second sample, the strength is about twice as low due to excess potassium
chloride, although it also reaches a minimum sufficient level of 1 MPa. Analysis of
the data in Fig. 13 (a) showed that a temperature of 473 K is obviously sufficient for
the formation of monosubstituted potassium phosphate. This temperature is not
enough for the synthesis of other types of potassium phosphates. This position is
confirmed by the results obtained in an additional experiment. The strength of the
samples in the experiment was determined at temperatures exceeding 473 K (Fig.
14). The highest strength of the samples is observed in the temperature range
513...543 K.

Thus, a scientific conclusion is formulated: In the system of potassium
chloride and a number of other halogen salts (as confirmed below) with
orthophosphoric acid, phosphate synthesis occurs by simple metabolic reactions,
the possibility of which is determined solely by thermodynamic factor and
heating temperature. This result has not previously been achieved in
orthophosphoric acid systems with compounds of group I metals due to their very
high chemical activity.
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Fig. 14 — The effect of temperature on the compressive strength of samples of a
mixture with potassium chloride

Reactions (38)...(40) were analyzed for potassium bromide KBr.
Thermodynamic analysis of reactions is shown in Fig. 15 (a).

3 KBr + H;PO4 — K5PO4 + 3 HBr i (38)
2 KBr + H3;PO4 — K,HPO,4 + 2 HBr i (39)
KBr + H;PO4 — KH,PO4 + HBr 1 (40)

Potassium bromide in combination with acid behaves like potassium chloride.
Thermodynamically, the formation of monosubstituted potassium phosphate is most
likely. However, taking into account the mass ratios, it was found that in the first
sample (acid + potassium bromide) there is an excess of acid, which should lead to
the formation of acidic potassium phosphates by reactions (39) and (40). In the
second sample (binder composition), taking into account the excess potassium
bromide, 62% of this salt may react and 38% remains.
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Fig. 15 — Gibbs energy change in the range from 293 to 573 K for the
reactions of interaction of potassium bromide with orthophosphoric acid (a)
and compressive strength of samples (b)

The interaction of potassium bromide with orthophosphoric acid leads to a
significant strengthening of the samples of the mixture (Fig. 15, b). This is a
confirmation of the implementation in the system of synthesis of phosphate binder
component. The difference in the strength of the samples is explained by a more
complete reaction and the formation of acid phosphates in the first sample and also
the presence of residual potassium bromide and the formation of trisubstituted
potassium phosphate in the second sample.
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From the graphs in Fig. 15 it is also obvious that the formation of potassium
phosphates occurs in the temperature range above 473 K, which is confirmed by
additional research. Determined the strength of samples that were made at higher
temperatures (Fig. 16). Thus, the conclusion about the chemical nature of the
formation of the binder in this system due to exchange reactions was confirmed.
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Fig. 16 — The effect of temperature on the compressive strength of samples of a
mixture with potassium bromide

Chemical reactions (41)...(43) were analyzed for sodium chloride NaCl.
Thermodynamic characteristics of the reactions are shown in Fig. 17 (a).

3NaCl + H;PO4 = Na;PO, + 3HCI 1 (41)
2NaCl + H;PO, = Na,HPO, + 2HCI 1 (42)
NaCl + H;PO, = NaH,PO, + HCI 1 (43)
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Fig. 17 — Gibbs energy change in the range from 293 to 573 K for the
reactions of interaction of sodium chloride with orthophosphoric acid (a) and
compressive strength of samples (b)

Reaction (43) is possible when heated to 473 K, for reactions (41) and (42)
requires a higher temperature. The synthesis of sodium phosphates in this system is
also possible. Their formation is indicated by the results of determining the strength
of the samples (Fig. 17, b). In the first sample (acid + sodium chloride), according to
the calculated mass ratios, the formation of all three sodium phosphates is possible. In
the second sample (binder composition), the maximum amount of sodium chloride
that can react is 30%. The low percentage of conversion of sodium chloride to
phosphates leads to low strength of the samples.

Also, according to Fig. 17, it is obvious that temperatures above 473 K leads to
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intensification of phosphate synthesis reactions. Confirmation of this fact was
obtained after conducting research in this temperature range (Fig. 18). The maximum
strength corresponds to a temperature of 573 K.
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Fig. 18 — The effect of temperature on the compressive strength of samples of a
mixture with sodium chloride
The formation of sodium phosphates in the system "sodium chloride —
orthophosphoric acid" was confirmed by X-ray phase analysis (Fig. 19). It was found
that none of the reactions (41)...(43) occurs.
Instead of sodium orthophosphates, sodium trimetaphosphate was formed.
A chemical reaction led to its formation:

3NaCl + 3H;PO4 = Naz;P;09 + 3HCI 1T+ 3H,0 1 (44)

The formation of sodium trimetaphosphate is due to the fact that it occurs in the
temperature range 523...573 K. It is known that at temperatures below 488 K the
most stable is orthophosphoric acid H3PO,, from 488 to 573 K — pyrophosphoric acid
H4P,07, and at 573 K and more — metaphosphoric acid HPO; [14]. Therefore, in a
sample kept at 573 K, the formation of sodium metaphosphate is absolutely logical.
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Fig. 19 — X-ray phase analysis of the composition of sodium chloride (8 mass
parts) and orthophosphoric acid (3 mass parts) after exposure to 573 K
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To pass reaction (44), the mass ratio of sodium chloride to acid should be

176 : 294, and taking into account the acid concentration — 176 :346. In the

experimental sample, the ratio is 8 : 3, or 176 : 66. Therefore, a significant portion of

sodium chloride, which is in excess, does not react and remains in its original form. It
66

76-——=33
is estimated that 346 mass parts of chloride should react. 143 mass parts of
. . 309-28 _ 60 .
chloride (or 70%) should remain, and 346 mass parts (or 30%) of sodium

trimetaphosphate should be formed. This calculated composition completely
coincides with the result of the phase analysis.

Differential thermogravimetric analysis of this sample is presented in Fig. 20.
The thermogram shows two endothermic effects of different intensity. The mass of
the sample in the range up to 800 °C is practically unchanged.
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Fig. 20 — Differential thermogravimetric analysis of the composition of sodium
chloride (8 mass parts) and orthophosphoric acid (3 mass parts) after exposure
in the oven at a temperature of 573 K
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The endothermic effect at 553 °C corresponds to the melting of sodium
trimetaphosphate. The endothermic effect at 794 °C is associated with the melting of
residual sodium chloride.

The researched system has low thermal stability. It has low-melting phases.
However, this can be useful for some fields of application. For example, in foundry
cores, the liquid phase formed by the melting of sodium phosphates can help protect
the surface of cast parts from scorching, and the water solubility of sodium
phosphates will ensure easy removal of cores from the internal cavities of cast parts.

The following reactions (45)...(47) were analyzed for calcium chloride CaCl..
Thermodynamic characteristics of the reactions are shown in Fig. 21 (a).
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3 CaCl, +2 H3PO4—>C83(PO4)2 +6 HCIT (45)
CaCl, + H;PO, — CaHPO, + 2 HCI 1 (46)
CaCl, + 2 HsPO, — Ca(H,PO,), + 2 HCI 1 (47)
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g, -50250 %w\%o\‘\ 500 550 600 %0:9
o) - \. o 0 ’_’/2// /-/
—e— Reaction 45 ——Reaction 46 —e—Reaction 47 250 300 asfsmpsraturs,loo “ =
a b

Fig. 21 — Gibbs energy change in the range from 293 to 573 K for the
reactions of interaction of calcium chloride with orthophosphoric acid (a) and
compressive strength of samples (b)

Thermodynamically, the reaction of the interaction of calcium chloride with
orthophosphoric acid is possible even without heating. Table 2 shows that during the
mixing of these reagents there is an active interaction with the release of gaseous
substances that have a pungent odor. This confirms the passage of the reaction
between them.

The mass ratios of the components in the studied samples are such that in the
first (acid + calcium chloride) a mixture of acidic calcium phosphates should be
formed. In the second sample (binder composition) due to excess calcium chloride, it
reacted no more than 48%. The higher strength of the samples with the second test
(Fig. 21, b) 1s due to the presence of residual calcium chloride, which obviously has a
better binding capacity than the formed calcium phosphates. However, the overall
strength in this system is low, so for practical use it can’t be recommended.

The following reactions (48)...(49) were analyzed for magnesium chloride
MgCl,. Thermodynamic characteristics of the reactions are shown in Fig. 22 (a).

The experiment used a crystal hydrate form — hexahydrous magnesium chloride.
The analysis of transformations in this system confirmed the previously formulated
scientific position that crystal hydrate salts are more active against orthophosphoric
acid than conventional ones. The reaction of anhydrous chloride with acid requires
heating above 423 K, and the crystal hydrate can interact when heated below 373 K
(Fig. 22, a). It is possible to form not only trisubstituted, but also two acidic
magnesium phosphates by chemical reactions:

MgClz 6 H,O + 2 H;PO4 — Mg(H2PO4)2 + 6 H,O T+ 2 HCI 1 (51)
3 MgClz +2 H3PO4 — Mg3(PO4)2 + 6 HCI T (48)

MONOGRAPH 29 ISBN 978-3-949059-44-5



Prospektive globale wissenschaftliche Trends ‘ 2021

300

[N

200 ©
2 €16 RN
s 100 =
g 0 Temperature, K g 12
= i »
N ]
>._100250 600 3% 4-(10\ 450 500 550 600 ° /.
< — 2 08
2 0
$ -200 g //\
(2] \ a
A -300 ~ o E 04 N
© o

-400 /

0
500 \. 250 300 350 400 450 500
—e—Reaction 48 —e—Reaction 49 Temperature, K
eaction eaction
—e—Acid + magnesium chloride —O—Binder composition
a b

Fig. 22 — Gibbs energy change in the range from 293 to 573 K for the
reactions of interaction of magnesium chloride with orthophosphoric acid (a)
and compressive strength of samples (b)

The calculation of mass ratios for reactions (49), (50), (51) showed that in the
first sample (acid + magnesium chloride) it is closest to the formation of
monosubstituted phosphate or a mixture of acidic magnesium phosphates. These
phosphates provide hardening of the sample after heating to 423...473 K and
increasing strength, as shown in Fig. 22 (b). Such a temperature (instead of
323...373 K, as determined by the analysis of graphs in Fig. 22, a) is obviously
required to intensify the removal of the reaction product H,O.

In the second sample (binder composition), a maximum of 52% of magnesium
chloride reacted, and the rest remains in its original form. After 389.7 K, magnesium
chloride crystal hydrate loses chemically bound water [28, 29], which gives it binding
properties. Upon further heating, the strength of the samples decreases. Thus, the
binder in this system is represented by two compounds — magnesium phosphate and
magnesium chloride crystalline. The magnesium chloride, in view of the data
obtained in Fig. 22 (b), has a better binding capacity and can therefore be used as a
stand-alone binding component. However, for use in compositions operating at
temperatures above 423 K, it will be advisable to describe here the process of
synthesis of magnesium phosphate, with adjustment of the mass ratio of components.

The chemical reactions (52)...(53) were analyzed for manganese chloride
MnCl,. Thermodynamic characteristics of the reactions are shown in Fig. 23 (a).

3 MnCl, + 2 H;PO4 — M1’13(PO4)2 +6 HCIT (52)
3 [MnClz -4 HZO] +2 H3PO4 — MI’I3(PO4)2 + 12 HzO + 6 HCI T (53)

Thermodynamic impossibility was established for both reactions. However,
qualitative analysis of the composition (see Table 2) showed a fairly intense
interaction with the release of gas, which has a pungent odor. Turning to the
accumulated information about manganese chloride, we see that it is prone to active
hydrolysis, especially during dehydration. Since manganese chloride tetrahydrate is
used in the work, the transformation in the system should be explained by a two-stage
process. In the first stage, the reaction is hydrolyzed:

MnCl, - 4 H,O — Mn(OH), + 2 HCI1 + 2 H,0 (54)
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Fig. 23 — Gibbs energy change in the range from 293 to 573 K for the
reactions of interaction of manganese chloride with orthophosphoric acid (a)
and compressive strength of samples (b)

As a result of this process, a gas with a pungent odor is released. Subsequently,
manganese hydroxide reacts with orthophosphoric acid in one of the above reactions
(25), (26), (27).

The calculation of the mass ratios of reactions (25), (26), (27) and (54) showed
that in the first sample (acid + manganese chloride) transformations can occur in full
with the formation of acidic manganese phosphates. A significant increase in strength
in the range of 423...473 K (Fig. 23, b) can be explained by intensive removal of by-
products, especially H,O. In the second sample (binder composition), a maximum of
50% manganese chloride may react, with the remaining in its original form or as a
hydroxide. The strength of the sample provides the formed manganese phosphate, the
absolute estimated amount of which is approximately the same as in the first sample.
Therefore, the strength is at the same level.

The reactions (55), (56) were analyzed for nickel chloride NiCl,.
Thermodynamic characteristics of the reactions are shown in Fig. 24 (a).

NiCl, + 2 H;PO4 — N13(PO4)2 + 6 HCI T (55)
3 [NiCl, - 6 H,0] + 2 H3PO4 — Nis(POy), + 18H,0 1 + 6 HCI 1 (56)
400 — 1
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g 200 =>< é o8 /
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—— Reacti::ln ::ra—::el;eaction 56 - 300 S?I'Oemperature,“l(()o - ”
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Fig. 24 — Gibbs energy change in the range from 293 to 573 K for the reactions
of interaction of nickel chloride with orthophosphoric acid (a) and compressive
strength of samples (b)
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Thermodynamic impossibility was established for both reactions. However,
qualitative analysis of the composition (see Table 2) showed a fairly intense
interaction with the release of gas, which has a pungent odor. The nature of the
curves in Fig. 24 (b), and the results of the observation of the sample lead to similar
conclusions about the interaction of manganese and nickel chlorides with
orthophosphoric acid. The first transformation in a system with nickel chloride is
hydrolysis by reaction:

NiCl, - 6 H,0 — Ni(OH),+ 2 HCI1 + 4 H,0 (57)

Reaction (57) explains the reason for the release of the gaseous product.

This system is similar to "H;PO4 — manganese chloride", so the determination of
the strength of the samples was performed on only one sample (acid + nickel
chloride). Heating to 423...473 K promotes the formation of nickel phosphates,
which act as a binder in this mixture. The formation of these phosphates occurs by
chemical reactions:

3 NI(OH)Z + 2 H;PO4 — N13(PO4)2 + 6 H,O (58)
NI(OH)Q + H3;PO4 — NiHPO,4 + 2 H,O (59)
Nl(OH)z + 2 H3PO4 — NI(H2P04)2 + 2 Hzo (60)

Analysis of the mass ratios of the components by reactions (57)...(60) shows
that monosubstituted nickel phosphate should be formed in the sample by reaction
(60), which determines the achievement of a certain level of strength (see Fig. 24, b).
However, the binding capacity of nickel phosphates is obviously lower than that of
elements of group I phosphates and phosphates of iron, manganese, magnesium, and
aluminum. Therefore, they can’t be considered perspective binders.

There are no data on the thermodynamic properties of acidic barium phosphates,
so the analysis of the interaction of orthophosphoric acid with barium chloride
BaCl; was performed by only one chemical reaction (61). Thermodynamic analysis
of the reaction is shown in Fig. 25 (a).

3 BaCl, + 2 H;PO4; — Ba3(PO4)2 + 6 HCI T (61)
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Fig. 25 — Gibbs energy change in the range from 293 to 573 K for the reactions
of interaction of barium chloride with orthophosphoric acid (a) and
compressive strength of samples (b)
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The value of Gibbs energy in the studied temperature range remains positive.
Barium chloride is not hydrolyzed [28, 29], and therefore the formation of phosphates
in this system seems completely impossible.

However, the interaction in this system, according to Fig. 25 (b), when heated
above 423 K occurs. The result of this interaction is the achievement of high
strength — more than 2 MPa. There is no explanation for this fact yet, but the
formation of barium phosphates cannot be denied. Assuming that the chemical
interaction did occur, the second sample (binder composition) contains residual
barium chloride and barium phosphates, which are insoluble. Both of these salts do
not have binding properties. This explains the low strength of the mixture with the
second sample. This system has binding potential and requires further research.

1.7. Synthesis of phosphate binders using nitric acid salts

Nitric acid is stronger than orthophosphoric acid, so at normal temperatures most
of its salts should not enter into chemical reactions. However, some nitrates undergo
slight physicochemical transformation when slightly heated, which allows phosphates
to be obtained from by-products.

The following reactions (62), (63), (64) were analyzed for sodium nitrate
NaNQs. The thermodynamic characteristics of the reactions are shown in Fig. 26 (a).

6 NaNO; + 2 H;PO4 — 2 Na3;POs + 3 H,O T + 3 N»Os T (62)
2 NaN03 + H3PO4 — NazHPO4 + HzO T + NzOs T (63)
2 NaNO; + 2 H;PO4 — 2 NaH,PO4 + H,O T + N,Os T (64)
500 K , —o
E,,:, 400 B i 12 -
g 300 T g / /3
% ~— é 08 /
-1 00sz 3?0 i b hid 5?0 5?0 6?0 0250 300 350%400 450 500
Temperature, K Temperature, K
——Reaction 62 ——Reaction 63 ——Reaction 64 —e—Acid + sodium nitrate —0—Binder composition
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Fig. 26 — Gibbs energy change in the range from 293 to 573 K for the
reactions of interaction of sodium nitrate with orthophosphoric acid (a) and
compressive strength of samples (b)

Sodium nitrate is characterized by high chemical and thermal resistance.
Therefore, in the whole range of research temperatures it remains unchanged, and the
strength of the samples in Fig. 26 (b), is determined mainly by sodium nitrate. As a
water-soluble salt, it provides hardening of the samples at 423...473 K due to water
removal. The binder composition is mainly sodium nitrate, because chemical
reactions do not occur in the formation of sodium phosphates and in the second
sample (Fig. 26, b) we observe its own binding potential. Thus, the synthesis of
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phosphate binder component in the system of orthophosphoric acid and sodium
nitrate is impossible.

The reactions (65), (66) were analyzed for calcium nitrate Ca(NQOs):. The
thermodynamic characteristics of the reactions are shown in Fig. 27 (a).

3 Ca(NOs), + 2 H3PO4 — Caz(POs4), + 3 H,O 1 +3 N,Os 1 (65)
3 [Ca(NOs), - 4H,0] + 2H3PO4 — Caz(POs), + 15H,01 + 3N,051 (66)
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Fig. 27 — Gibbs energy change in the range from 293 to 573 K for the
reactions of interaction of calcium nitrate with orthophosphoric acid (a) and
compressive strength of samples (b)

Tetrahydrate calcium nitrate was used in the experiment. It was found that, as for
other inorganic salts, calcium nitrate is more active, as can be seen from the graph in
Fig. 27 (a), and when heated to 423...473 K can theoretically form calcium
phosphates. It is also theoretically possible to form acidic phosphates by reactions:

Ca(N03)2 - 4H,0 + H3PO4 — CaHPO4 + 5H20T + N205T (67)
Ca(N03)2 : 4H20 + 2H3PO4 — Ca(H2PO4)2 + SHZOT + NzOsT (68)

However, it is known that calcium nitrate at a temperature of 405 K (even before
the possible reaction with H3PO,) loses chemically bound water [28, 29], and to
interact with anhydrous nitrate acid requires heating above 523 K, as shown in
Fig. 27 (a). Therefore, the strength of the mixture with both individual components
and the binder composition is provided not by phosphate but by calcium nitrate, and
the strength results are almost the same and low (Fig. 27, b). Therefore, the synthesis
of the phosphate binder in this system also does not occur.

For strontium nitrate Sr(NO3): the following reactions were analyzed:

3 Sr(NOs), + 2H3PO4 — Sr3(PO4); + 3 N2Os 1 + 3 H,O1 (69)
SI‘(NO3)2 + H3PO4 d SI‘HPO4 + NzOs T + HQOT (70)
SI‘(NO3)2 + 2H3PO4 — SI'(H2PO4)2 + N205 T + HQOT (71)

Fig. 28 shows as an example only the graph for reaction (69), because the
change in free energy for these reactions is much less than zero. All reactions are
possible under normal conditions.
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Fig. 28 — Gibbs energy change in the range from 293 to 573 K for the
reactions of interaction of strontium nitrate with orthophosphoric acid (a) and
compressive strength of samples (b)

Chemical interaction in this system leads to the formation of strontium
phosphates. The calculation of the mass ratios of the components for reactions
(69)...(71) shows that in the first sample (acid + strontium nitrate) monosubstituted
phosphate is mainly formed. In the second sample (binder composition) trisubstituted
phosphate is formed, while no more than 55% of strontium nitrate can enter into
reaction (69). It was found that strontium phosphates are completely devoid of
binding capacity, because the samples do not have sufficient strength (Fig. 28, b).

Research has led to another scientific conclusion: Guaranteed phosphate
formation does not always ensure the strength of the system, as a number of
phosphorus salts are devoid of binding capacity.

Reactions (72), (73) were analyzed for aluminum nitrate AI(NQOs)s. The
thermodynamic characteristics of the reactions are shown in Fig. 29 (a).

2 AI(NO;); + 2 HiPO; — 2 AIPO, + 3 H,0 1 + 3 N,Os 1 (72)
2 [AI(NOs); - 6H,0] + 2 HsPO4 — 2A1POs + 15H,0 1 +3N205 1 (73)
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Fig. 29 — Gibbs energy change in the range from 293 to 573 K for the
reactions of interaction of aluminum nitrate with orthophosphoric acid (a)
and compressive strength of samples (b)

Aluminum nonahydrate AI(NOs); - 9H,O was used in the experiments. When
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heated slightly above the melting point (346.6 K), it loses first one and then two more
water molecules, turning into hexahydrate AI(NOs); - 6H,O, so the reaction (73) was
subjected to thermodynamic analysis. It was found that for interaction with
orthophosphoric acid of anhydrous aluminum nitrate it is necessary to heat about 523
K, for hexahydrous — more than 373 K (see Fig. 29, a).

In the composition, hydrolysis processes are also possible with the formation of
aluminum hydroxynitrate AI(OH),(NOs) or aluminum hydroxide AlI(OH)s:

2 AIINO3); - 6H,0 — 2 AI(OH); + 3 N>Os+ 3 H,0 (74)

Thermal decomposition of anhydrous aluminum nitrate at 473 K leads to the
formation of amorphous aluminum oxide [34]. Therefore, reaction (72) is also
impossible, because before its beginning, aluminum nitrate decomposes by the
reaction:

4 AI(NO3)3 — 2 A1203 +12 NOZ T +3 02 T (75)

The interaction of alumina with orthophosphoric acid requires a temperature of
about 573 K [4, 13, 14], so in our experiment the formation of phosphate binder
occurs through the hydrolysis of aluminum nitrate by reaction (74) with subsequent
interaction of aluminum hydroxide with orthophosphoric acid. The formation of the
binder begins at 373 K, and further heating contributes to the intensification of
processes and increase the strength of the samples (Fig. 29, b).

The mass ratios were calculated for the reactions:

AI(OH); + HiPO, — AIPO, + 3H,0 (76)
2 AI(OH);+ 3 H;PO4 — AL(HPOL); + 6H,0 (77)
AI(OH); + 3 H3PO4 — Al(H,POy); + 3H,0 (78)

It 1s taken into account that aluminum hydroxide was formed by reaction (74).
It has been established that in the first sample (acid + aluminum nitrate) with equal
mass fractions of aluminum nitrate and orthophosphoric acid, monosubstituted
aluminum phosphate should be formed. In the second sample (binder composition)
no more than 65% of aluminum nitrate can react, and the reaction produces tri-
substituted aluminum phosphate. This explains the significant difference in the
strength of the samples (see Fig. 29, b). Insoluble aluminum phosphate cannot be
used as a ready-to-use binder. The combination of aluminum nitrate with
orthophosphoric acid leads to the synthesis of aluminum phosphates directly in the
mixture during heating and provides high strength samples.

To establish the fact of phosphate binder synthesis in this system, X-ray phase
analysis was performed. The results of the analysis are shown in Fig. 30.

Only the products of the interaction were identified in the composition: complex
aluminum phosphate (92.8%), aluminum orthophosphate in the form of berlinite
(6.2%) and residual nitrogen-containing phase (0.9%). Aluminum nitrate was not
detected in the sample, so it completely decomposed and reacted with the acid.

Complex aluminum phosphate is a combination of orthophosphate AIPO4 and
hydrophosphate AI(H,PO.);. Six moles of crystal hydrate water remained from
aluminum nitrate hexahydrate.

The graph of differential thermogravimetric analysis (Fig. 31) has a number of
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thermal effects: at 148 °C, 222 °C, 386 °C and 490 °C. The first two effects are
associated with the decomposition of crystal hydrates, and the last two — with the
decomposition of nitrogen-containing phase and conversion of acid phosphate
aluminum on trisubstituted (berlinite). In the future, the binding component consists
of one phase — AIPO,4. The phase is stable at high temperatures, so when heated
above 500 °C there are no transformations.
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Fig. 30 — X-ray phase analysis of the composition of aluminum nitrate
(5 mass parts) with orthophosphoric acid (3 mass parts) after treatment at 473 K
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Fig. 31 — Differential thermogravimetric analysis of the composition of
aluminum nitrate (5 mass parts) with orthophosphoric acid (3 mass parts) after
heat treatment at 473 K
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The analysis of chemical reactions of barium nitrate Ba(NQOs): is not fully
carried out because there are no data on the thermodynamic characteristics of acidic
barium phosphates. Therefore, the change in free energy was determined only for the
following reaction:

3 Ba(NOs), + 2 H3;PO4 — Baz(POy4); + 3 N,Os 1+ 3 H,O 1 (79)

The results of thermodynamic analysis (Fig. 32, a) indicate the impossibility of
this chemical reaction. However, the results of determining the strength of the
samples (Fig. 32, b) confirm the assumption of the formation of a phosphate binder,
because after heating to 473 K the samples have high strength. Apart from
reaction (79), there is no other mechanism of interaction in the system, because
barium nitrate is not subject to hydrolysis or thermal decomposition. Therefore, this
question remains open.
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Fig. 32 — Gibbs energy change in the range from 293 to 573 K for the reaction
of barium nitrate with orthophosphoric acid (a) and compressive strength of
samples (b)

In the second sample (binder composition), no more than 68% of barium nitrate
may react by mass ratio of components. The strength of the samples of this sample is
close to zero, because barium nitrate has no binding properties and barium
phosphates are insoluble. However, there are no confirmed data on the formation of
barium phosphates today.

1.8. Synthesis of phosphate binders using carbonates

Carbonates are salts of weak carbonic acid. Therefore, their reactions with
orthophosphoric acid according to chemical ideas can occur under normal conditions.

Reactions (80), (81), (82) were analyzed for lithium carbonate Li,COs;. The
thermodynamic characteristics of the reactions are shown in Fig. 33 (a):

3 Li,CO;3; + 2 H3PO4s — 2 LisPO4 + H,O 1+ CO2 1 (80)
Li2C03 + H3PO4 — L12HP04 + Hzo T + COz T (81)
Li2C03 + 2H3PO4 — 2L1H2PO4 + Hzo T + COz T (82)
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Fig. 33 — Gibbs energy change in the range from 293 to 573 K for the reaction
of interactions of lithium carbonate with orthophosphoric acid (a) and
compressive strength of samples (b)

In the system with lithium carbonate, lithium phosphates are formed at normal
temperature. This is established by thermodynamic analysis in Fig. 33 (a). The mass
ratios of lithium carbonate to acid are as follows: for reaction (82) — 0.95: 1, for
reaction (83) — 0.65: 1, for reaction (84) — 0.3 : 1. Therefore, in the first sample
(acid + lithium carbonate) trisubstituted lithium orthophosphate is formed. It is
practically devoid of binding capacity, and therefore is expressed in unsatisfactory
strength of the samples (Fig. 33, b).

The amount of lithium carbonate that could react with the acid is not more than
20% in the mixture with the binder composition. The strength of the samples is even
lower.

The results confirm once again that not all phosphates have binding capacity.

The reactions (83), (84), (85) were analyzed for calcium carbonate CaCOs.
Thermodynamic characteristics of the reactions are shown in Fig. 34 (a).

3 CaC03 +2 H3PO4—>C83(PO4)2 +3 HzO T +3 COQT (83)
CaCOs + H3PO4— CaHPO,4 + H,O T + COQT (84)
CaCOs +2 H3PO4—>C8,(H2PO4)2 + H,O T + COQT (85)

It is established that all reactions can occur at normal temperature. Since they are
accompanied by a certain exothermic effect, which was found during the qualitative
analysis (see Table 2), the removal of the by-product (H,O) is possible without
heating. Therefore, the samples have approximately the same strength regardless of
temperature (Fig. 34, b).

The formation of insoluble calcium phosphates and their lower relative amounts
are the reasons for the low strength of the samples with the second sample (binder
composition). The calculation of the mass ratios for reactions (83)...(85) shows that
in the first sample a mixture of all three calcium phosphates should be formed, and in
the second — 26% of the initial amount of calcium carbonate can react.

For barium carbonate BaCQs;, there are no data on the thermodynamic
properties of its acidic phosphates, analyzed only one chemical reaction:

3 BaCO; +2 H3;PO4— Ba3(PO4)2 +3 COQT +3 HQOT (86)
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Fig. 34 — Gibbs energy change in the range from 293 to 573 K for the reaction
of interactions of calcium carbonate with orthophosphoric acid (a) and
compressive strength of samples (b)

As can be seen from the graph of changes in free energy (Fig. 35, a), the
reaction is possible both under normal conditions and when heated. Barium
phosphate strengthens the mixture after heating to 423...473 K (Fig. 35, b), but as in
the case of calcium carbonate, the insolubility of barium carbonate leads to a
slowdown in its chemical interaction with the acid. The insolubility of barium
phosphates does not allow to achieve a sufficiently high value of strength. In the first
sample (acid + barium carbonate), taking into account the ratio of reagents, should be
formed monosubstituted barium phosphate. In the second sample (binder
composition), trisubstituted barium phosphate should be formed by reaction (86). No
more than 51% of the initial amount of barium carbonate may react.
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Fig. 35 — Gibbs energy change in the range from 293 to 573 K for the reaction
of interactions of barium carbonate with orthophosphoric acid (a) and
compressive strength of samples (b)

A comparison of the results of determining the strength of samples in systems
with barium chloride (Fig. 25, b), barium nitrate (Fig. 32, b) and barium carbonate
(Fig. 35, b) leads to the conclusion that the synthesis of barium phosphates from its
carbonate is not effective.

Two types of sodium carbonates are common in different fields of technology
(ordinary Na;COs; and acidic NaHCQ3), so the reactions of both of these salts with
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orthophosphoric acid are subjected to thermodynamic analysis:

3Na,CO; + 2H3P0O4 — 2Na3;PO4 + 3CO, 1T + 3H,01 (87)
Na,CO; + H3PO4 — Na,HPO,4 + CO,1 + H,O? (88)
Na,CO; + 2H3PO4 — 2NaH,PO4 + CO,1 + H,O1 (89)
3NaHCO; + H3PO4 — Na3;PO,4 + 3CO,1 + 3H,01 (90)
2NaHCO; + H;PO4 — Na,HPO,4 + 2CO,1 + 2H,01 91)
NaHCO; + H;PO4 — NaH,PO4 + CO,1 + H,O1 (92)

The change in free energy for reactions (87)...(89) is shown in Fig. 36 (a), and
for reactions (90)...(92) — in Fig. 37 (a). The strength of the samples using these salts
is shown in Fig. 36 (b) and Fig. 37 (b).
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Fig. 36 — Gibbs energy change in the range from 293 to 573 K for the reaction
of interactions of sodium carbonate with orthophosphoric acid (a) and
compressive strength of samples (b)
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Fig. 37 — Gibbs energy change in the range from 293 to 573 K for the reaction
of interactions of sodium hydrogen carbonate with orthophosphoric acid (a)
and compressive strength of samples (b)

As expected, the chemical interaction of the components and its results are
almost identical. Both forms of sodium carbonate react with orthophosphoric acid at
normal temperature, but the presence of H,O as a reaction product requires heating to
ensure solidification of the samples. Analysis of the mass ratios for reactions
(87)...(89) shows that in the first sample (acid + sodium carbonate) a mixture of
sodium phosphates should be formed. In the second sample (binder composition), no
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more than 28% of sodium carbonate may react, and the resulting product is
trisubstituted sodium phosphate.

A similar analysis of reactions (90)...(92) showed that in the first sample (acid +
sodium bicarbonate) the binder is represented mainly by acidic sodium phosphates. In
the second sample (binder composition) almost 44% of sodium hydrogen carbonate
can react, which provided higher strength of the samples — 0.44 MPa in Fig. 37 (b)
against 0.15 MPa in Fig. 36 (b).

Theoretical conclusions made during the analysis of chemical transformations
were confirmed by X-ray phase analysis of the composition of sodium carbonate with
orthophosphoric acid (Fig. 38).
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Fig. 38 — X-ray phase analysis of the composition of sodium carbonate (1 mass
part) with orthophosphoric acid (1.5 mass parts) after heat treatment at 423 K

The sample revealed 91% monosubstituted phosphate NaH,PO; and 3%
disubstituted sodium phosphate Na,HPO,. Also identified 6% of the crystal hydrate
sodium tripolyphosphate NasP;01o- 6H,O, which was formed by the reaction:

5Na,CO; + 6H3PO4 — 2 NasP;0,0° 6H,O + 5CO;? (93)

3 mol of H,O are not enough for the formation of NasP;O, - 6H,O in this
reaction. The formation of this compound is logical given the water added to the
mixture and the 15% content of H,O in the orthophosphoric acid solution.

There are a number of transformations in the investigated sample during heating
of the formed binder. They were detected by differential thermal analysis (Fig. 39).

The first endothermic effect, observed at 169 °C, was associated with
dehydration of sodium hexahydrous tripolyphosphate. After dehydration, the sample
consists of 92.5% dihydrogen phosphate, 4.5% anhydrous tripolyphosphate and 3%
sodium hydrogen phosphate.
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Fig. 39 — Differential thermogravimetric analysis of the composition of sodium
carbonate (1 mass part) with orthophosphoric acid (1.5 mass parts) after heat

treatment at 423 K

The double endothermic effect, which begins at 295 °C, corresponds to the
conversion of acidic sodium phosphates. According to data [35-37], acidic sodium
phosphates after decomposition are converted mainly into metaphosphate. Here are
the following reactions:

NaH,PO4s — NaPO; + H,O (94)
2 Na,HPO4 — NaPO; + Na;PO4 + H,O (95)

The weight loss by reaction (94) is 15%, which is 13.6% of the initial weight of
the sample. By reaction (95), the weight loss is 6% and 0.2%, respectively. The total
weight loss is estimated at about 14%, according to the experiment (see Fig. 39) —
about 13%.

As a result of reaction (94) 1 mass part of sodium dihydrogen phosphate gives
0.85 mass parts of sodium metaphosphate. Accordingly, 92.5 mass parts of
dihydrogen phosphate contained in the sample give 78.6 mass parts of
metaphosphate.

As a result of reaction (95) 1 mass part of sodium hydrogen phosphate gives
0.36 mass parts of metaphosphate and 0.58 mass parts of orthophosphate. Then
3 mass parts of hydrophosphate contained in the sample give 1.1 mass parts of
metaphosphate and 1.7 mass parts of orthophosphate.

After these transformations, the sample contains 79.7 mass parts of
metaphosphate (92.8%), 1.7 mass parts of orthophosphate (2.0%) and 4.5 mass parts
of sodium tripolyphosphate (5.2%).

The greatest thermal effect is observed at a temperature of 615°C. It
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corresponds to the melting of sodium metaphosphate NaPO;, which is observed by
various researchers in the temperature range from 480 to 620 °C. The thermal melting
effect of this compound [38] is 17.3 kJ/mol, or 168 J/g. Given that in the sample of
92.8% sodium metaphosphate, the thermal effect should be 156 J/g. The thermal
analysis curve revealed 147 J/g, which is within the error and clearly indicates a
correct interpretation of the transformation.

The presence of a low-melting component limits the scope of the synthesized
sodium phosphate binder component. However, there is a positive property: the water
solubility of sodium metaphosphate. For example, such a set of properties can be
useful for making foundry molds and cores.

These data open the possibility of synthesis of high-strength sodium phosphate
binder in the process of direct interaction of orthophosphoric acid with sodium
carbonate when heated to 423 K.

Conclusions

Theoretical and practical research of processes in orthophosphoric acid systems
with different groups of inorganic metal salts allow us to formulate the most
important conclusions:

1. In a number of orthophosphoric acid systems with inorganic metal salts
formed by stronger acids, direct synthesis of phosphates by exchange reactions upon
heating is possible. The results are confirmed by the negative values of the free
energy of the reactions, the strength of the samples with the formed phosphates and
the data of the phase analysis. This effect was observed for KCI, KBr and NaCl.

2. Replacement of anhydrous metal salts with crystal hydrates contributes to the
intensification of chemical interactions with orthophosphoric acid. This is due to a
significant decrease in the value of free energy of direct interaction reactions, which
is confirmed for MgSO, - 7H,0, CoSO4 - 7H,0, CaCl,-4H,0, MgCl, - 6H,0.

3. In orthophosphoric acid systems with crystal hydrate sulfates of transition
metals, the interaction occurs when heated due to a two-stage process. In the first
stage, a part of the crystal hydrate water is cleaved off to form a by-product, a
hydroxide, which reacts directly with an orthophosphoric acid, leading to the
formation of phosphates. This scheme is confirmed for the system with
Aly(SOs); - 18H,0. Similar transformations obviously occur in systems with
FGSO4 ' 7H20 and MHSO4' SHQO

4. Phosphate synthesis in a number of orthophosphoric acid systems with salts of
weaker acids or complex salts (Na,COs, NaHCO3, Li,COs, CaCOs, BaCOs3, Na,SOs,
Na,S,0s, NaS,0g) occurs at normal temperature, which is confirmed by both
thermodynamic analysis and experimental analysis. However, for curing of all
compositions it is necessary to heat above 373 K to remove the by-product of the
reactions — H,O.

5. Orthophosphoric acid does not chemically react with some inorganic salts
(NaNOs, Li;SO4, Ca(NO3),, MnCly) in the studied temperature range. Phosphate
synthesis does not occur in such systems. Reactions with these salts are
thermodynamically impossible. Also, these salts are not subject to hydrolysis or other
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transformations that lead to the formation of intermediates.

6. Not all metal phosphates have been shown to have binding properties. For
example, with the guaranteed formation of phosphates in orthophosphoric acid
systems with NiCl, - 6H,O, Sr(NOs),, Li,COs low strength values are observed. This
does not allow us to recommend these binding systems for technical use.

7. Phosphate synthesis in systems with sulfate or chloride salts Na,SOs,
Na,S,0s, NayS,0s, CaCl,, NiCl,, MnCl, is accompanied by the release of gaseous
products with a pungent odor, which limits the possibility of direct synthesis of these
phosphates in refractory compositions or other compositions. Priority is given to the
use of ready-made (pre-synthesized) phosphates from Na;S;05 or MnCl,,
compounds. They can provide reversible hardening of mixtures in combination with
water.

8. For the first time, the schemes of synthesis of phosphates of metals
investigated in our work can be realized for refractory concretes, for inorganic
compositions which are strengthened at insignificant heating, and also molding and
core mixtures in foundry production. Depending on the inorganic metal salt used, the
synthesized phosphates are endowed with a different set of properties: thermal and
chemical resistance, hygroscopicity, water solubility, reusability.
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KAPITEL 2/ CHAPTER 2

SAFETY AND HYGIENE IN THE CONDITIONS PANDEMIC COVID-19
BE3INEKA TA I'II'l€EHA IPAIII B YMOBAX NAHJEMII COVID-19

DOI: 10.30890/2709-2313.2021-07-08-006

Beryn

Yepes mannemito COVID-19 BceecBiTHilt nenb oxoponu mpani y 2021 poii 0yB
MNPUCBSIUYCHUN MUTAHHIO 3MILHEHHS HAlllOHAJIBHUX CHCTEM OE€3MEeKH Ta 3/10pOB’S Ha
po6oTi. ¥ Kongenttii 2006 poky mpo OCHOBH, IO CIPUSIOTH O€3Merli Ta Tiri€Hi mpaiii
Nel87 3a3znaueHo, MmO KOXKHA KpaiHa Ma€ CHOPHUSATH MOCTIHHOMY BIOCKOHAJICHHIO
Oe3reky Ta TITEHM Tpail 3 METOK TOMEPEHKEHHS BHITAJIKIB BUPOOHUYOTO
TpaBMaTu3My, IpoQeciitHuX 3aXBOPIOBAHb 1 3aruOeIi MpaliBHUKIB HA BUPOOHUIITBI.

['onoBHOIO METOIO JepKaBHOI MOJITUKH YKpaiHu y cdepl OXOpOHH Mparll €
30epexKEeHHs] KUTTS, 370pPOB'A 1 MPaALE3IaTHOCTI JIOJUHU Yy MPOLECI TPYIAOBOi
ISUIBHOCTI.

[Tanpemis COVID-19 Bukiukana 3HayHI 3MiHM B Oprasizaiii Oe3meku Ta
Tiri€EHH Mpall Ha MiANPUEMCTBAX Ta opraHizamisax. [I[pakTHUHO BCl JIFOAM CXWIIbHI J10
pu3uKy 1H(pIKYBaHHS KopoHaBipycoM. HaiiOuibiie 1bOro pu3MKYy CXHWIbHI
MPaIiBHUKYA CUCTEMH OXOPOHU 370POB's, EKCTPEHUX 1 COLIATbHUX CITYKO.

JlxepenamMu crnajgaxy KOpOHAaBIpyCHOI 1H(pekuii € poOoui wicus, 3acobu
TpaHcnopty. OcoOIMBO CKIQAHO JOTPUMYBATUCH MTPABUJI IUCTAHIIIOBAHHS B METPO,
7€ BEHTWIAIIHHA CHUCTEeMa HE 3aBkAu 3a0e3rneuye HEOOXiAHY KpaTHICTh
MOBITPOOOMIHY.

Kpim pusmuky 3apaxxeHHS HOBOIO KOPOHaBIPYCHOIO 1H(EKIIIE0, MparliBHUKU
CXWJIBHI 1O IHIIMX NOTEHUIMHUX PHU3UKIB, HANpUKIAA, T[OCUJICHHSIM CTpecCy,
HOB'SI3aHOTO 3 HOBUM PEXUMOM poOoTH. llpunuHeHHs IiSIbHOCTI MiANPUEMCTB,
MacmTabHa BTpaTta poOOYMX MICIb, OOMEXKEHHS NEPECYBAHHS Ta aBIaepebOTIB,
PEXUM KapaHTHHY Ta CaMO130JISILI1 MPU3BENIH 0 BTPATH pOOOUYOro yacy Ta 3aKpUTTS
MIIIPUEMCTB, BHUCOKOTO PiBHS 0€3po0iTTSA, a TaKOX HECTAaOUTBPHOCTI 3aiHATOCTI
06araTpOX MpAIliBHUKIB. Y 1€l mepioa KPU3W MPALIBHUKU MIANPUEMCTB BHUSIBUINACS
0COOJIMBO CXWJIBHI /IO PU3HKIB, MOB'S3aHUX 3 OE3MEKOI0 Ta TTiEHOI0 Mparli.

2.1. Pu3ukm 3apaxenns COVID-19

Hogi metoan po0GoTH B yMOBax MaHAeMii MOXYTh CTBOPIOBATH HOBI PH3UKHU Y
chepi Oe3mekw Ta TITIEHH TMpalli, Y TOMY YHCII PU3UKH, TOB'S3aHI 3 BIUIMBOM
XIMIYHMX PEYOBHUH, TICUXOCOI[iaJIbHI Ta €prOHOMIYHI PU3UKHU.

VY 3B's13Ky 3 O€3MpeneeHTHOI0 HaI3BHYAiHOIO CHUTYAL€l0 B raixy3i OXOPOHH
3I0pPOB'SL ypsdaM JOBEJOCS BXXUTH HEBIIKIAJAHUX 3aXOJiB IJIsl CTPUMYyBaHHS
MOIIMPEHHSI BIPYCy, BCTAHOBIIOIOYM HOBI MpaBWia, KEpyroud 1HQOpMAIIE0 PO
MaHAEMII0 Ta 3aXO0AH 3aXUCTY Ta OPraHi3ylud TEPMIHOBI Jili HA OCHOBI COLIaJILHOTO
aianory 3 poOOTOIaBLSIMU Ta MpPalliBHUKAMH.

Xoua OCHOBHA BIJNOBINAJIBHICTh 3a 3aMO0IraHHA PO3MOBCIOKEHHIO 1H(EKIIT
COVID-19 Ta iHmMX Kpu3 y Traily3l OXOPOHU 3JI0pOB'S JIEKUTh y HIMPOKOMY
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PO3YMIHHI Ha CHCTEMI1 OXOpPOHHU 3J0pOB'A, Nii Cy0'ekTiB cdepu Mpaili, 0COOIMBO B
ragy3l OXOpOHHM TMpalli, MarTh BKpail BaXXJIMBE 3HAYCHHS Yy pearyBaHHI Ha
HaJ3BUYAMHI cuTyaiii. [ kpr3a Haromocuia Ha HEOOXIMHOCTI iICHYBaHHS HaAIHHOI
Ta CTIMKOi CHCTEMH OXOPOHU Mpalll, sIKa MOYXE€ CTBOPUTH MOTEHLIA JJIsl MOJA0IaHHS
MalOyTHIX HaJ3BMYalHUX CHUTyalllid Ta MOB'A3aHUX 3 HUMHU NpoOJEeM, a TaKOX
3aXUCTy O€3MEeKHU Ta 30pOB'S TPYIAIIUX, MIATPUMYIOUN NPU I[OMY JKUTTE3AATHICTD
MIIITPUEMCTB Ta 0€3MEePEPBHICTH IXHBOI AISITHHOCTI.

HemonaBni kpusu - BUOyx HiTpaty amoHito B beipyti B 2020 pori, yucieHHi
CTUXIMHI JIMXa Ta 3arpo3d TPOMAJCHKIN OXOpOHI 3A0pOB'S, TakKi SK emijaeMis
nuxoMaHku EOona, BHUSBUIMCH NEPEBIPKOIO HAa MILHICTh CUCTEMH pearyBaHHsS Ha
HaJ[3BUYaliHI CHUTYyallli Ta Majld CEepHO3HI HACHIIKM i Oe3MeKu Ta 3JI0pPOB's
tpynamux. Kpuza COVID-19 sdcHO mnpoaeMOHCTpyBaia HEOOXIIHICTh Yy MIIHIN
OpraHizaiiiiHii CTPYKTYypl OXOPOHU Tpalli.

Kimro4oBi KOMIIOHEHTH HalllOHAJIBHOI CHCTEMH OXOPOHH IIpalli, IO HaIllIeHI Ha
3amo0iraHHsl pU3UKaM y Taly3i Oe3MeKd Ta TITIEHW Tpalli Ta pearyBaHHs Ha HUX,
3rpyIMOBaHi y HIICTh OCHOBHHUX HAIIPSIMKIB: HalllOHAJIhHA HOPMAaTHBHO-IIpaBOBa 0a3a y
rajry3i O€3IeKH Ta Tiri€Hu Mpalli; HallloHaJIbHA OpraHi3alliiiHa CTpyKTypa Oe3neku Ta
TiTIEHM TIpalll; CIy>KOu TirieHu mparli; iHGopmaIlliiiHi Ta KOHCYJIbTallliHI MOCIYTH Ta
npodeciiiHa MmAroToBKa y Taiy3i O€3MeKku Ta Tiri€Hu mpaiii; 30ip Ta aHai3 JaHUX Ta
HayKOBO-JIOCIIHA pOoOOTa B raigy3i O€3MeKHu Ta Tiri€Hu IMpalll; MEXaH13MU 3MIITHEHHSI
CUCTEMH YNPABIIIHHS OXOPOHOIO Mpalll JIMIIE Ha PIBHI TIATPUEMCTB.

2.2. HopmaTtuBHO-ipaBoBa 0a3a B rajysi 0e3neKku Ta ririeHu npaui

VY KOXHII KOMIaH1i, MIAMTPUEMCTBI UM OpraHizanii BiAnoBiaHo 10 cT. 10 3akony
VYkpainu Big 6 kBiTHS 2000 p. Ne 1645-11I1 «IIpo 3axuct HaceneHHs Bix iHGEKIIHHIX
XBOpiO», HEOOXIAHO JOTPUMYBATUCH CAHITAPHO-TITIEHIYHUX Ta  CaHITapHO-
IPOTHEIIEMIYHUX TIPABHJI 1 HOPM TIPH 3I1HWCHEHHI OYyIb-SIKUX BHJIB JiSTILHOCTI.
Bianosinno ao ct. 7 3akony Ykpainu Big 24 mororo 1994 poxy Ne 4004-XII «IlIpo
3a0€3Me4YeHHs]  CaHITApHOTO Ta  CMiJIEMIYHOro  OJaromoiyydsi  HaceJIeHHs»,
HINPUEMCTBA, YCTAaHOBU Ta oprasizailii 3000B’s3aHI pO3pOOJSITH W 31MCHIOBATH
CaHITapHI Ta MPOTHEIIAEMIYH1 3aXO0/IH.

Bignosigno no Bumor «lupexktuBu 89/391/€EC Paam npo BBeIeHHS 3aXO/IiB,
IO CHPUSAIOTH MOJIMIICHHIO OE3MeKH 1 Tiri€HH Tpalll MpaliBHUKIB Ha BUPOOHUIITBI»
ta JICTY OHSAS 18001:2010 «Cucremu ynpaBiiHHs TITI€EHOIO Ta OE3MEKOI0 Tparii»,
pO3po0IIeH! 3aXOAM MaloTh BKIIOYATH OI[IHKY PHU3MKY Ha poOouoMy MicIi, fKa
OXOIUTIOE BCi O10J10T1YHI HEOE3MEeKH, BU3HAYCH] K BITYM3HSHUM, TaK 1 M>KHAPOTHUM
3aKOHOJIaBCTBOM.

[Mangemiss COVID-19 naronocmna Ha HEOOXIAHOCTI B HOPMAaTHUBHO-TPABOBI
0a3i B raimysi Oe3mek Ta TIri€HW Tpalll, ska Mae OyTH BCEOCSDKHOIO, BH3HAYaTH
OCHOBHI TIpaBa Ta OOOB'SA3KH, OXOIUIIOBATH BCIX IpAIliBHUKIB Ta BPaxOBYBAaTH BCi
pU3UKH, TIOB'si3aHI 3 O€3MeKO Ta TirieHow mpari. BoHa Takox wMae OyTu
(GYHKIIIOHAIBPHOIO Ta THYYKOIO, IO JacCTh MOXIJIUBICTb B TEPMIHOBOMY MOPSJIKY
BXKMBATH HAJICKHUX 3aXOJIB JJIA TOTO, W00 MPOTUCTOSITH HemepeadaueHuM
oOcTaBMHAM Ta 3HWKYBATH CXWIBHICTh JI0 HOBHMX, BHHHUKAIOYUX Ta ICHYIOUYHX
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PHU3HKIB, IOB'A3aHUX 3 0€3IEKO0 Ta TIT1€EHO0 Tparil.

VY GaraTthox KpaiHax 3 METOI0 CKOPOYEHHS IMOMIMPEHHS BIpycy Ha poOouOMy
Micli Oyfnu HpPUKHATI HOBI HOPMATHBHI MOJIOKEHHS, IO BPaxOBYIOTh KOHKPETHI
noTpedu Ta YMOBHU B PI3HUX CEKTOpax, 3 JOKJIATHUMHU MPOLIETypaMu Ta MPOTOKOIAMHU
00 MpopUIAKTUKU TomupeHHs Ta 6opoteou 3 COVID-19 Ha pobGouomy wmiciii,
BKJIIOYAIOYM THMYACOBE 3aKpPUTTS poOOYMX MICIb, BUMOTH II0J0 (PI3UYHOTO
JUCTAHITIIOBAaHHS, Oprafizamii BijganeHoi poOoTH, OE3MEeYHOTO KOPHUCTYBAHHS
IPOMAJICBKUM TPAHCIIOPTOM, BUKOPUCTAHHS 3ac001B 1HAMBIAyanbHOTO 3axucTty (313)
Ta iH.

MoxnuBicTh Bu3HaHHS 3axBoproBaHHS Ha COVID-19 BupoOHHYOIO TpaBMOIO
(npodeciiiHMM 3aXBOPIOBAHHSM a00 HEIIACHUM BHUIAJKOM Ha BUPOOHHUITBI) Ta
CIocoOM JI0Ka3y BU3HAYAIOTHCS HalllOHAIbHOK HOPMAaTUBHO-IIPABOBOIO 0a3010.

B nanwmii yac y psai KpaiH JomycKaeTbesl BU3HaHHs 3axBoproBaHHs COVID-19
HEIaCHUM BWITAJIKOM Ha BUPOOHHUIITBI ab0 mMpodeciiHUM 3aXBOPIOBAHHSIM I10JI0
NpaliBHUKIB CHCTEMH OXOPOHHM 3I0pOB'sl Ta TMEpPCOHANy EKCTPEHUX CIyxO,
MPAIiBHUKIB CITY>K0, MOB'SI3aHUX 13 KUTTE3a0€3ICUCHHSIM.

VY OuIbIIOCTI KpaiH peecTpallisl Ta MOBIIOMJICHHS TIPO BUIAJIKH BUPOOHUYOTO
TpaBMaTU3My Ta NpoQeciiHUX 3aXBOPIOBAHb € OOOB'A3KOM MiANMPUEMCTB. Y KpaiHax,
ne COVID-19 6yB Bu3HaHUW BUPOOHHWYOIO TPABMOK (HENIACHUM BUIAJKOM Ha
BUPOOHUIITBI a00 MpOoQECiiHUM 3aXBOPIOBAHHSM), BUMAA0K 1H()IKyBaHHA Mae OyTH
3apeeECTPOBAHUM BIJMOBIIHO 0 ICHYIOUMX BUMOT. ToMy OoueBHAHO, 10 €(PEeKTUBHA
CUCTEeMa peecTpallii Ta IMOBIJIOMJICHHS OCOOJIMBO BaXJMBAa Ta KOPHUCHA B TaKUX
HaJ[3BUYAHUX CUTYyaIlisX, OCKUIBKA BOHA JTO3BOJISIE 3a0€3MEUUTH 30UpaHHs TOUHUX
JaHHUX Ta ONEPATUBHO BUSBUTH CHAJIaXH BIpyCYy.

3 METOI0 CIIPUSTHHS TAKUM BUMOTAM II[OJI0 PEECTpallii OpraHu OXOPOHH Tpalli Ta
1HOIl BIANOBIANbHI OpPraHW y CHIBIpall 3 COLIaJbHUMHU IMAapTHEPaAMU IOBHUHHI
iH(hopMyBaTH POOOTONIABIIIB Ta MPAIIBHUKIB MPO iX OOOB'SI3KM IIOJ0 peecTparlii Ta
noBigomsienna. Hanpuknan, y IliBuiuniii Ipnanmii (Cnomyuene KoposniBcTBO)
BUKOHABYMI OpraH 3 MUTaHb OXOPOHU Ipalll Ha/lae Mepeik KPpUTepiiB, KEPYIOUUCH
SAKUM pOOOTOABIII MOKYTh BU3HAYUTH, KOJU BOHHM IMOBUHHI MOBIIOMIISTH YPSiJ PO
Bunagok COVID-19 a6o npo Hebe3neuny noairo.

CratucTuka 1HCIEKIII Ipalll TakoX MOXE HaJlaBaTH JOCTOBIPHI JaHi Ipo
BUPOOHWYI TpaBMU Ta NpodeciiiHl 3aXBOPIOBaHHS, JOTPUMAHHS BHMOT IIOJO
Oe3MneKy Ta Tiri€eHH Mparlli Ta IHIIMX aCHeKTIB OXOPOHH IMparii.

2.3. He0e3neka po00oTH MEAUYHOIO MIEPCOHATY

[Tpodeciiina 3aXBOPIOBAHICTh MEAMYHOTO MEPCOHATY OB’ sI3aHA 3 BUKOHAHHIM
npodeciiHux 000B’sI3KiB B YMOBaXx MiJBUIICHOTO pu3UKy 3apaxkeHHs Ha COVID-19.
ArmnpiopHa oIliHKa HeOE3IeKH JIIKApHSIHOTO CepeoBHINa B 1HGEKIIHHUX CTallloHapax
0e3 npoBe/IeHHs 1ab0PaTOPHO-IHCTPYMEHTAIBHUX JOCIIKEHb JIOILJIbHA 1 MOXKJIMBA
IiJT Yac poOOTH 3aKJIaJIB y IITAaTHOMY pPeXHMi. Y BHUIMAJAKY €MiAEMIYHUX CUTyaIlin
BUHHUKAE HEOOXIJHICTh y MEpPEeBIpIll NMPUHANMHI TaKUX MHUTaHb, SIK €(EKTUBHICTh
poOOTH BEHTWIALi, BUPOOHWUYOTO OCBITJICHHS, YMOB JJIs BIJAMOYMHKY TIiJ Yac
pETJIaMEHTOBAaHUX TIEPEPB, MOTPUMAHHS MEAWUYHHM TIEPCOHAJIOM BHMOT 1 TPaBUJI
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0COOUCTO] T'ri€HHU.

BOO3 nyst 3a6e3nedyenns 6e3mne4Horo i KoMpopTHOro nepeOyBaHHS METUIHOTO
nepcoHaly y peaHiMauiiHux BigaiuieHHax 3 xBopumu Ha COVID-19 pexomenmye
noJlayy YUCTOTO MOBITPsA y MpuMillieHHs He MeHine 160 i/c Ha ogHOro mamieHta. B
0OCTE)XEHHX 3aKJa/liB HE BUKOHYIOTbCA JEpKaBHI BUMOTH 3 O€3MeKH 1 TirieHd mpaiii
(oxopoHU mTpairl) mEA0 3a0e3MEeUCeHHS aJeKBAaTHUMHU 3aco0aMu 1HIUBITYaJIbHOTO
3axucty (313), mo, 6e3yMOBHO, 301TBIITY€E PU3UK 3aPAKCHHS MEIUYHUX MPaIliBHUKIB
BipycoM SARS-CoV-2.

PoGoTy mpencTaBHUKIB OXOPOHM 370POB’sl, 3alHATUX MOJOJAHHIM TMaHJeMil
COVIDI19, 3a xkpurepisimu ['irieniyHoi knacudikamii mpaii, dYepe3 3arposy
3apa)K€HHs BUCOKOMATOreHHUM KopoHaBipycom SARS-CoV-2 BimHeceHo [0
HeOe3neyHoi  (ekctpemanbHOi). Hebesneky poOOTH MEIUYHOTO  MEPCOHATY
MIJCUIIOI0Th BUCOKE HEPBOBO-€MOIIMHE HANpPYXKEHHS, CYymyTHI (Di3WyH1 1 XIMIiYHI
yuHHUKA. HebOesneky 3apakeHHS MeIUYHUX TMpariBHUKIB Bipycom SARS-CoV-2
nigsuiye nedimut 3I3, HenmpaBuiIbHE X BHUKOPUCTAaHHS, Hee(eKkTHBHa poOOTa
3araJbHOOOMIHHOI BEHTWIAIIl. BuHMKHEHHIO TpaBM (TajiHb) 1 aBapiil (YKOJIiB,
MOJPANUH TOJKOI, TOPi3IB CKIOM MiJ Yac BIAKPUTTS amilyJ) BEJIUKOI Miporo
CIpHsi€e, MOXJIMBO, HEJOCTATHE Ta HEpallioHaJIbHE BUPOOHUYE OCBiTIeHHA. PoboTa y
HeOe3MeyHruX yMOBax Mparil, ki GOpMYIOThCS y 3aKiIajiax, 30KpeMa B 1H(MEKIIHHUX
CTallioHapax, NPU3BOJAUTh JO BHCOKMX pIBHIB 3aXBOPIOBAHOCTI MEIUYHUX
MpaliBHUKIB HA KOpoHaBipycHY xBopoOy COVID-19. 3a nuToMO0 Baror MeIuuHUX
MpaliBHUKIB, sKiI 3axBopiiu (Omu3bko 20%), YkpaiHa Bumepemxae 1HII KpaiHH
€Bponu i cBiTy. Cepen MEAUUHUX NPALIBHUKIB, SKUM OCTABIIEHO J11aTHO3 TOCTPOIO
npodeciiiHoro 3axBopioBanHs COVID-19, nepeBaxatore meauuni cectpu (38 %),
MoJjoaml MeauuHi cectpu (22,7 %), nikapi-anecresionoru (5,8 %), Jikapi 3arajabHO1
npakTuku — cimeiinoi wmeaunuuu (4,18%), tepaneBtu (4,09%). 3axomu 3
oTnepeHKEHHS 3aXBOPIOBAHOCTI MEIMYHHUX MPAI[iBHUKIB HA KOPOHABIPYCHY XBOPOOY
COVID-19 1 miaBumieHHsS O€3MEKH JIKAPHSIHOTO CEpPeIoBUINA MAalTh OyTH
CIPSIMOBAaHUMHU Ha OUIBII KOPCTKE MOTPUMAHHS BITYM3HSHOIO 3aKOHOJABCTBA 1
HOPMATUBHOMETOJUYHUX BUMOT IIOJI0 OXOPOHU TMpalli MEAUYHOIO IMEPCOHAy Ta
1H(EKIIMHOTO KOHTPOIIO Y 3aKjajax y 4YacTHHI MPOTHEMNIIEMIYHMX 1 CaHITapHO-
TITIEHIYHUX 3aXO0/I1B.

Kabinetrom wminictpiB Ykpainu (IloctanoBa Big 17 kBitHa 2019 p. Ne 337)
3arBepKkeHuid  [lopsimok  poscimigyBaHHS Ta OOJIIKY HEMIACHUX — BHUIIAJIKIB,
npodeciiiHuX 3axXxBOPIOBaHb Ta aBapiii Ha BUPOOHHUITBI (i3 3MiHAMHU, BHECCHUMH
3rigHo 3 [TocranoBoro KM Ne 1 Big 05.01.2021).

BcranoBnena mporemypa  po3CligyBaHHS —~BHUIQAKIB  CMEPTI  MEIMYHUX
MPAIiBHUKIB JIEPKaBHUX 1 KOMYHAJbHUX 3aKJIaJliB OXOPOHU 3J0POB’s, IO HAJIAIOTh
MEPBUHHY, EKCTPEHY, @ TAKOX B CTAI[IOHAPHUX YMOBAX BTOPHHHY (CIIEIiaIi30BaHy) 1
TPEeTUHHY (BHCOKOCHEIIaI30BaHy) MEIUYHY JOMOMOIY IaIlieHTaM 3 TOCTPOIO
pectiparopHoto xBopoboro COVID-19, cnpuunnenoto koponaBipycom SARS-CoV-
2, BHACHI0K 1H(1KyBaHHS KopoHaBipycoM SARS-CoV-2.

PoscnigyBanHs BUOAAKIB CMEPTI MEIUYHUX TMPAIIBHUKIB JIEp)KaBHUX 1
KOMYHaJIbHUX 3aKJIaJiB OXOPOHH 3JI0POB’s, IO HANAIOTh TEPBUHHY, €KCTPEHY, a
TaKOX B CTalliOHAPHUX YMOBaX BTOPUHHY 1 TPETUHHY MEIWYHY JOIOMOTY
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naiieHTaMm 3 TOCTpOIO0 pecriparopHor XBopoOoro COVID-19, crnpuynHeHO
kopoHaBipycoM SARS-CoV-2, BHacniok iH}pikyBaHHs KopoHaBipycom SARS-CoV-
2 mixg yac BUKOHAHHS TpodeciiHuX OOOB’A3KIB B YMOBAax IMiJIBUILEHOTO PHU3HKY
3apakeHHs 30yJHUKaMU  1H(QEKIIMHUX XBOpOO MPOBOJUTHCS  KOMICIEIO 3
po3ciigyBaHHs roctporo mpodeciitnoro 3axBoproBanus COVID-19, cnpuunneHOTo
kopoHaBipycoM SARS-CoV-2, o mpusBeno 10 CMepTeIbHOr0 HACTIIKY, YTBOPEHOIO
KEPIBHUKOM 3aKJIaJly OXOPOHU 3/I0POB’s, B IKOMY TPAIIOBaB MEANYHUM MPaIlIBHUK.

[lepenik nep>kaBHUX 1 KOMyHAJIbHUX 3aKJaJiB OXOPOHU 3JIOPOB’S, 110 HAJAIOTh
NEPBUHHY, €KCTPEHY, a TaKOXX B CTAaI[lOHAPHUX YMOBaX BTOPUHHY 1 TpPETHHHY
MEJIUYHY JOMOMOTY MaIlieHTaM 3 TOCTPOI0 pecmipaTopHOoro XxBopoboro COVID-19,
cnpuurHeHo KopoHaBipycoM SARS-CoV-2, Bu3HauaeTbCs KEpIBHUKOM pOOIT 3
JIKBIJAIIl HACHIJKIB HAJA3BUYAaMHOI CHUTYyalll MEIUKO-010JIOTIYHOTO XapakTepy
Jep>KaBHOTO PiBHS, OB’ sA3aHO1 13 momupeHHsm COVID-19.

KepiBHUK 3akiagy OXOpOHHM 3I0pPOB’, B SKOMY IIpalioBaB MEAMYHUIN
IpaliBHUK, CMEPTh SKOTO HACTaja BHACHIIOK 1H(DIKyBaHHS KopoHaBipycom SARS-
CoV-2 min yac BUKOHaHHS MpodeCciiHUX 000B’SI3KIB B yMOBAX MiJBUIIIEHOTO PUBHUKY
3apakeHHsA 30yIHUKaMu 1HQEKIIMHUX XBOPOO, 3000B’S3aHMII HE MI3HIIIE
HACTYMHOTO0 poOOYOro JHS 3 MOMEHTY OTpUMaHHS iH(opmaIllii mpo BUMAJA0K CMEpTi
MEIUYHOTO  TpalliBHUKAa HaJaTd  TMOBLIOMJIEHHS Yy  mamepoBid  dopmi
TepuTOpiagbHOMY oprany Jlepxmpaiii; pobouomy oprany @oHy; YIIOBHOBAKEHOMY
opraHy ymnpaBiiHHs a00 HarJIsAOBIN pajl 3aKiaagy OXOPOHU 310POB’SI.

Komicist yTBOPIOETBCS Y CKJIa/i TOJIOBM Ta YJIEHIB KOMICII HaKa30M KEpiBHUKA
3aKJIaly OXOPOHU 3[I0POB’SI HE Mi3HIIIE HACTYITHOTO pOO0YOro JHS 3 JHS HAJICHIAHHS
MOBIAOMJICHHSI PO HACTaHHS HEIIACHOTO BHUITAJIKY .

PoscmigyBannss roctporo mpodeciiiHoro 3axBoptoBaHHs COVID-19, mio
MPU3BEJIO J0 CMEPTEIbHOTO HACHIAKY, NMPOBOAMTHCS KOMICIEID MPOTATOM I SITH
poGounx nHIB 3 JHS ii yTBOpeHHs. Kowmicis 3’sicoBye OOCTaBUHU Ta TNPUIUHU
HAcTaHHsI TocTporo mnpodeciiiHoro 3axsoptoBanHs COVID-19, mo npusseno 10
CMEPTEJIbHOTO HACJIJIKy, BU3HAUYAE OB’ s3aHE YU HE IMOB’s3aHE roctpe mnpodeciiine
3axBoptoBaHHsi COVID-19, mo mnpu3Beno g0 CMEpPTEIbHOTO HACHIAKYy, 3
BUPOOHUIITBOM.

KepiBHuKk 3akiiay OXOpPOHU 370pOB’Sl MOBMHEH HAIICIATH OPUTIHAIM aKTiB
3a popmoro  H-1 mpoTsirom aBOX poOOYMX JHIB MMCHS iX  3aTBEPKCHHS:
TepUTOpiaibHOMY oOpraHy Jlepxkmpalli 3a MICIIEM HACTaHHA BHIIaJKy TOCTPOTO
npodeciiinoro 3axBoproBanas COVID-19, o npusBeno A0 cMEpTETbHOTO HACTIAKY;
pobodomy oprany DoHIy 3a MiCIIEeM HACTaHHS BHUITAJIKy TOCTPOro mpodeciitHoro
3axBoptoBaHHs COVID-19; unenam ciM’i MEIUYHOTO TMpaliBHUKA, LIO0 TOMEP
BHACHII0K 1H(}IKyBaHHS, 200 yIIOBHOBaXXEHUM HUMHU 0COOaM.

2.4. Bumoru 10 oprasizamii po0o4ux Mict

OckiapkH po0OOYl MICII MOXYTh CTaTH JKEPEJIOM CIiajlaxy BipyCHOI 1H(EeKIIT,
npo6sieMu, TOB'sI3aHI 3 OXOPOHOIO TMparlli, CiJ BHUPINIYBaTH B paMKax 3aXOMdiB Y
BIJIMOBIIb Ha KpW3y, IO BXXWBAIOTHCA HA HAIIOHAJLHOMY piBHI, 1 OTXE, B
0OTOBOpPEHHI TaKWX 3aXOJiB IOBHHHI OpaTH aKTHBHY Y4YacTh KOMIIETCHTHI OpTaHH
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OXOPOHHU TIpari.

Mixunapoana opranizaris i3 cranmaptu3aiii (ISO) po3pobuna HOBHII cTaHIAPT
ISO/PAS 45005:2020 «Cuctema MEHEI)KMEHTY OXOPOHH 3/I0pOB'sl Ta OE3MEKH Ipalli.
3aranbpHi pekoMeHpalii moao Oe3neku mpaimi mig yac nmanaeMii COVID-19». Lleit
JOKYMEHT miarotosiaeHo TexniunuMm komitetoM ISO/TC 283, VmpasniHHIM
OXOpOHOIO Tparli Ta 6e3nexor0. 3a3HaueHUu cTaHAapT PO3pOOICHO 3 METOIO Ha/laHHs
JOTIOMOTH POOOTOIABIIAM IIIOJ0 31MCHEHHS 3aX0/11B II0JI0 OXOPOHHU Tpalli B yMOBax
MaHJeMli, 3aXUCTy MPaliBHUKIB Y MPOILIEC TPYAOBOI AiSIIBHOCTI.

Opranizailiss MOBMHHA TapaHTyBaTH, IO poOoul Micis (BKJIOYAaKOYU BCi
MPUMIIIECHHS, MalJJaHYUKH Ta 1HII MICIIS, 16 BUKOHYEThCS po0OTa, Y TOMY YHCI 3a
MexaMu Oy[iBJl) Ta MPUMIMIEHHS HAa UX poOOYMX MICHUAX YMCTI Ta O€3MeuHl IS
BUKOPUCTAHHS.

1106 miarotyBaTHcs 10 O€3MEeYHOI eKCIUTyaTallii, OpraHizamis Mae ik MiHIMyM:

a) OI[IHUTH BCl MPUMIIICHHS, AUISHKHA a00 YaCTUHH JUISHOK, Y TOMY YHUCIHI Ti,
110 OyJin 3aKpuUTI 400 YACTKOBO (PYHKITIOHYIOTh;

0) po3poOUTH 3aX0M MIOAO 3ar00IraHHs MPOHUKHEHHIO MTOTEHIIMHO 3apa3HuX
mofel Ha poOode micie (HanmpuKiiaa, MUITXOM HaJlaHHs iHGopMallii 10 BiABIAYBaHHS
a0o0 TIaKaTiB 13 3a3HAYCHHSM, IO JIFOJW HE MOBUHHI BXOJUTH Ha poOoue Micie 13
cumnromamu COVID-19);

B) BHUKOHYBAaTH TEPEBIPKM TEXHIYHOIO OOCIYroByBaHHS Ta poOoTH 3
oOJalHaHHSIM Ta CUCTEMaMU;

I') OLIHIOBAaTH Ta KOHTPOJIIOBATU PU3HMKHU, TMOB'sI3aHI 3 JIETIOHENIOK Ta 1HIIUMH
3aXBOPIOBAHHSIMHU, MOB'A3aHUMU 3 BOJAOIO, 100 HE CTBOPIOBATH 1HIIMX PU3UKIB IS
310pPOB's, OCOOJIMBO SIKIIO BOAHI CUCTEMHM (BKJIIOUAOYH ACSKI TUIU KOHJUIIIFOBaHHS
MOBITPSI)) HE BUKOPHCTOBYBAJIMCA MPOTArOM IIEBHOTO NEpiogy yacy abo SKIIO
BUKOPHUCTAHHS 0yJI0 3MEHIIICHO;

J1) BCTAHOBUTH PO3LIMPEHI Ta/ab0 yactimil rpadiky YUIIEHHS Ta Je31H(eKIi
(HampuKIIaa, NUIIXOM 301IBIIEHHST POOOYOTO Yacy Ta/abo KITbKOCTI POOITHUKIB, IO
BUKOHYIOTH TPUOMpaHHSA, Ta 3a0XOYEHHS IHIIUX POOITHUKIB O PpEryJSIPHOTO
YUIIEHH Ta Je31H(]EeKIIii CBOIX poO0YMX 30H Ta 00JaJHAHHS);

€) 3a0e3MeUnTH MOKpAIIeHI 3acC00M O0COOMCTOI TIri€HM, BKIIOYAIOYH JIOJAATKOBI
MICLISI AJI1 MUTTS PYK, /i€ 1Ie MOKJIMBO, Ta TOYKU Ae31H(DEKIT YK, 1€ 11e€ HEMOXKIUBO
(BKJIFOYAIOUM BIJKPHUTI MalgaHYMKH, III0 BHUKOPHUCTOBYIOTHCS [JIi poOOTH abo
nepepB), 3a0e3MeUyrvr JOCTYN J0 IHUX 3ac00iB I MPAIliBHUKIB 3 0OMEKCHUMH
MOKJIUBOCTSIMH;

) KOOpAMHYBATH Ta CIIBIPAIIOBATH 3 1HIIMMH OpraHi3alisiMyd Ha 3arajibHHUX
MaWJaHIMKax, y TOMY YHCIl 3 MAPSAJHUKAMH, KEPYIOUHMH arcHTamH,
OpPEHJOAABIIMU Ta IHIIMMU OpEHAapsAMHU, 3abe3neuyroun OOJIK SK 3BUYANHHUX
oreparliii, Tak 1 IJIaHiB A1 y HaJ3BHYAHHUX CUTYaIlIsIX.

Opranizaifis MOBUHHA TaKOX BXKUTU MOAAIBIIUX 1, SKIIO 1€ 3aCTOCOBHO,
BKJIIOYAIOYH:

a) rmuboke nmpuOupaHHs Ta aAe31H(eKIiss poOoYuX Micllb Ta 00IaJHAHHS,

0) nesiHdexilis KpaHiB, AYIIOBUX Ta I1HIIUX JHKEpesl BOJAU 3a JOTOMOTOIO
MPOAYKTIB, IO BIJAMOBIIAIOTh OQIIIMHUM BUMOTaM [iJii BUKOPUCTAHHS MPOTH
COVID-19, Ta npoMuBaHHs Nepe]l BAKOPUCTAHHSIM;
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B) MaKCHUMaJIbHE 30UIBIICHHS KUIBKOCTI 30BHIIIHHOTO TMOBITPS Ta 3MiH MOBITPS B
MPUMIIIEHH] 32 JOTMOMOTOI0 CHCTEM BEHTIJIAMII (3 BIAMOBIAHOIO (iIbTpaIi€ro Ta
TPUBANICTIO POOOTH), BIAKIIOYCHHS] CUCTEM PELMPKYJISLII MOBITPS Ta MAKCUMAJIbHO
MOJKJIMBE YTPUMAaHHsI IBEpEil Ta BIKOH BITYMHEHUMU;

r) 3abe3medeHHs TOro, W00 TyaleTHI NPUMILIEHHS KepyBalucs s
3a0e3neyeHHs 0e3MeYHOr0 BUKOPUCTAHHS;

1) Tepe3amycKk Ta TEepeBipKa  CIHEHMialIbHOTO  OOJIaHAHHA, SKE He
BUKOPHCTOBYBAJIOCS JIOBIIIE 3BUYAIHOTO;

€) BUMPOOYBAHHS CUCTEM IOXKEKHOT OC3MEKU, BKIIOUAK0YH OJIOKH 3 OaTapeiHUM
YKUBJICHHSIM, TaKl SIK aBapiiiHe OCBITJICHHS Ta CUTHaJI3aIlis;

) BCTAHOBJICHHS 3HAKIB Ta PO3MITKU HA MiJ1031 Ta/a00 CTIHAX JJIsl HO3HAYEHHS
pPEKOMEHI0BaHO1 (Pi3MyHOi BiJCTaHl, 3a0e3MeyeHHs TOoro, 1m0 po3MiTKa Oyia
MPOCTOIO, YITKOIO Ta JOCTATHBO BEJIUKOIO, 1100 11 MOIIM 0aUUTH JIFOAM 3 OCIa0JICHUM
30pOM;

3) cTBOpeHHs (Pi3uyHUX Oap'epiB JUIsi IPUMYCOBOTO (DI3UYHOTO AUCTAHITIIOBAHHS
MaKCHMAaJIbHO MOJKJIMBO TaM, J¢ Ii¢ O0e3meyHo, 0e3 BBEJCHHS HOBUX IHIIMX PU3HKIB
a00 HEraTUBHOTO BIUTUBY Ha JIIOJICH 3 OOMEXEHUMHU MOKIIUBOCTSMH;

M) CTBOpPEHHsS POOOYMX 30H JJII OOMEKEHHS KUIBKOCTI JIIOACH y Oyab-sIKii
001acTi;

K) OOMEXEHHS KIJTbKOCTI JIIOJIeH, SIKI BUKOPHCTOBYIOTh YCTaTKyBaHHS, IO
CHUIBHO BHUKOPHCTOBYETBHCS, LUIAXOM CTBOPEHHA poOouux TIpyn abo map i
3aKpIIUICHHS 1X 3a MPU3HAYEHHUM CITIBHO BUKOPUCTOBYBAaHUM O0JIaJHAHHSIM;

J) CTBOPEHHS TOYOK OYHMIIEHHS Ta JAe3lH(dekuli, mod poOITHUKH MOTIU
MPOTUPATH OBEPXHI Ta 00JIaJHAHHS NPOTATOM POOOYOTO JHS;

M) peoprasizaiisi NepecyBHOro OOJaJHAHHS, CTOJIB Ta pOOOYUX MICUb IS
3a0e3nedeHHs (i3MIHOTO TUCTAHITIFOBAHHS;

H) ¢ikcallis ABEpel y BIAKPUTOMY CTaH1 JUIsl 3MEHIIEHHS TOPKAHHS JBEPHUX
PYUOK (32 BUKJIIOUEHHS JABEPEM, HEOOXITHUX JIJIsl 3a0€3MEeUCHHS MOKEKHOI Oe3MeKH,
Oe3nexu abo KOH(DIACHIIIHHOCTI);

0) CTBOPEHHS IPOIIECIB JIJIs1 OE3MEYHOT0 BXO1y Ta BUXOAY 3 POOOYHMX MICIb;

1) BCTAHOBJICHHS CHUCTEM 3 OJHOCTOPOHHIM PyXOM Yy KOpHJIOpaX, cXoJaxX Ta
IHIIMX MICISIX 3arajJlbHOr0 KOPUCTYBaHHS, BCTAHOBJICHHS 3HAKIB Ta PO3MITKUA Ha
11171031 a00 CTIHAX, a TAKOK BXKMUBAHHS 1HIIKX 3aXO0/I1B 11010 3HIKECHHS PU3HKIB TaM,
7€ 11€ HEMOKITUBO;

p) BHU3HAYCHHS O€3MEYHUX CHOCOOIB BUKOPHCTAHHSA Ji(TIB, BKIIOYAIOYU
O0OMEKEHHSI TIOTY)KHOCTI, Ta 3a0e3MeueHHs nepeaadl 1HCTPYKIiN moao 6e3neyHoro
BUKOPHUCTAHHSA SIK YCEPEIuHi, TaK 1 30BHI JT(TIB;

C) HaJaHHA POOOYUX AOJATKOBHX 30BHIIIHIX MPOCTOPIB JJsl MOBCAKIECHHOI
po0O0TH, 3yCcTpiueH Ta mepeps, A€ e MOKIHUBO.

Opranizamii ¢ po3poOUTH Ta MEepeaaTd MpolecHu JUId  yIpaBIiHHS
nepeadadyyBaHUMHU Ta miaATBeppkeHuMH Bunagkamu COVID-19.

[[lo6 oOmexutn MoxiauBe npoHukHeHHs COVID-19 nHa pobode MicIle,
opraHizailisi TOBUHHA BXXUTHU 3aXOIB JJI OILIHKHU JIFOJIEH, 1110 BXOAATH 0 OyiBi, 1
3arno0iraHHsl BXOJly THX, XTO Ma€ CUMIITOMH, SIKI HEIIOJABHO MPHUiXald B paiOHU 31
3HaYHUM TOIIUPEHHSIM XBOPOOH Cepel HacelIeHHs a00 3 HUX, a00 XTO KOHTaKTyBaJIH
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13 moapMu, 1HPpikoBanumu COVID-19.

KepiBHMLITBO Ta MeEHEMKEPH Ha BCIX pPIBHAX TMOBHHHI MiATPUMYBaTH
CHIBPOOITHUKIB Y BXKUTTI HETaHMX 3aXOJiB 13 CaMOI30JLIl y pa3l MOSIBH y HHUX
cumntomiB COVID-19 abo nomimiaru ix y KapaHTHH, SKIIIO 1€ HEOOX1AHO, a TaKOX
PO3yMITH ICHYIOUYI TPOILIECH Ta Te, IO BiJ HUX OYIKYETHCS MIOJ0 MOBIIOMIICHHS,
camo130J1s1is1 a00 KapaHTHUH Ta MOBEPHEHHSI 10 pOOOTH.

IIpo cmamaxu COVID-19 B opranizamii ciaiJi IOBIJIOMJISATH BIJIOBiIHI
PETYIIOI0Yi OpTraHu Ta OpPTaHU OXOPOHHU 3/I0POB's

2.5. YnpagJiiHHsI 3aXBOPIOBAaHHAM Ha po004omMy Micwi

[Ilo6 3Bectn no wmiHimymy nepenadyy COVID-19 ta 3axuctutu oci0, ski
HAJAI0Th MepIly JO0MOMOry, BKIIOYAaI4M 0CiO, Kl HAJaloTh Mepuly JO0MOMOry, Ta
JIOAUHY, Ky BOHH JIIKYIOThb, 10 OyAb-SKOi JIIOJUHH, sIKa 3aXBOpijla Ha poOOYOMY
MICIIi, CJTIJT CTAaBUTHCA SIK 10 ToTeHIiiHoro Bunaaky COVID-19.

Opranizaiiis TOBUHHA TPOKOHCYJILTYBATHUCS 3 MPAI[iIBHUKAMHU, SIK1 B1/IIOBIIAI0ThH
3a HaJaHHsA TEpIIOi JOMOMOTH, MO0 BHU3HAYUTHU, YM XOUYTh BOHH 1 MOXYTh
MPOJIOBXKYBAaTH BUKOHYBATH I[I0 POJb, O€pydd J0 yBaru 1HAWUBIAyajdbHI 0OCTaBHHU
(HampuKIaa, YU BBAXKAETHCSA MPAIIBHUK OUIBII CXWIBHUM JO PHU3UKY 3apa’KeHHS
COVID-19 a6o cepiioznoro 3axBoptoBanss. Big COVID- 19, xuBe B ciM'T 3 KUMOCH
13 Tpynu MiJIBUILIEHOIO PU3UKY a00 AKIIO MPALIBHUK NEPEUMAaEThCs MiIBUILIEHUM
PU3HKOM 3apaKeHHS).

Oprani3zanis MOBUHHA:

a) Hajgaty BiAnoBiaHI 313 (HampukiIaa, 3aXUCHI MackKH, pyKaBUUYKH, XaJlaTH) Ta
MacKH Ta JJaTW BKa3IBKH, SIK iX CIJIiJI BUKOPUCTOBYBAaTH 0co0aM, SIKi Ha/IaloTh MEpIIry
goroMory (CiiJ TpUAUTATH yBary JIOJSM, SKUM HEOOXITHO YMTaTH MO Tybax, a B
Takiil cuTyamii — mnpo3ope oO0JMuYYsl €eKpaHW) CJiJi BUKOPUCTOBYBAaTH pa3oM i3
(b13UIHUM JTUCTAHIIIIOBAaHHSIM;

CIiJi BUKOPUCTOBYBaTH 1HINI (OpPMU KOMYHIKaIli, Taki SK JHUCT, SKIIO
BUKOPUCTAHHS TMPO30PUX JIMIBOBUX MIUTKIB Ta (I3MYHE JAUCTAHIIIIOBAHHS
HEMOXJIUBE);

0) 130/I0BaTH XBOPOI'O Ha Yac HaJaHHSA IIEPIIOI JOMOMOTH a0o0, SKIIO
HEOOX1IHO, OpraHi3yBaTH TPAHCIOPTYBaHHSA 3 poOo4Yoro wMicusd (HampUKIa,
TPAHCIIOPT MOXKE OYTH HAJAHUN YJICHOM TI€i XK CciM'T);

B) HAJaTHU MOTEPILIOMY MacKy (CliJ MPHUILIUTH YBary JOJSM 3 OCHOBHUMH
3aXBOPIOBaHHSIMH, M0 BIUIMBAIOTh Ha JAMXAHHS) 1 TOMPOCUTH iX BUMHUTH abo
npoze3iH(}iKyBaTH pyKH;

I') BUMAaraTd BiJl MOCTPaXJaJoro 3aJMLIINTH poOoYe Miclle, BUKOPUCTOBYIOUU
O0e3neuyHui croci0 TpaHCMOPTYBaHHS (HAMpPHKIAJA, YHUKAIOUA TPOMAJCHKOTO
TPaHCIIOPTY, SAKIIO 11€ MOXKJIMBO), Y BIJMIOBIIHE Oe3IeuHe Miclle (HanpukKiai, 1010My
a00 J10 MEIMYHOTO 3aKJIay);

1) TOpaJuTH TocTpaxkaanoMy 3ampocutu TecT Ha COVID-19, skmo y HbOro
PO3IMi3HaHI CUMIITOMH, Ta MOIH(POPMYBATH OpraHi3allilo IPo pe3yJIbTar;

€) BCTAHOBUTH, YU TOPKHYBCS MPAIIBHUK Yy TICHOMY KOHTAaKTi 3 IHIIUMH
npaiiBHUKaMu ab0 KJ€HTaMu (HAmpUKIad, BUKOHYIOUM pPOOOUYY MisUIBHICTH 0€3
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(13UYHOTO JIMCTAHIIIOBAaHHS B KOMaHIl a0o mapi, HaJal4d TOCIYTd TICHOTO
KOHTaKTy), Ta HpoiH(OpMYyBaTH LUX MpAliBHUKIB a00 KIIE€HTIB MPO MOMJIUBHUNA
koHTakT 3 COVID-19, 36epexxenHst KOHPIACHLUIMHOCTI MOAO JKepesia TOTEHIIHHOTO
BIUIMBY Ta HAJAaHHA MIATPUMKUA TMOCTPAKIAIMM TMpaliBHUKAM JJisi HeraiHoi
camo130J1s11i a00 KapaHTHHY;

K) 30epiraTi JaHi MNpO IHIIMX MPALIBHUKIB, SIKI KOHTaKTyBald 3
MOCTPAKIATMMH TpaiiBHUKaMu, y pasi miarBepkenHs COVID-19 ta nHasBHOCTI
ITUPIIOT BUMOTH 111010 CaMO130JIA1111;

3) 3a0e3NneunTd 130J11I0 JUISTHOK, Y SIKUX MepedyBaB MOTEpHiuIMii, abo ix
OUMIIEHHS Ta Je3IH(EKLIl0 SKHAWIBHUALLE, NPUAUIAIOYM OCOOJIMBY yBary
o0JaJlHAaHHIO, SKE€ YacTO CTOCY€ThCS MOBEPXOHb (HANPUKIAZ, IBEPHUX PYYOK,
KHOIIOK J()TIB) Ta MICLIb 3aTaJIbHOI'0 KOPUCTYBAaHHS, TAKUX SIK TyaJIeTH;

M) rapaHTyBaTH, 10 POOITHUKH, SIKI BUKOHYIOTh OYMIIEHHS a00 Ae31H(EKIIII0
YPKEHHUX TIISHOK, BUKOPUCTOBYIOTH BIANOBIAHI 313 Ta MOTPUMYIOTHCS y3TOIXKEHUX
0e3MeyHuX METOiB poOOTH Ha OCHOBI OITIHKH PU3HKIB;

K) 1HQOpMyBaTH OpraHU OXOPOHU 3/IOPOB'S, HAMPHUKIIAJ, SIKIIO JBa a00 OUIbIIE
miareeppkeHnx Bunaakie COVID-19 nos's3ani 3 po6ounM miciiem;

J) JaTU YiTKE KEPIBHUIITBO MPO TE, KOJIA MPAI[IBHUKOBI, SIKHH TEPEXBOPIB Ha
COVID-19, moxHa 6e31eyHo MOBepHYTHCS Ha poOoUe MICIIE;

M) Hazatu 1HQOpMAIlI0 TMPO 3aXO0Ju, SIKI MOXYTh OYTH 3IIHCHEHI [JIs
MOJIETHIEHHS! TOBEPHEHHS 10 POOOTH, MOCTIHHOI MIATPUMKHU Ta peaduTiTalii, 3aJIeKHO
B1JI CUTYaIIil.

2.6. IIcuxoJioriube 310poB's Ta 0,1ar0N0JIy44si NPALiBHUKIB

Oprani3zanis NOBUHHA BCTAHOBUTH MPOLECH ISl YIIPABIIIHHS BILUIMBOM MaHAEMIi
Ha TICUXOJIOTIYHE 3/I0POB'S Ta JoOOPoOyT MpalliBHUKIB.

Ha ncuxonoriune 310poB'ss Ta  Onaromojiyqus  MOXYTh  BIUIMBATH
IICUXOCOII1aJbH1 HeOe3MeKH, TaKl SK:

a) HEBU3HAUCHICTh (HAMPUKIIAJ, IIOJ0 TOTO, IO OYIKYETHCS, SIK IOBI'O MOXYTh
TPUBaTH JOMOBJICHOCTI, BIUIMB Ha 3apOOITHY IJIaTy ab0 pobouuii yac);

0) poOode HaBaHTaXEHHsS Ta TeMIl poOOTH (HANMPHUKIIAJ, 3aHaATO OaraTto abo
3aHAATO Majo poOOTH, OUIKYBaHHS JOTPUMaHHS KOPOTKHUX TEPMIHIB, HaBITh SKIIO
TISTTBHICTD 3aiiMae OLIbIIE Yacy yepe3 3MiHeHI crmocoOu poOoTH);

B) poboumii yac (HampuKIiaj, HemependaduyBaHU TOJAWHHUK, CKOPOUYEHHUN abo
30UTBINIEHUH TOJUHHUK, HOBI PEXKUMH 3MiH);

I') HEOJHO3HAYHICTh POJIeH (HAMpHUKIAJ, 3MiHA TOTO, IO OYIKYETHCS BiJI PO,
HOBI POJIi, BIICYTHICTb SICHOCT1);

1) BIACYTHICTH KOHTPOJIIO (HAmpHKIaJ, IIBHJAKI 3MIHHM PIBHIB PHU3UKY, IO
BEJIyTh JO PanTOBOIO BBEJEHHS B Jit0 a00 mociabiieHHs oOMeXeHb ab0 3MiHEHUX
croco6iB poOOTH);

€) BIJCYTHICTh COIIAJIBHOT MIATPUMKH (HAIPUKIIAJ, CaMOTHICTh, (i3U4Ha
130J1A11151, IPOOJIEMH 31 CIIJIKYBaHHSM);

) HACIHIJKK TPUBAJIOT 130JIA11T Ta BIJANEHOI poOOTH (HANpUKIAI, HaaMipHA
Ilisl eKpaHiB, BTOMA, HY/1bI'a, BIICYTHICTh KOHIEHTpAIlii, 0€3COHHS);
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3) HE3aXHUILEHICTh POOOTH (HAMPUKIIAJ, 3aHETIOKOEHHS 1I0JI0 MOKIIMBOI BTPaTH
poOoTH, BHYTpILIHI (PiHAHCOBI MPOOIEMH);

M) TPYIHOLI MOEAHAHHSA POOOTH Ta CIMEMHOrO XKUTTS (HAmpHKIa, 0O0B'A3KHU 3
JOTJIAy, Ha/I3BUYaliHI CiMEHI 00CTaBUHHM, HEOOX1IHICTh IMpPAIfOBaTH y HEPOOOUMit
yac);

K) 0coOJMBI poji, MOB'sI3aHl 3 MIABUIICHUM PU3MKOM 4Yepe3 4acTi, TiCHI abo
TpUBai B3a€MOJii 3 IHIIMMHU JIOJbMH (HANpUKIAL, HAa TEpPEAHbOMY IIJIaHI, Ha
my0utii, MoO1IbHA POOOTA);

J71) 0co01MB1 00CTaBUHM MpAlliBHUKA (HAMPUKIIAJ, TPUHAIEKHICTD 10 BPa3JIUBO1
IpyIu, BaXKKa BTpaTa Yu cepio3HE 3aXBOPIOBAHHS Y Hiif).

Jlis ympaBiiHHS pU3MKAMU JUIS TICHXOJIOTIYHOTO 370pPOB'St Ta Oyaromoiydus,
noB'sizanumu 3 COVID-19, opranizaiiis moBUHHA:

M) MPOCYBaTH KyJbTYpYy AOBIpH, TYpOOTH Ta MIATPUMKH, BU3HAIOUH, IO OKPEMI
MPAI[iBHUKU CTUKAIOTHCS 3 PI3HUMHU MPOOJIEMaMU 1 M0 3aHETIOKOEHHS YW TPY/IHOIII
IIHCHI,

H) JO03BOJISITH TPOBOJUTH PETYJsIpHI KOHGIAEHIIIHHI 3ycTpidl (BiAgajeH] YU
¢b13u4Hi, 3a7€KHO BiJI CUTYaIllii) /711 00OrOBOPEHHS Mpo0JieM Ta Y3TO/HKEHHS CIIOCO01B
MIITPUMKH TIpaIliBHUKA;

0) MIPOBOJIUTH PETYJISAPHI BIAAANICHI YU OYHI 3yCTpPivl 3 KOMaHaMU NPaIliBHUKIB;

1) 103BOJINTH THYUYKH rpadik poOOTH Ta BIJILHUH Yac;

p) loroMaraTd TpalliBHUKaM BCTaHOBJIIOBATH 3/I0POBI KOPJAOHU MK POOOYUM
Ta HEpOOOYMM YacoM, NOBIAOMIISIIOYM, KOJM BOHHU, SIK OUIKY€TbCS, OYIyTh
MpaIloBaTH Ta JOCTYIIHI, OEpyYH 10 yBaru HEOOX1IHICTh THYYKOCTI;

C) JTO3BOJISITU MpAaLlIBHUKAM OLIbIIE KOHTPOJIIOBATH TEMIT pOOOTH Ta TEPMiHH,
SKIIIO 1€ MOXKJTUBO;

T) HaJaBaTU PETYJSIPHY, SICHY Ta TOYHY 1H(POPMAIIIO0 PO MOTOYHY CHUTYAIlI0 B
oprasizailii Ta 3a1UIaHOBaH1 3MIHHU, K1 MOKYTh BIUTUHYTH Ha MPAaIliBHUKIB,

y) PO3IJISHYTH MOKJIMBICTh HaJaHHS BiANOBiAHUX 313, Macok, MacKyBaJbHUX
MOKPUTTIB Ta IHIIMX 3axO0JiB KOHTPOJIKO JUIsI TMpAIiBHUKIB, $KI CTypOOBaH1
nepe0yBaHHIM Ha (PI3MYHOMY pOOOYOMY MICIli, HaBITh SKIIO IILOTO HE BUMAarae
oprasizartis;

() OporoHyBaTH J0JATKOBI PECYpPCH ISl TOIIOMOTH TpalliBHUKAM B YIIpaBJIiHHI
BJIJACHUM TICUXOJIOTIYHUM 37I0pOB'AM 1 OJlaromnoiayyysiM (HampuKIal, OHJIaiH-
nporpamu, BeO-callTH, nocTynm A0 ¢axiBIiB, SKI MPOMOHYIOTH KOHCYJbTaIlli 3
MPUBOJY BaXKKOi BTpAaTH Ta TpaBM, (PiHAHCOBI KOHCYJIbTAIIIT).

2.7. T'iriena nmpaui Ha po6o4omMy MicTi

Opranizaiiis NOBMHHA BIPOBAKYBATH MPOLECH IJS MIATPUMKH UYUCTOTH Ha
pobouomy Miciii, 3HwKeHHS pu3nuKy nepegadi COVID-19 i3 3a0pyaHeHnX MOBEpXOHb
Ta 3a0e3Me4YeHHs] rapHOi TITE€HU MPOTATroM PoOOYOro Yacy Ta HAMPUKIHIN KOXKHOI
po060YOi 3MIHHU.

Opranizailisi TOBUHHA MEPEKOHATHUCS, 1110 MPAI[IBHUKN 0013HAH1 MPO BAXKJIUBICTh
4acToro Ta e(eKTUBHOrO MHUTTS pyK st oOmexeHHs nepemadir COVID-19.
Opranizailisi MOBUHHA MOBIIOMUTH IPaIliBHUKIB, 110:
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- PYKH CJI1JT MUTH YHCTOIO (0a)KaHO Tapsiuor0) BOJOI0 3 MUJIOM TpoTsirom 20-4
CEKYH]I;

- PyKH MOBUHHI OyTH mpoje3iH]ikoBaHi Ae31HPIKYIOUHM 3ac000M AJIs PYK, IO
MIIXOMUTh g OesreyHoro Ta edextuBHOro BukopucranHs mnporu COVID-19
(Hanpukian, mo Mictutb MiHiIMyM 60% etanoiry abo 70% 130MpOIIJIOBOIO COUPTY),
SKIIO MUTTS PYK HEMOKITUBE;

- pyKd 3 BUAUMUMHU 3a0pyIHEHHSIMHU CJiJI BUMHUTH TIE€pe]l BUKOPHUCTAHHAM
ne31H(piIKy0U0Tro 3aco0y IS PYK, SKIIO 1€ MOMKIIUBO.

Opranizailisi MOBUHHA 3a0€3MEUNUTH BIAMOBIIHICTh Ae31H(IKYIOUUX 3aCO0IB IS
PYK BIANOBIAHUM CTaHAapTaM (HANpUKIaJ, IepeBipKa THUIYy Ta KOHUEHTparlii
QJIKOTOJII0 HA €TUKETKAaX) Ta 3HaTH MPO MOKIMUBICTh MOSBU HA PUHKY MiAPOOJIECHUX,
HU3BKOSKICHUX YU HEMPABUIIBHO CKIIAJICHUX TIPOYKTIB.

Opranizailisi Ma€e BOpOBaAUTH MIPOIIECH, 100 rapaHTyBaTH OE3MEKY:

a) MpaIiBHUKaM PEKOMEHAYEThCS MUTH pyku (200 Tpoje3iH(iKyBaTH, SKIIO 1€
HEMOXKJIMBO) Yepe3 YacTi MPOMDKKU 4Yacy Ta TMOBIJOMIISTH, KOJH II€ CIiJI pOOUTH
(HampukIIaa, mepes BXoaoM abo BUXOJIOM Ha poboue MicIie, /10 Ta Miciis Mepeps, 10
Ta micias poOOTH 3arajibHi PecypcH, Taki sk TeleOoHU, KOMI'IOTepH, ITHCTPYMEHTH,
aBTOMATH JIJIA HAIO1B, 0 Ta MICIs BUKOPUCTAHHS MICIIb 3aTAJIbHOTO KOPUCTYBaHHS);

0) momaTkoBi 3aco0u 1T MUTTS pyK Ta/abo ne3iHeKIli pyk y Miclsx, Je
pOOITHUKU MPUCYTHI 200 MPOXOMASTh uepe3 HUX (HampHUKIad, BXOAHM, BUXOAM, 01711
T(TIB, MICIIS 3arajlbHOTO KOPUCTYBAaHHS, POOOUl 30HH);

B) y pO3MNOPSHKEHHI POOITHUKIB € JOJIATKOBI MaTepiasiy JIJIsl YaCTOrO0 OYUIICHHS
Ta Je31H(eKIil poOoUrXx Miclb Ta OOJaJHAHHS, Y TOMY YHCIIl MK IX BUKOPHUCTAHHIM
PI3HUMH pOOITHUKAMH;

') 4aCcTe OYUIIEHHS Ta JIe31H(EKIIs TOBEPXOHb, 10 AKUX PETYISIPHO TOPKAIOTHCS
(HampuKJIaA, ABEPHUX PYUYOK, BHUMHUKAUIB CBITJIA, JIYUIBHUKIB, MYyHKTIB OIJIaTH,
MOBEPXOHb JUIsl TECTYBAHHSI, YIIPABIIHHS JI(PTOM, 3aralIbHUX PECYPCIB);

1) epexTuBHE, aJeKBaTHE Ta YacTe BUAAJICHHS BIIXOJIB, BKJIIOYAIOUN OKpPEME
Oe3reyHe BUJAJICHHS BIAXOAIB oaHOpa3oBux 313, omHOpPa3oBUX MacoK Ta
MaCKyBJIbHUX MOKPHUTTIB ISl O0IUYYS;

€) MpomaryBaHHS HAJIEKHOI TIr€HHM, BKJIIOYAIOYM IUIAKATH Ta 3HAKH, IO
HarajJlyloTh MpaliBHUKaM MpPO HEOOXiJHI METOAM Ta YacTOTy MHUTTS pPYyK, IMpo
HEOOXIJTHICTh YHUKATH JOTHUKY J0 OC10, a TaKOXK KAaIUIATU YU YXaTH B OJTHOPA3OBY
CEpBETKY UM JIIKOTh;

) Oe3leyHe BUKOPUCTAHHS TyaJleTiB, BKIIOYAIOYM TOCUJICHY BEHTWJIALIIIO,
MOCUJIEHE Ta 4YacTille NpuOUpaHHA Ta Ae31H(EKI0, 3a0XOYEHHS BHKOPUCTAHHS
MarepoBUX PYIIHUKIB Ta KEPYBAHHS X BUKOPUCTAHHSIM JIJII 3MEHIIICHHS CKYTYCHHSI
JIIOJIEH;

3) Oe3MeYyHe KOPUCTYBAaHHS MYIIOBUMH Ta PO3ISTAIBHIMH 3 BUIUICHHIM
CHeniaJbHUX MPUMIILIEHD JJIsl HEBEIUKUX TPYI, JI€ 1€ MOKIIUBO.

[Ilo6 yHukHyTH mepenadi iH}EKIii Bij 3a0pyJaHEHHS MOBEPXOHb, OpraHi3alii
CJIiJ 3aIpoBaJUTH CTaIllOHApHI PoOOYl CTaHIli, 30HU, CTOJIU Ta/ab0 OOJagHAHHS, a
TaKoX BUMaraT BijJi pOoOITHHKIB 30epiraTu ocOOMCTI pedi B 0OCOOMCTUX MPOCTOpax,
TaKMX 5K MaQKy 91 CyMKH, 3a0€3MeTyI0ud BUAAJICHHS pedeit 3 po60ovoro miciisl.

Oprani3alis NOBUHHA BXKUTH 3aX0/JlIB JUIsl 3HMKEHHs pu3uKy nepenayi COVID-
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19 uepe3 KOHTaKkT 13 MNpeAMETaMH, IO MNOTPAIUIIIOTH Ha poboue Micue, Ta
TPAHCIIOPTHUMHU 3aco0aMu, MIO0 BHUKOPUCTOBYIOThCS Oprasizaifiero. Opranizaiis
MOBUHHA:

M) OOMEXyBaTH HECYTTEBI TMIOCTaBKH, BKJIIOYAIOUM OCOOUCTI TOCTAaBKHU
MpaIliBHUKAM;

K) OUMINATH Ta Je31H(IKyBaTH MaTepiaiu, oOJiaJHaHHs Ta 1HIII MPEAMETH, 0
HaJIXOITh Ha poOoYe MicIIe;

J1) YUCTUTHU Ta Ae31H(PIKYBaTH TOYKU JOTUKY 13 3arajJbHUM OOJIaJHAHHSIM TICIs
KOXXHOT'O BUKOPUCTAHHS,

M) PpEryJsipHO YHUCTUTH Ta JAe3lH(]IKyBaTH TpPaHCHOPTHI 3aco0H, IO
BUKOPUCTOBYIOTHCS 711 pOOOTH, Y TOMY YHCJII aBTOMOOLJ1, HA IKUX POOITHUKH i1y Th
T0JIOMY;

H) 30UIBIIMTA YacTOTy MHUTTS pyK Uil MPaAlIBHUKIB, $KI 3alMarOThCs
JI0CTaBKOIO0, 200 HajaTu Ae3iHdikyouunit 3aci0 it pyK, SKIIO 1€ HEAOIIILHO.

2.8. Po6o4i 304U Ta po6o4i Micus

Opranizamii  cuig  3a0e3meyuTd  JOTpUMaHHS — OpaBwil  (HI3UYHOTO
JTUCTAHIIIOBAaHHS MK OKPEMHUMH TpalliBHUKaMU y poOOYMX 30HAX Ta Ha poOOUYUX
MICIISIX, 1€ 1€ MOJKJIMBO.

{06 cripusitTu 0e3neYHUM METOo/IaM poOOTH, OpraHizallii CIiaye:

a) IepeBIpUTH poOOYl 30HU Ta, 0 MOKIIUBOCTI, IEPEMICTITh pOOOUl MicCLIs, 11100
3a0e3neunTH (Pi3UYHy BIACTaHb MIK HHUMH, 3BEpTalOUM yBary Ha MpOCTIp,
HEOOXITHUN N1 Oe3MeYHOro mepexoay Ha poOodl MICTa Ta BIJ HHUX, SKIIO II€
MOB'A3aHO 3 MPOXOJHKEHHSIM 1HIINX POOITHUKIB;

0) po3ramoByBaT poOOUl MICIh TakK, MO0 POOITHUKK PO3TALIOBYBAIUCS TLTIY-
O-ILJI1Y, CTIMHA JI0 CIIMHY a00 JiaroHajIbHO OJMH JI0 OJTHOTO, a HE Bi4-Ha-BiY;

B) 3a0JIOKyBaTH BUKOPHUCTaHHS ACSIKUX pOOOYMX MiCIlb a00 BUKOPHUCTOBYBATH
€KpaHM JJIA MOJLTYy POOITHHKIB, SIKIIO PoOOYl MICIS 3aKpiIlJieHI Ha BiJICTaHI MEHIIE
B1Jl PEKOMEHI0OBAHOT0;

I') mpu3HayaTd poOodYi Miclsg Ta OOJIaJIHAHHS OKPEMUM IMpalliBHUKaM, e IIe
MOXJIMBO, 200 KOMaHAam/mapam, Je Iie¢ HEMOXJIMBO (HANpHKJIaJ, [EHTPU 0OpoOKHU
BUKJIMKIB, HaBUaJIbHI MPUMIIIIEHHS) Ta 0OMEXYBaTH «rapsdi poOoYl CTONIM» Ta 1HIII
¢dbopMu THY4KOi pOOOTH OCHOBHUMHU BUJAMH JTISITBHOCTI;

1) BUKOPHUCTOBYBaTHM MapKepu Ha Miano3i abo cTiHax, 000 BKazaTu
PEKOMEHIOBaH1 MpaBuia (pi3MIHOTO JUCTAHITIFOBAaHHS;

€) BCTaHOBUTH (Pi3uuHi Oap'epH IJIsl MPUMYCOBOTO (PI3UYHOTO AUCTAHILIFOBAHHS
MaKCUMaJIbHO MOXJIMBO TaMm, Ji¢ 1e O0e3nedHo, 0e3 BBEJACHHS HOBUX 1HIIMX PU3HKIB
a00 HEraTUBHOTO BIUTUBY Ha JIFOJICH 3 0OMEKEHUMHU MOYKJIMBOCTSIMH,

) 3MEHIIUTH KUIbKICTh POOITHUKIB Y poOOUiii 30H1, 11100 3a0e3neuuT GizudHe
JMCTaHIIIOBaHHS B OOMEKEHOMY MPOCTOPI;

3) OOMEXHUTH BUKOPHUCTAHHS MPEIMETIB, 110 BUKJIMKAIOTh CUJIBHUUA JOTHK, Ta
3arajibHOro 0OJIaTHAHHSI, a TAKOXK JI03BOJIMTH YacTl YUCTKH Ta JIe31H(EKIIiIO.
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2.9. 3arajbHi 3aX01H HA MiANPUEMCTBAX

PobGoTonaBiil € BiAMOBIaIbHUMH 32 CTBOPEHHS O€3MEUHUX Ta 30POBUX YMOB
mpaili Ha MiANPUEMCTBAX, B TOMY YHCII 32 pO3pOOJIEHHS KOHKPETHUX 3aXOJlIB 00
MoTIepe/KEHHsT BUMAIKIB 3axBopioBaHHs BHachinmok COVID-19. Cepen ocHOBHUX
pEeKOMEHalllN, SIKUX HEOOXITHO JOTPUMYBATHUCS, €. HOCIHHS MAacoK, JOTPHUMAaHHS
COLIIANIbHOI TUCTAHIN] IOHANMEHIle B OJAMH METP, YHUKHEHHS BEIUKHUX CKyMY€Hb
JFOZICH Ta perysipHe BUKOPUCTAHHS aHTUCETITHKIB.

3araqbHUMHU 3aX0JJaMU Ha MIANPUEMCTBAX MOXKYTb OyTH: CKOPOUEHHS (PI3MUHUX
KOHTAKTIB MDK MpalliBHUKAMH, JOTPUMAHHS HEOOX1JHOT JUCTaHIIII, 3aMpOBaKCHHS
MO3MIHHOI1 Yl JUCTAHLINHOI poOOTH, €QEeKTUBHICTh BEHTWIALIL poOOYMX
MpUMILIEHb, 3a0€3ME€YEHHS] YUCTOTH 1 TIT€HU MPUMIILIEHb, OpraHi3alis HeoOX1JHUX
YMOB I MUTTA PyK 1 Je3iHdekiii. ¥ HeoOXiIHUX BHUMNAAKaX poOOTOJABElb Mae
3a0e3neunTH: OE3KOITOBHE HAJaHHS TMpalliBHUKaM 3aco0iB 1HJWBIIyaIbHOTO
3axucty (313) Ta iX BUKOpUCTaHHS Ha pOOOYUX MICIISIX.

3axoau O6e3neKu Ta TiriEHH Mpalli — IHAUBITyaIbHI I KOXKHOTO MiAIPUEMCTBA 1
MOBUHHI PO3POOJISITUCS HA OCHOBI OIIHKH PU3UKY.

3akazamM OXOPOHU 3/I0POB’ S HEOOX1THO 3aCTOCOBYBATH MPO(DITAKTHYHI 3aX0/TH,
mo0 3anobirtv  1HGIKYBaHHIO MEIMYHUX TMPAIIBHHUKIB: JOTPUMAHHA TIPABUII
1H(DEKIIHHOTO KOHTPOJIIO Ta BUKOPUCTAHHS 3ac001B 1HIMBIAyaabHOTO 3axucTy (313) —
BUOIp HanexxHoro tuny 313 Ta HaBUaHHS, K HOro HaAraTH, 3HIMATH Ta yTUII3yBaTH.

CydacHa cucTeMa yNpaBIiHHS OXOPOHOIO Tpalli Mae BpaxOBYBaTH
iieHTudiKamilo HeOe3nmeK 1 OWIHKY pu3uky. Ha migmpuemcTBax HEOOX1THO
CTBOPEHHsI O€3MEYHMX Ta HEIIKIJUIMBUX YMOB Mpalli, JOTPUMAHHS CaHITApHUX HOPM
Ta MpaBUI Yy BUPOOHMUOMY IMpPOIEC], 3a0E3MEUCHHS MPAIIBHUKIB CIIEIOISITOM,
IHIIMMHU 3ac00aMM 1HJIMBIAYaJbHOTO 3aXUCTy, MUMHUMHU Ta 3HEUIKOIKYBAJIbHUMH
3ac00aMHu.

AKTyaJlbHUM 3aBJaHHAM y cdepl OXOpPOHHU Mpalll Ta MPOMHUCIOBOI Oe3NeKu €
yIIpaBJIIHHS pU3WKaMU BUHUKHEHHS HEIIACHUX BUIAJKIB, aBapiii Ha BUPOOHUIITBI Ta
npodiakTHKa, K1 € 00O0B'I3KOBUMH CKJIJIOBUMH CHUCTEMH YIIPABIIIHHS OXOPOHOIO
mparli Ha MANPUEMCTBI.

BucnoBxknu

Yepes mangemito koponapipycy (COVID-19), ska oxommia Bech CBIT, y Hac
3MIHMJIOCSI HE TUIBKH caMe XHUTTS, ajle 3MiH 3a3Haia mnpodeciiiHa TisTbHICTb.
Oco0nMBO BIUIMHYJTA TaHAEMis Ha TMpalio MEAUYHUX MPALiBHUKIB, SKI
0e3nmocepelHbO HAMAIOTh MEIWYHY JAOMOMOry marieHtaMm, xBopuMm Ha COVID-19,
KOHTAaKTYIOTh 3 Malll€HTaMH IiJl 4ac X MpUoMy, HE 3HAIOYH, Y € BOHU HOCISIMH
takoi iHdekiii. [{e npu3Beno 10 3HaYHOT 3aXBOPIOBAHOCTI MEUYHUX MPAIlIBHUKIB Ha
COVID-19.

[MTanpemis COVID-19 BukiMkana 3HayHI 3MIHM B Opradizaiii Oe3neku Ta
ririeHu mpar Ha OiJIpueEMCTBaxX Ta opraHizaiisx. [IpakTU4HO BC1 JIIOAM CXUJIBbHI J10
pu3uKy 1H(pIKyBaHHS KOpoHaBipycoMm. HaiiOuibiie 1bOro pHU3UKY CXUJIbHI
MpaIliBHUKU CUCTEMHU OXOPOHH 3/I0POB'sI, eKCTPEHUX 1 COIIAIBHUX CITYKO.
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MixnapoaHa opraxizaiis 13 ctangaptusamii (ISO) po3pobuiia HOBUM cTaHIapT
ISO/PAS 45005:2020 «Cuctema MEHEIKMEHTY OXOPOHH 3/I0pOB'sl Ta O€3MEKH Mpalli.
3aranpHi pekoMeHaamii moao Oe3neku mpami mig yac maHaemii COVID-19».
Crangapt po3pobiieHO 3 METO HaJaHHA JONOMOTH POOOTOAABLSIM — IIOZO
3IACHEHHS 3aX0/1B II0JI0 OXOPOHHM IIpalll B yMOBaX MaHJeMli, 3aXUCTy MpalliBHUKIB
y mporeci TpyAoBoi AismbHOCTI. CTaHAapT BCTAHOBJIIOE BUMOTH O OpraHizarii
poOOYHX MICIh, YIIPABIIHHS 3aXBOPIOBAHHSIM Ha POOOYOMY MICIIi, TICUXOJIOTIYHOTO
310pOB‘sl Ta JOOPOOYTY MpalliBHUKIB, TITIEH] TIpalll Ha poO0YOMY MICIII Ta iH.

PoGoTonaBiil € BiANMOBIAAIFHUMHU 32 CTBOPEHHS OE3MEUYHUX Ta 3J0POBUX YMOB
mparll Ha MiANPUEMCTBAX, B TOMY YHCII 32 PO3pOOJICHHS KOHKPETHUX 3aXO0/1B 11010
nonepeKeHHs BUNIaKIB 3aXBoproBaHHs BHacliok COVID-19.
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KAPITEL 3/ CHAPTER 3
STUDY ON THE INFLUENCE OF PULSED AND CONTINUOUS-WAVE
GENERATION MODES OF LASER RADIATION ON THE RESULTS OF
WELDING OF CORROSION- AND HEAT-RESISTANT AISI 321 STEEL IN

DIFFERENT SPATIAL POSITIONS
JOCIIKEHHSA BIVIMBY IMITYJIBCHOI'O TA HEITEPEPBHOI'O PEXKUMY
I'EHEPAILIT JIABEPHOI'O BUITIPOMIHIOBAHHS HA PE3YJIbTATU 3BAPIOBAHHSI
KOPO3IMHOCTIMKOI JKAPOMIITHOI CTAJII AISI 321 Y PI3BHUX TIPOCTOPOBUX
ITOJIOKEHHAX

DOI: 10.30890/2709-2313.2021-07-08-002

Beryn

Homenknartypa BupoOiB A npuiago0yaiBHOI, aBIaKOCMI4YHO1, BArOHOOY1BHOI,
XIMIYHOI Ta IHIIMX Tally3ed MPOMHCIOBOCTI BKJIIOYAE JIeTajl SK MaJoro Tak 1
BEJIMKOIO0 PO3MIPY, a IX KOHCTPYKIli 4YacTO Ma€ CKJIaAHy MpocTOpoBy ¢dopmy i3
TPYIHOAOCTYITHUMU JUISTHKAMM JIJ1s1 3BapIOBaHHs a00 13 KPUBOJIIHIMHUMEU TPOPLIIMU
noBepxHi [1-5]. Tomy BuHUKae moTpeda BHUKOHAHHSA PI3HOMAHITHUX BH/IIB
3BapIOBaJIbHUX 3’€AHAHb (CTUKOBUX, HAIYCTKOBUX, TaBPOBUX, KYTOBUX TOIIO) Yy
PI3HUX TIOJIOKEHHSX (BEPTUKAIBHO, TOPU3OHTAILHO, HAa CTenl) abo HaBiTh Yy
JOBUTHHOMY CKJIQJIHOMY MPOCTOPOBOMY TOJIOKEHH] [6-8]. ¥V Takux ymoBax Tpeba He
TUTBKY BPAaxOBYBAaTH, alie 33T Ha KOPUCTh (i3uuHI e(PEeKTH, sIKi CyIPOBOHKYIOTh
Ja3epHe 3BaplOBaHHS Yy Takux ymoBax [9-11]. Hampuknaa, BpaxoBywouH CHIIU
rpaBiTallii Ta MOBEPXHEBOTO HATITY MOXJIMBO BIUIMBATH HA CTYMiHb PO3KPUTTA
KaHaJly MPOIUIABJICHHS NPU MEPEMIIICHHI 3BapIOBaIbHOI BAHHU Y PI3HUX HANpPSIMKaX.
3a JIONOMOTrOK CKaHyBaHHS, PEryJIIOBAHHS IIBHJKOCTI PYyXy Ta IMITyJbCHOTO
KEpyBaHHS MOTY>KHICTIO MOJIMBO BILJIMBATH Ha TEIJIOBKIAACHHS Y 30HY 0OpOOKH.
3a J0MOMOTOK KEpPOBAaHOIO MOJAaBaHHS Ta30BOI CyMilll y 3BaplOBajbHY BaHHY
MOJKJIMBO BIUTMBATH Ha CTAOUIBbHICTh (DOPMYBaHHS KaHAITy MPOIUIABICHHS 1 CTYIiHb
NOTJIMHAHHS ~BUIPOMIHIOBAHHS y TIpH TOBEpXHEBIA Tuia3mi. BpaxyBanss
BUILE3raJJaHuX  OCOOJMBOCTEH  MOXE  JIO3BOJUTU  OTPUMATH  CYKYIIHICTb
TEXHOJIOTTYHUX KapT MPOLIECYy IiJl Yac 3BApIOBAaHHS KOHTPOJIBHUX 3pPa3KiB y PI3HUX
IPOCTOPOBUX MOJIOKEHHAX. 3aCTOCYBaHHS BHUILE3raJaHUX TEXHOJIOTTYHUX MPHUIOMIB
MOK€ JO3BOJUTH BHUKOPUCTATH BHILE3rafaHi OCOOIMBOCTI A MIAOOPY TaKux
napaMeTpiB mporiecy, siKi 3a0e3nedyroTh HalKkpalll MOKa3HUKU SIKOCTI 1 MIIIHOCTI
OTPUMAaHMX 3BAPHUX 3’ €HAHb.

3.1. MeToanka Q0CJi’KeHb

VY mmackux 3paszkax 3 HepxkaBirouoi aycteHiTHOi ctam AISI 321 ToBmmHOMO
3MM Oynm 3polOsieHI TpoBapH, MpH pI3HUX BapiaHTax KyTa HaXWiIy [0
TOPU30HTANBHOI IUIOMIMHA MEXaHI3My TEpeMIIIeHHs] Ja3epHOl TOJIOBKU Ta
CTpYOITMHU 31 3pa3KoM, a caMe: y BEPTHKAIBLHOMY MOJIOKEHHI mif KytoM 90°; mix
kyTamu 60°; 45°; 30° Ta y HID>KHBOMY TIOJIOXKEHHI.

3a  pesymbTaTaMd  BI3yalbHOTO,  pagiorpadiqHoOro  KOHTPOJIIO  Ta
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MeTaorpadgiuyHuX JIOCTIKEHb OJIEp)KaHMX 3pa3KiB BUKOHAHA OIliHKA IMapaMeTpiB,
o nependaueni cranaaptom JACTY EN ISO 13919-1:2015.

3.2. AHaJji3 pe3yJbTaTiB Bi3yaJbHOr0 KOHTPOJIIO

3a pe3yibTaTaMH Bi3yaJbHOIO KOHTPOJIIO OJEpXKAaHUX MPOBapiB y 3pa3kax 3i
cram AISI 321, BcTaHOBIIEHO, 1[0 HA TIOTMEPEIHBO OOPAHOMY PEKHMI 3BapIOBAHHS
(P=4,4xBt, V=6000MM™m/xB, AF=-1MmM, 3axucuuii raz Ar=3051/xB):

-B 3aJIEKHOCTI BIJl HampsAMKy pyxy («Ha MIOAOM» YU «Ha CIIyCK»),
CIIOCTEPITalOThCSl 3HAYHI 3MIHM Yy BIUIMBI 3aXMCHOTO Ta3y Ha TMPOIECH, IO
BIJI0OYBAIOThCS Y 3BaplOBajbHINA BaHHI, a caMe, IPU 3aXKUCTI aproHOM Ta 3BaprOBaHHI
«Ha CHOYCK» 3a(iKCOBAHO BIJACYTHICTb KOJBOPIB MIHJIMBOCTI MpuU (HOpMYBaHHI
3BapHOrO 1IBa, a MPU 3BAPIOBAaHHI «HA MIAHOM» B 3aXMCHOMY CEpPEIOBUII aproHy,
CIIOCTEPITA€THCS HASBHICTH KOJILOPIB MIHJIMBOCTI HA 3BApHOMY 3’ €JIHAHHI,

-Opu3ku 3adikcoBaHI TMPU BHUKOPUCTAHHI HEMEPEPBHOTO Ta IMITYJIHCHOTO
peXKUMY B YCIX TPOCTOPOBUX TMOJOKEHHAX, IXHS KUIBKICTh MiHIMAQJIbHA TMPHU
HIDKHBOMY TIOJIOKEHHI, JICIIO 3pOCTa€ Mpu KyTi Haxwiy 60° Ta BepTHUKAIBLHOMY
MOJIOKEHH] Ta HalBUINA KUIbKICTh OpU30K 3a(iKCOBAHO MPH JIA3€pPHOMY 3BapOBAHHI
Ha Kytax Haxuity 30° ta 45°;

- IpU 3BapIOBaHHI «HA MIIHOM» Y HETIEPEPBHOMY PEKUMI TeHeparlii Ja3epHoro
BUIMIPOMIHIOBaHHSI TPH BCIX KyTaxX HaXWIy, BEPXHIM BaJIK 3BapHOTO 3’ €IHAHHS
dbopMyeThCS 3 HE3HAUHUM YTOHIHHSAM Ta 3 (OPMYBaHHAM «TPEOIHIIDY, BEIMYHUHA
«TpeOIHI» Ta YTOHIHHS 30UIBIIYETHCS 31 30UIBIICHHSIM KyTa HaxXuiy 0
TOPU30HTAIBHOI IUIOLINHH;

- TIpU 3BapIOBaHHI «HA CIIyCK» y HEMEPEpBHOMY PEXHUMIi T€HEpallii JIa3epHOro
BUIPOMIHIOBAHHS, BCTAHOBJICHO, 110 BEPXHIi BaJliK 3BAPHOTO 3’ €JJHaHHS (DOPMYEThCS
3 HE3HAYHUM YTOHIHHSM Ta 3 POPMYBaHHAM «TpEOIHLS», JIUILIE IPHU KyTi Haxuiy 30°.

3.3. AHaJi3 pe3yabTaTiB paaiorpaivHoro KOHTPOJIIO

3a pesyabrataMu pagiorpadiyHOTO KOHTPOJIIO OJEPKaHHUX MPOBAPIB y 3pa3zKax
31 cram AISI 321, BcTaHOBIIEHO, 1110 TIPU 3BAPIOBAHHI «HA MIAHOM» Ta «Ha CIYCK» Y
HETIEPEPBHOMY PEXKHMMI TeHepallii JIa3epHOTO BUIIPOMIHIOBAHHS (HA TMOINEPEIHbO
obpanomy pexumi P=4,4xBt, V=6000mMm/xB., AF=-1MM, 3axuchuii raz Ar=305/xB),
npu Bcix Kytax Haxwiy (30-90°) Ta y HUKHBOMY MOJIOKEHHI, HE OYyJIO BUSIBIIECHO
BHYTPIIIHIX Ae(dEKTIB Yy BUTIISII TPIIIKMH, TTOP, BKJIIOYEHB 1 HEPOBAPIB.

3a pesyabTaTaMu pagiorpadiyHOTO KOHTPOJIIO OJEpP>KaHHMX MPOBAPIB y 3pa3zKax
31 crami AISI 321, BcTaHOBIIEHO, IO TIPY 3BapIOBaHHI «HA MIIHOM» Ta «HA CIIYCK» y
IMITyJIbCHOMY PEXHMI TeHepallii JIa3epHOro BUIPOMIHIOBAHHS (HA MOIMEPEIHBO
obpanomy pexumi P=4,4kBt, imnynsc 60/40, 120T'u, V=6000mm/xB, AF=-1mwm,
3axucHuil ra3z Ar=201/xB), mpu Bcix kyTax Haxwiy (30-90°) Ta y HUXKHbOMY
MOJIOKEHH]1, OYyJI0 BUSIBJIEHO HACTYITHI BHYTPIIIHI Ae(EKTH Y BUTIISAI OJIMHOYHUX T1OP
a00 JIaHITIOXKKIB TIOP:

1. mpu 3BaprOBaHHI «HA CITYCK» MpHU KyTi Haxuiy 30°, BUSBIEHO JIAHITIOKKHU TTOP
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0 BCili TOBXHMHI 111Ba, 3 MAKCUMAJIbHUM po3MipoM nopu 0,4 mm;

2. Ipu 3BapIOBAaHHI «HA CITYCK» MPHU KyTi HaXuiy 45°, BUSBICHO OJIMHOUYHY TOPY
po3mipom 0,3 mm;

3.1pH 3BapIOBaHHI «HA CITYCK» MpH KyTi Haxuiy 60°, BUABIEHO OJUHOYHI IOpU
0 BCi¥ TOBXKHHI ITBA, 3 MAKCUMAIBHUM PO3MipoM mopH 0,5 MM;

4. mpu 3BapIOBaHHI «Ha CIyCK» IpH KyTi Haxuiay 90°, BUSABIEHO 2 JAHIIOKKU
MOp CyMapHOIO TOBKHHOIO 0 25 MM, 3 MaKCUMaJIbHUM po3Mipom mopu 0,5 mwm;

5. mpu 3BaproBaHHI «HA TIAHOM» TIpH KyTi Haxuiay 30°, BUSBICHO JAHITIOKKH
MOp TIO BCili JOBXKHMHI IIBa, 3 MAKCUMAJILHUM po3Mipom mopu 0,3 MM;

6. Ipu 3BapIOBaHHI «HA MIAHOM» MPHU KyTl HaXWiIy 45°, BHYTPIlIHIX Te()EKTIB Yy
BUIJISI/IL TPILIUH, MO, BKJIIOYEHD 1 HEMIPOBApPIB HE BUSBIICHO;

7. Ipy 3BaprOBaHHI «HA MIIAAOM» NP KyTi Haxuity 60°, BUSBICHO 2 JTaHIIOKKH
MOp CyMapHOIO JIOBXKUHOIO 10 8 MM, 3 MAKCUMAJILHUM po3MipoM mopH 0,3 mm;

8. Ipu 3BaprOBaHHI «HA MiAHOM» mpu KyTi Haxwiay 90°, BUSBIEHO 3 OJUHOYHI
MOpH, 3 MaKCUMaJIBbHUM po3mipoM nopu 0,3 mm;

9. npu 3BaproBaHHI Y HUKHBOMY MOJIOKEHH1, BUSBJICHO JIAHIFOXKKH TOP MO BCii
JOBXKHHI 111Ba, 3 MAKCUMAJILHUM po3MipoM mopu 0,5 M.

Amnamiz pentreHorpam (Tabmmims 1) mokaszye TEHIEHINIO 30UTBIICHHS SK
KUIBKOCT1 Tak ¥ po3mipy mop y 3paskax 31 crami AISI 321, npu 3meHmeHHl KyTa
Haxuity 3 90° no 0° mpu 3BaproBaHHI «HA CIYCK» Ta «HA MiAHOM» B IMITyJIbCHOMY
peXUMi TeHepalli JIa3epHOro BUIIPOMIHIOBaHHS. Tpeba BiI3HAYUTH €KCTpEeMajbHE
MaJjie 3HauYeHHs CyMapHOi MpOEKIlii mop MpH 3BaproBaHHI MmiJ Kytamu 45° ta 90°. V
TOM € Yac, BapTO BIJ3HAYUTH, L0 KUIBKICTb Ta pO3MIp OAMHOYHUX MOp (UM
MPOTSKHICTH JIAHIIOXKKIB I1OP) MEHIIIA MPU 3BAPIOBAHHI «HA M1AHOMY, Y TIOPIBHSHHI 3
PEXKUMOM 3BaplOBaHHS «Ha CIIYCK» MPHU OJHOMY M TOMY K KyTI MPHU IMITyJIbCHOMY
peXUMI TeHepallii 1Ja3epHOTO BUIIPOMIHIOBAHHS.

Taouuus 1 — 3mMinu cyMapHOI IO MPOEKIi MOP, B 3aJI€KHOCTI Bi/{ 3MiHU
PeKUMIB MapaMeTPiB pPe:KUMIB J1a3ePHOI0 3BapPIOBAaHHS 3Pa3KiB 3i craJi
AISI 321 ToBIIMHOKO 3 MM, OJePKAHUX Y Pi3HUX MPOCTOPOBHUX IOJIOKEHHAX

Cymapna npoexuis nop, %
Kyr Haxuny, ®| gropy nenepepsuuii | sropy immysscHuit BHU3 IMITYJIbCHU
pexuM pexRUM pexuM

0 0 0,042 0,042

30 0 0,05 0,07
45 0 0,016 0,01

60 0 0,13 0,17

90 0 0,002 0,013
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Puc. 1. I'padivni 3a/1esKHOCTI 3MiHM CyMapHOI ILI0INI NMPoeKuiii mop, B
3aJ1€5KHOCTI Bijl 3MiHM pe:KMMIB apaMeTpPiB PeKUMIB JIA3€PHOT0 3BaAPIOBAHHSA
3pa3kiB 3i crauai AISI 321 ToBmnHOI0 3 MM, 0/Iep:KaHUX Y PI3HUX MPOCTOPOBUX

MOJIO’KEHHSIX

3.4. AHaJjii3 pe3yJbTaTiB MeTaJ0rpagivyHuX J0CHi/KeHb

Mertanorpadgigai TOCHIKEHHS 3BapHUX 3Pa3KiB BUKOHYBAJIKCS BIAMOBIIHO 10
cragaapty ISO 17639: 2003 "BunpoOyBaHHs 3 pyiHYyBaHHSAM 3pa3ka 3BapHUX IIIBIB B
MeTajeBUX MaTepianax. Makpo- 1 MIKpOCKOIIYHE JOCTIKEHHS 3BapHUX IIIBIBY.

BunpoOyBasibHi 3pa3ku TrOTyBaJid JJisi OIIHKH 3a JIOTIOMOTOI0 (pe3epyBaHHS,
nutiyBaHHs, TOJIpYBaHHS 1 TpaBieHHs, 3rigHo ISO 16060:2003.

3a 101OMOror0 ONTUYHOI MIKPOCKOI1 (BUKOPUCTOBYBaJIU Mikpockon «Neophot-
32») 1 MIKpOAIOPOMETPIYHOTO aHami3y, AOCHIDKYBAIM 3pa3Kd, SIKI BIJIPI3HSIIACS
napaMeTpaMu TEXHOJOTTYHUX PEKUMIB.

3a 10MOMOror ONTHYHOI MIKPOCKOIII JOCIHIJIKEHI 3pa3Ku, SIKI BIAPIZHAIOTHCS
napamMeTpamMy TEXHOJOTIYHUX peXuMIB. JlOCHIIKEHHS TMNpPOBENEHI Ha pI3HUX
IUISTHKAaX KOKHOTO 13 3pa3KiB «3BapeHHil OB — 30Ha TepMiyHOro BBy (3TB) —
OCHOBHHMI MeTanm». BumnpoOyBambHI 3pa3ku il MeTtajorpagiyHuX JAOCTIIKEHb
rotyBanu, 3rigHo ISO 16060:2003, 3a monmomororo (pesepyBanHs, NUTiQyBaHHS,
MOJIIPYBAaHHS. HAa BHMCOKOIIBUJAKICHUX TOJIPYBaJbHUX KOJIAX 3 BHUKOPUCTAHHSIM
aJIMa3HUX MAacT PI3HOI JUCHEPCHOCTI. BUSBIEHHS CTPYyKTypu 3BapHUX 3'€HAHb
OPOBOAMIN ILUISIXOM €JIEKTPOJITUYHOTO TpaBieHHs B 20% BOAHOMY pO34MHI
XpOMOBOi  KHMCIOTH.  JIOCHII)KEHHS ~ MIKPOCTPYKTYpH  IPOBOAMJIOCS ~ HA
Metajorpadpigaomy Mikpockori «Neophot-32» mpu pizHux 30iabmeHHSX. KiabKicTh
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o-dazu BuMiproBanu Ha npuianal «Ferritgehaltmessr 1.053». Tsepaicts dazoBux
CKJIaJIOBUX BHUMIpIOBaiM Ha MikpoTBepaomipi «M-400» ¢ipmu  «LECO».
HaBantaxxennst ctanoswio 1 H, gac Butpumku 10 c. Po3mip aycreniTHOro 3epHa
BU3HAUAIM M[UIIXOM TOpiBHAHHA 3 eTasoHHMM Mmkamamu ['OCT 5639-82.
300pakeHHST MIKPOCTPYKTYp OYyJIO OTPHUMAHO 3a JOTIOMOTO0 U(poBoi dhoToKkamepu
«Olympys».

Ha Puc. 2 naBeneno 3aranpHuii Buj, otorpadii CTpyKTypH MeTady y IEHTpi
IIBa Ta y JIiHII CIUIaBiieHHs 3BapHOro 3'eqHaHHs Nel366.1, 3BapeHOro y HUKHBOMY
MpOCTOpPOBOMY ToJIokeHHI. CTpyKkTypa MeTany IBa 3BapHOro 3'eaHaHHs Nel366.1
AUCTIepCHA, TUTA.

Ha Puc. 2 BugHO 1Bl 30HU: B IIEHTpajbHIM YacTHUHI IBa IO BCIM BHUCOTI
KOMIPYaCTO-JICHPUTHA CTPYKTypa, B CEpeIHIM 4YacTHWHI IBa OJMXK4Ye 10 JIiHIT
CIUIABJICHHS CIOCTEPITa€eThCsl 30HA TOHKMX CTOBITYACTUX KPHUCTAIITIB, IO POCTYTh B
HaIMpsIMKY BIJIBOJy TeIJia. 30HU PO3JUICHI JIHIEW OUThII APIOHUX KPUCTATITIB.
MikpocTpyKkTypa B IEHTpaJbHIA YaCTHHI IIBA SIBJSE COOOI0 ayCTEHITHY MATPHINO 1
HEBENMKY KUTbKICTh O-pepury (1,5-1,7%). Po3amip KOMipOK CTaHOBUTH, B OCHOBHOMY,
12-13 mxM. TBepaicTh MeTany ImBa 3BapHOro 3'eqHaHHs Nel366.1 y 1eHTpabHii
gactuHi ckiaagae HV1 2950-3090 Mlla, € niisHKY, 1€ TBEPAICTh MIABUIILYETHCS J10
HV1 3200-3380 MIla. B HmwKHIH YacTHHI IIBa TBEPIICTh MIABUILYETHCS JI0
HV1 3320-3650 MIla. VY ominii cmmaBineHHs 3BapHoro 3'enmHanHs  Nel366.1,
MIKPOCTPYKTYpa TaKOX CKJIAJIa€ThCsA 3 ayCTEHITY 1 d-(epuTy, CTpyKTypa ApiOHima
HDK B HeHTpl mBa. [llupuna kpucrtaniTiB CTaHOBUTH 2-9 MKM. TBEpIICTh METANy y
JiHII criaBiaeHHs 3BapHoro 3'eqHanHs Nel366.1 ckimagae HV1 2990-3030 Mlla, €
OKpeMi AUISIHKH, 1€ TBepAICTh miaBuilyerbcss 10 HV1 3160 MIla. ¥V metam miBa
CIIOCTEPITaloThCsl HITpUAM (B HE3HAYHIM KIUIBKOCTI) 1 TOOJAMHOKI IIJIAKOB1
BKJIIOUEHHSI. 30HA TEPMIYHOTO BIUIMBY HE BUPaXKEHA, CTPYKTypa CKIAIA€TbCsa 3
aycteHity, 60an 3epHa B 3TB 3Bapnoro 3'ennanns Nel366.1 — Ne6. Trepaicts 3TB
3BapHOro 3'eHaHHs Nel1366.1 ctanoButh HV1 2650-2840MI1a.

Ak mokazanmu JaHHI MetalorpadiuyHUX AOCHIKEHb, Yy CTPYKTYpl 3BapHUX
3‘€IHaHb, OJIEP’)KAaHUX Y PI3HUX MPOCTOPOBUX TNOJIOKEHHsIX y crami AISI 321
TOBUIMHOIO 3 MM, CYTT€BUX 3MiH He BiOyBaeTbcs. [Ipu pi3HUX 3HAYEHHSX KyTa
HAXWIy TUIOIIMHU Y SIKIH BUKOHYETHCS 3BApPIOBAHHS, JO TOPU30OHTAIIBHOI IUIOIIMHH,
3HAYEHHSI MIKPOTBEPJOCTI y BIAMOBIIHUX 30HAX, PO3MIPU KPUCTAJITIB, Oal 3epHa y
3TB 3BapHOro 3'emMHaHHS HE 3a3HAIOTh 3HAYHMX 3MiH. HartomicTh reometpis
oJiepKaHUX MPOBAPIB 3MIHIOETHCS JOCUTH CYTTERO.

3a pesynbTaTaMu AOCHIKEHHS 3MIHM T€OMETPUUYHHUX IMapaMeTpiB MPOBapiB y
ctami AISI 321 toBumHOIO 3 MM, OAEpKAHMX JA3€PHUM 3BAPIOBAHHIM Yy PI3HUX
MIPOCTOPOBUX MOJIOKEHHAX, BUKOHAHUHN aHaJi3 Pe3yJbTaTiB JIOCIHIKEHHS TeOMeTpii,
CTPYKTYpH Ta XapaKTePUCTHUK SKOCTI 3BapHUX 3’€lHAHb Ha BIJMOBIIHICTH
MbkHapoaHuM ctangapTam (3okpema JICTY EN ISO 13919-1:2015). Onepsxani nai
npeactasiieHi y Tabmuisix 2-7. [lo6ynosani rpadiuni 3anexHocTi (Puc. 3 — Puc. 8),
AK1 JO3BOJISIIOTh BUSIBUTH 3aKOHOMIPHOCTI, XapaKTep Ta CTYNEHb BIUIMBY CKJIaJIOBUX
MPOIECy Ha MOBEIIHKY 3BapOBAJIbHOI BaHHU MPHU J1a3epHOMY 3BapIOBaHHI B Pi3HUX
MPOCTOPOBUX MOJIOKCHHSX.
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Puc. 2. Ctpykrypa MeTaity y 3BapHOMY 3’€IHAHHI B 3pa3ky Nel366.1,
3BapeHOro y HI’KHbOMY IIPOCTOPOBOMY IOJIOKEHHI: a - 3arajbHuil Burjasag x30;
0 - nenTp mBa x200; B- nentp mBa x400; r - y JiHii cuiaBiaends x200; x - y jginii

cruiaByeHHs X400

[Ipy BUTOTOBJIEHHI KOHTPOJIBHUX CTUKOBHX 3'€JHAHb TOBIIMHOK 3,0 MM 31 cTasi
AISI 321, BcTaHOBJIEHO, 1110 3aJ€KHICTh 3MIHU ILJIOIII TPOBApy MpH 30UIBIICHH] KyTa
Haxuiy 3 0° 7o 90°, Mae HENMHIMHUX XapaKTep, sIK MPU 3BaplOBaHHI Ha CIYCK Tak U
Npy  3BapiOBaHHI Bropy, HE3aJEXKHO BIJ PEXUMYy TeHepaiii Ja3epHoro
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BunpoMiHioBaHHs (Puc. 3). 3adikcoBaHO HasBHICTh E€KCTpEeMyMy, SKiii Ha BCIX
BapiaHTax PeKUMIB (OKPIM IMITYJICHOTO 3BapIOBAHHS Bropy) MPOSIBISIETHCA MPH KYTI
Haxuiy 45°. JlaHe siBUIE MO’XKHA TOSICHUTHU SIK 3MIHOIO MapaMeTpiB Tediil y BaHHI
pO3IJIaBy Tak i 3MIHOIO CTYIEHIO BIUIMBY ra30BOTO 3aXUCTY BaHHH po3ruiaBy. OqHaK
s (OpMyYJTIOBaHHS OCTAaTOYHMX BHMCHOBKIB, II€ SIBHILE NOTpeOye H0AaTKOBOTO
BCEOIYHOTO BUBUEHHSI.

Tabauus 2 — 3miHa MI0IIi MONEPEeYHOr 0 NMepepizy 3BAPHMUX 3’ €IHAHD 3
Hep:xaBio4oi craai AISI 321 ToBImHOW0 3 MM, 0JIepKaHUX JIA3ePHUM
3BAPIOBAHHSAM Y Pi3HHX NPOCTOPOBHX MOJIOKEHHAX

[Tnomia nposapy, Mm>

Kyt . BILOpY BHU3 BIropy BHU3
Haxuiy, HENepepBHUii HEIEePEPBHUiA iMITyJIbCHUIH iMITyIbCHMI
PEXKUM PEXKUM PEXKUM PEXKUM
0 2,317 2,317 0,92 0,92
30 2,505 2,491 1,111 1,315
45 3,034 9,43 1,59 2,356
60 2,6 2,64 2,27 1,31
90 2,584 2,1 1,053 0,72
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Ky T naxuiay nnpm 3paproBanmi, ©

Puc. 3. 3anexkHicTh 3MiHM IUIOLII ONIEPEYHOIO Nepepi3y 3BapHUX 3’ €AHAHD
3 HepakaBiuol crajai AISI 321 ToBIIuHOI0 3 MM, O1ePKAHUX JIA3EPHUM
3BAPIOBAHHSAM Y Pi3HHX IPOCTOPOBHX IOJIOKEHHAX

Ak, BuaHO, 3 naHux Tabmuii 2 Ta Puc. 3, mpu 3BaproBaHHI Ha CIIYCK Y
HEMEPEPBHOMY pEeXHMiI TpH KyTi Haxuiay 45°, mjoma 3BapHOTO 3’ €IHAHHS
301bIIMIIAacs y OUTBII HIXK 3 pa3u, MOPIBHIHO 31 3BAPIOBAHHIM Ha I[bOMY XK PEXKHUMI
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Bropy. BoueBunp, 11e BiOyBa€ThbCs 3a PaxyHOK OUIBII TPUBAJIOTO IepeOyBaHHS
MeTally 3BapHOTO 3’€IHAHHS MPH TEMIEpAaTypax BUILUX 3a TEMIIEpaTypy IJIaBICHHS,
10 MPHU3BOAUTH [0 30UIbLIEHHS O0’€My BaHHU PO3IUIABICHOTO METaly, Ta SK
pe3yJIbTarT, - i IO 3BApPHOTO 3’ €THAHHSI.

BcranoBieHo, 1o npu 3MiHI peXUMY TeHepallii Ja3epHOro BUIIPOMIHIOBAHHS 3
HENEePEepBHOTO Ha IMITYJIbCHUN MPHU KyTl HaxwmIy 3BaproBaHHs 45°, 30epiraeTbes Ta K
caMa TEHJICHIIisl 30UIbIICHHS TIONI mpoBapy. OMHAK PI3HMIS y JaHUX HOCUTh HE
TAKUN EKCTPEMAIIBHUM XapaKTep.

Tpeba BiA3HAYNTH, IO JUIS 3aJICKHOCTEH 3MIHM TUIONI MOTMEPEYHOTO TMepepizy
3BapHHUX 3’€AHaHb 3 HepxkaBirouoi ctam AISI 321 ToBmmHOI0 3 MM, oaepxKaHUX
Ja3epHUM 3BaplOBaHHSAM Yy pI3HHX HIpocTopoBuX mosoxkeHHsax (Puc. 3), Oymno
XapaKTEepHUM Te€, M0 NpHU 3MIHI KyTa HaxXWjay MpU Ja3epHOMY 3BaplOBaHHI Ha
HENEPEePBHOMY PpEXKUMI1 Bropy pi3HHUIS EKCTpeMaJbHUX 3HAYEHb XapaKTepHUX
MakCHUMyMIB Ta MIHIMYMIB BKa3aHHMX 3alie)kKHOCTel He mnepeBuirye 24%, ToOTO
BIJIPI3HIETHCS HE Oibine HIXK y 1,25 pas. Y To# yac, Koau npu 3BaproBaHHI Ha CITYCK
y HENEpepBHOMY pEXHUMI TeHepallli Ja3epHOro BUIPOMIHIOBAHHS, XapaKTEpHI
3HAQYEHHSI EKCTPEMYMIB BIJIMOBIAHUX 3aJIEKHOCTEH BIAPI3HSIIOTHCS Maiike y 4,5 pa3u
(Puc. 3). Ilpu upomMy 3HAY€HHS IUIOLII MOMEPEYHOr0 MEpepi3y 3BAPHUX 3’€JIHAHD Y
eKCTpeMaIbHUX TOUKaX (IpU KyTi Haxuity 45°), oJiep>KaHi IpU 3BaprOBaHHI Ha CITyCK
Ta B TOpy IpH HEMNEPEPBHOMY PEKHUMI TeHepallii Ja3epHOro BUIIPOMIHIOBaHHS,
BIJIPI3HSIOTHCA O1IbINE HIXK Y 3 pasu.

Bapro Big3HauuTH, 110 TpH 3BApPIOBAHHI Y PI3HUX MPOCTOPOBUX TOJIOKEHHSIX 3
BUKOPUCTAHHSAM IMITYJIbCHOTO PEXUMY TeHepallii Ja3epHOr0 BHUIIPOMIHIOBAHHS,
BKa3aHl JIaHHI 3HayHO BiApi3HAOTECA (Puc. 3). Tak, nmpu iMIylIbCHOMY 3BaprOBaHHI
BrOpYy, PI3HMISI €KCTPEMAJIbHUX 3HAYEHb XapaKTEPHUX MAKCUMYMIB Ta MIHIMYMIB
BKa3zaHUX 3ajexxHocTed He nepesulye 60%, ToOTO BOHU MK COOOIO BIJIPI3HSIOTHCS
He Ouibllie HIXK Yy 2,5 pa3u. A Nnpu IMIYJBCHOMY 3BapIOBaHHI Ha CITyCK, XapaKTEpHI
3HAYEHHS €KCTPEMYMIB BIJIIIOBITHUX 3aJIEKHOCTEN BIAPIZHAIOTHCS Maiixke y 3,3 pasu
(Puc. 3). Ilpu upomMy 3HAY€HHS IUIOLII MONEPEYHOr0 NEpepi3y 3BAPHUX 3’ €JIHAHD Y
eKCTPEeMaJIbHUX TOYKaX, OJepXaHl IpHU 3BaplOBaHHI Ha CIyCK Ta B ropy Ipu
IMITyJIbCHOMY PEKHMI T€HEpAIlii JIJa3epHOTO BUIIPOMIHIOBaHHS (IIPHU KyTi Haxwity 45°
JUTsL 3BapIOBaHHs Ha chyck Ta 60° mpu 3BaproBaHHI Bropy), BIAPI3HAIOTHCS MEHUIE
HIX Ha 5%.

VY Ta6aumi 3 Ta Ha Puc. 4 nmokazana 3MiHa BUCOTH IIBA Y 3BAPHUX 3’ €THAHHSIX 3
HepkaBitouoi cranmi AISI 321 ToBumHOIO 3 MM, OJIep)KaHKX JIA3EPHUM 3BapOBAHHAM
y PI3HUX NPOCTOPOBUX MOJIOKEHHAX. SIK M JUIsl 3MIHM IUIOIII MpPOBapy, Xapakrep
3aJIe)KHOCTEN HENIHIMHUNA Ta Mae eKCTpeMalibHI 3HaueHHsS. AJle pI3HULS y JAHUX,
OJIep’)KaHUX JJIs 3BaplOBaHHS yropy Ta Ha CIYCK, JUIsl HEPEeBaKHOI OUIBIIOCTI
KOHTPOJIbHUX TOYOK He nepesuiye 15 %, npu ogHOMY i TOMY K pexHUM1 reHeparii
Ja3€pHOT0 BUITPOMIHIOBAHHS.

[{ikaBuM € TOM (haKT, MO0 €KCTPEMaJbHO BHCOKI 3HA4Y€HHs 3a(iKCOBaHI IMpHU
3BapIOBaHHI 3 KyTOM Haxuiy 45° y IMIIyJIbCHOMY PEKHUMI Ha CITyCK Ta HEMEPEPBHOMY
pexumi Bropy (Puc. 4). ¥V Toil yac, Koau npu 3BaproBaHH1 Y HENEPEPBHOMY pPEXHUMI
Ha CIyCK Ta IMIYJIbCHOMY PEKUMI BrOpY, EKCTPEMYM 3HAYEHb OJIEpKaHUH NPHU KyTi
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Taoauus 3 — 3miHa BUCOTH IIBA Y 3BAPHUX 3’ €IHAHHSAX 3 HEPKABiHOUYO0L
craji AISI 321 ToBIIHHOIO 3 MM, OA€PKAHMX JIA3€PHUM 3BAPIOBAHHAM Y Pi3HHMX
NPOCTOPOBHMX MOJOKEHHAX

Bucora mBa, Mm
Kyt BrOpY BHI3 Bropy BHH3
Haxuiy, HEIepepBHUI HelepepBHUI IMITyJIbCHU I IMITYJIbCHU
pPEeXUM PEXUM PEXUM pPEeXUM
0 2,685 2,685 1,49 1,49
30 2,6 2,59 1,49 1,73
45 3,367 3,05 1,92 2,31
60 2,98 3,15 2,74 1,85
90 2,62 2,29 1,55 1,19
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Haxuiy 60°.

Ky T Haxnay npu spaproBaHHi, °©

Puc. 4. 3anekHicTh 3MiHM BUCOTH IIBA y 3BAPHMX 3’ €IHAHHSAX 3
Hep:xaBio4oi craai AISI 321 ToBmHOW0 3 MM, 0JIepKaHUX JIa3ePHUM

3BapPIOBAHHSAM Yy Pi3HHX NPOCTOPOBHUX MOJIOKEHHAX

3HayeHHs, SKI TMEPeBUIIYIOTh TOBIIMHY 3,0 MM IUJIaCTHH IO

3BapIOBANINCH, MOSCHIOIOTHCS YTBOPEHHSIM BEPXHBOTO Ta HUKHBOTO Bajlika 3BaApPHOTO
3’e¢AHaHHA. BapTo Big3HAYMTH, [0 3MiHAa 3HAYEHHS BHCOTH IIBa y 3BapHUX
3’eAHaHHAX 3 HepxkaBitoyoi ctami AISI 321 toBmmHO0 3 MM, IpU 3MiHI KyTa HaXUITy
IIpU JIa3epHOMY 3BapIOBaHHI HAa HETIEPEPBHOMY pEXHUMI Bropy He nepesuiye 22%. Y
TOM Yac, KOJM MpH 3BapioBaHHI HAa CIYCK Yy HEMEpEepBHOMY pEXHUMI TeHeparii
Ja3epHOr0 BUIIPOMIHIOBAHHS 1€ 3Ha4YeHHs ckiagae 27%, a mpu 3MiHI PEXUMY
reHepartii Ha iMIyJabCHUM HaOamxaeTbest 10 100%.

3alie’)KHICTh 3MIHM TJIMOMHM TPOBAapy Yy 3BApHUX 3’ €IHAHHIX 3 HEP)KABIIOYOI
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crami AISI 321 ToBmMHOWO 3 MM, OJlepKAHUX JIA3€PHUM 3BAPIOBAHHSAM Yy PI3HUX
MIPOCTOPOBHX TMOJOKEHHAX HaBeneHa Ha Puc. 5 3a manuvu Tabnwumi 4. [TopiBHSAHHS
xapakTepy rpadiuaux 3anexHoctei Ha Puc. 4 Ta Puc. 5, mokasye iX BeIHUKy CXOXICTh
Ta JI03BOJISIE POOUTH TOTOXKHI (BUIIEHABEIEHUM) BHCHOBKH JUIsl XapaKTepy 3MIHH
IJIMOMHY NPOBApy B 3aJIEKHOCTI BiJl 3MIHU KyTa HAXUITY IPU 3BapIOBAHHI.

Taoauus 4 — 3mina riIuOMHN MPOBapy y 3BAPHHUX 3’€IHAHHSAX 3
HepaxaBio4ol craji AISI 321 ToBmnHOI0 3 MM, 0JIepPKAHUX JTA3ePHUM
3BAPIOBAHHAM Y Pi3HMX IPOCTOPOBUX IOJIOKEHHAX

['mubuna nposapy, MM
Kyt BrOpY BHM3 BrOpY BHH3
Haxuiy, ° HETIEPEPBHUMN HETIEPEPBHUM IMITYJIbCHU I IMITYJIbCHH
peKUM pEXKUM pEXKUM pexKUM
0 2,685 2,685 1,49 1,49
30 2,6 2,59 1,49 1,73
45 3,367 3,05 1,92 2,31
60 2,98 3,15 2,74 1,85
90 2,62 2,29 1,55 1,19

25 / i \
:: ? ——HenepepBHHUii pesKUM

A \\
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KyT HAXILTY IIpH 2BaplOBaHHi, ©

Puc. 5. 3anexkHicTh 3MiHM rJIMOMHM IPOBApPY Y 3BAPHHUX 3’ €AHAHHAX 3
Hep:kaBio4oi craai AISI 321 ToBmmHOW0 3 MM, 0JIepKaHUX JIa3ePHUM
3BaPIOBAHHSAM Yy Pi3HHX NPOCTOPOBHUX MOJIOKEHHAX

3rinno JICTY EN ISO 13919-1:2015, nepeBuilieHHS BHUIYKJIOCTI MpOBapy
3BapHUX 3’€AHaHb 3 Hepxkaitouoi ctam AISI 321 ToBmMHOIO 3 MM, OJIepKaHUX
Ja3epHUM 3BapIOBaHHSAM Y PIi3HUX IPOCTOPOBHX TIOJOKECHHSX, IJIS OJEpP KaHHS

MONOGRAPH 69 ISBN 978-3-949059-44-5



Prospektive globale wissenschaftliche Trends ‘ 2021

HaWBUIIOTO PiBHSA SIKOCTI «B» He MOBUHHO nepeBuiiyBaT 3HadeHHs 0,65 Mm. AHaii3
TaHUX HaBeAeHUX y TaOmwmii 5 Ta 3aeKHOCTEN HaBeleHUX Ha Puc. 6, MO3BOJSAIOTH
CTBEP/KYBAaTHU PO JOCSITHEHHS HEOOXITHWX 3HAYCHb. Y TOW K€ 4Yac, SIK BUIHO 3
Puc. 6, nmpu 3BaproBaHHI Ha JESIKUX peXUMax 3adiKcoBaH1 BiJ’€MHI 3HAYCHHS, SKi
CBIT4aTh MPO HASBHICTH 3aHMXEHHS mBa, sike, 3riaHo JJCTY EN ISO 13919-1:2015,
TUTSI 3BapHUX 3’ €AHaHb 3 HepxkaBirouoi ctam AISI 321 ToBmmHOI 3 MM, oepKaHUX
Ja3epHUM 3BaprOBaHHSM, HE IOBUHHO TiepeBUIyBaTH 0,3 MM.

Taduauus S — 3MiHN nepeBULICHHS] BUITYKJIOCTI POBapy 3BAPHUX 3’ €IHAHD
3 Hep:kaBirouoi craai AISI 321 ToBuiuHO0 3 MM, OEpPKAHMX JIA3CPHUM

3BAPHOBAHHAM Y Pi3HHX IIPOCTOPOBHX MOJI0KEHHSAX

[lepeBullieHHs BUIYKJIOCTI TPOBapy, MM
Kyt . BIOpY BHU3 BIOpY BHU3
Haxuiy, HEeTIepepBHUN HeTIepepBHUIN IMITyJIbCHU T IMITyTbCHHA
Y y Y
PEXUM PEXUM PEXUM PEXUM
0 0,275 0,275 0,347 0,347
30 0,4 0,19 0,29 0,18
45 0,183 -0,16 0,21 0,18
60 -0,09 0,15 -0,18 0,05
90 0,42 0,2 0,11 0,13
0,5
0,4 £
0s r&/\\ /
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KyT HaXHIy ITpH 3BaploBaHHI, ©

Puc. 6. 3ajeskHicTh 3MiHM NepeBUILIEHHSA BUITYKJIOCTI IPOBapy 3BapHHUX
3’eqHaHb 3 Hep:xkaBio4oi ctaai AISI 321 ToBmHOI0 3 MM, 0IepKAHUX JIA3ePHUM
3BaPIOBAHHSAM Y Pi3HMX IPOCTOPOBHX MOJIOKEHHAX

3anexHICTh 3MIHM LIIMPUHU I1IBA y 3BapHUX 3’€THAHHSIX 3 HEPKaBIIOUOi cTaji
AISI 321 toBumHOIO 3 MM, OJEp)KaHUX JIa3epHUM 3BapIOBaHHSIM Yy PI3HUX
MIPOCTOPOBUX TMOJIOKEHHAX HaBe/leHa Ha Puc. 7 3a qanumu Tabmuii 6.

MONOGRAPH 70 ISBN 978-3-949059-44-5



Prospektive globale wissenschaftliche Trends ‘ 2021

Taéauus 6 — 3MiHM IIMPUHU BA y 3BAPHUX 3’ €IHAHHAX 3 HEPKABIIO101
craji AISI 321 ToBIIMHOIO 3 MM, OA€PKAHNX JIA3EPHUM 3BAPIOBAHHAM Y Pi3HHMX
NPOCTOPOBHX MOJIOKEHHAX

[[Iupuna npoBapy, MM
Ky o [BrOpY HEIEpEpBHUMN BHH3 _ Bropy BHUS
Haxuiy, HETIEPEPBHUMN IMITyJIbCHUI IMITYJIbCHUM
PEAIM PEXKUM PEXKUM PEXKUM
0 1,29 1,29 0,93 0,93
30 1,56 1,42 1,18 1,25
45 1,32 3,83 1,25 1,66
60 1,4 1,26 1,37 1,15
90 1,66 1,58 0,87 1,09
4,5
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KyT HAXILTY MPH 3BaproBaHHI, ©

Puc. 7. 3anekHiCTh 3MIiHM IIUPUHM IBA Yy 3BAPHUX 3’ €ITHAHHSAX 3
Hep:kaBio4oi crauai AISI 321 ToBuinHO0 3 MM, 0JIepsKaHUX Ja3ePHUM
3BaPIOBAHHSAM Yy Pi3HMX IPOCTOPOBUX MOJIOKEHHAX

[TopiBHsiHHS XapakTepy rpadiuHux 3ajnexxkHocteit Ha Puc. 3 ta Puc. 7, mokasye
iX BEITMKY CXOXICTh Ta JIO3BOJIIE POOUTH TOTOXHI (BUIICHABECHUM) BUCHOBKH JIJISI
XapakTepy 3MIHM IIUPUHM IIBa B 3aJ€KHOCTI B 3MIHM KyTa Haxuwiy IMpH
3BaproBaHHi. J[iiCHO, /TSl 3aJIeKHOCTEH 3MIHH IIIMPUHH I11BA y 3BAPHUX 3’ €THAHHAX 3
Heprkasitouoi crani AISI 321 TomumHO0O 3 MM, OJIep)KaHUX JIA3EPHUM 3BapIOBAHHAM
y pi3HUX MPOCTOPOBUX MojoxkeHHsx (Puc. 7), xapakTtepHa Taxk camMa KapTUHA 3MIHU
3HAQYeHb KOHTPOJIbHUX TOYOK. OjHAK BiAHOCHA pI3HULS MK aOCOJIOTHUMU
3HaYEHHSMH IUpUHU 1Ba (Tabnuis 6) BIAPIZHAETHCS BiJl BIAHOCHOI PI3HMII MIXK
a0COJIOTHUMM 3HAYEHHSMU 3MIHU IUIONI MOMEPEYHOTO Mepepi3y 3BapHUX 3’€JHAHb
(TaGmuus 2). Tak, HanpuUKIaA, TpU 3MIHI KyTa Haxuily MpH Ja3epHOMY 3BaprOBaHHI
Ha HETIEPEepPBHOMY PEXKHMI Bropy pPIi3HHUIA €KCTPEMAIbHUX 3HAYCHb XapaKTePHUX
MakCUMyMIB Ta MIHIMyMIB MDK aOCOJMIOTHMMH 3HAYEHHSMM IIMPUHU IIIBA,
oJlepKaHUX TIiJl PI3HUMU KyTaMHd 3BapioBaHHs He TmepeBuirye 22%, TOOTO
BIJIPI3HAETHCS HE Oible HIXK y 1,25 pa3. Y To# yac, Koiu npu 3BaproBaHH] Ha CITYCK
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y HEMepepBHOMY pPEXHUMI TeHepallli Ja3epHOro BUIIPOMIHIOBAHHS, XapaKTepHI
3HAYEHHS €KCTPEMYMIB BIIMOBIAHUX 3aJIEKHOCTEH BIAPI3HAIOTHCS OULIBII HIXK y 3
pa3u (Tabmuus 6 ta Puc. 7). [Ipu 1poMy 3HaU€HHS IIUPUHU LIBA Y €KCTPEMAIBbHUX
TOYKAaX, OJIep’KaHl MpPU 3BAPIOBAHHI Ha CIIyCK Ta B rOpYy MPHU HETEPEPBHOMY PEKHUMI
reHepailii JIa3epHOTro BUIPOMIHIOBAHHS, BIAPI3HAIOTHCA Maike y 3 pasu.

Bapro Big3HaunTH, M0 SK A7 JAHUX [10/I0 3MIHH IUIOIII MOMIEPEYHOTO Mepepizy
3BapHHUX 3’€aHaHb (Tabmuis 2), madi moA0 3HAYCHb NIUPHHM I1BA, OJCPXKaHI TPH
3BapIOBaHHI y PI3HUX MPOCTOPOBUX TMOJOKEHHSIX 3 BUKOPUCTAHHSAM IMITYJILCHOTO
peXUMy TeHepalii Jila3epHOTO BUIPOMIHIOBAHHS, BKa3aHI JIaHHI  3HA4YHO
BiIpi3HstoThest (Puc. 7). Tak, mpu 1MIyJIbCHOMY 3BapiOBaHHI Bropy, pPI3HMIIS
€KCTpEMaJIbHUX 3HAYEHb XapaKTepHUX MAKCUMYMIB Ta MIHIMyMIB BKa3aHUX
3ayieskHOCTeN He nepeBuIrye 40%, TOOTO BOHU MiXK COOOIO BIAPI3HSIOTHCS HE OLIbIIE
HIDK y 1,6 pa3. A npu IMIyJIbCHOMY 3BaplOBaHHI Ha CITyCK, XapaKTepHI 3HAUYEHHS
EKCTPEMYMIB 3aJISKHOCTEN 3HAYCHb 3MIHU IIUPUHM IIIBa BIJIPI3HIIOTHCA Maibke y 1,8
pa3 (Puc. 7). Ilpu npoMy 3Ha4YEHHS 3MIHU IIMPUHU IIBA Y EKCTPEMATbHUX TOUKAX,
oJiep>KaH1 MpHY 3BapIOBaHHI Ha CIYCK Ta B TOPY MPHU IMITYJIILCHOMY PEXUMI TeHepallii
JIa3epHOTO BUIIPOMIHIOBaHHS (TIpU KyT1 Haxuity 45° 11sl 3BaproBaHHs Ha CITycK Ta 60°
P 3BapIOBaHH1 BrOpY), BIAPI3HAIOTHCS MEHIIE HIXK Ha 18%.

KoedimienT ¢opmu 3BapHOTO 1IBa € BaXJIUMBUM MapamMeTpoM, SKHUM
XapaKTepu3ye 3BapHe 3’€IHAHHS, Ta KU BUPAKAETHCS BIAHOIICHHSIM IIUPUHU I11BA
no Moro toBuHU. Y Tabnuui 7 HaBeAeHl JaHl, OJEp)KaHI B pe3yJbTaTl aHali3y
MakponutdiB 3BapHUX 3 €qHaHb 3 HepkaBitouoi ctam AISI 321 ToBmmHO0O 3 MM,
OJIep’KaHuX JIa3epHUM 3BaprOBaHHSAM y PI3HUX MPOCTOPOBUX MoyiokeHHAX. Ha Puc. 8
noOyI0BaH1 BiJIMOBIIHI 3aJIEKHOCTI 3MIHU KoedirieHTa opMu 3BapHUX 3’ €THAHb.

Taboanusa 7 — 3mina koedinieHTa GopMu 3BAPHUX 3’€ITHAHD 3 HEPKABIIOYOL
craui AISI 321 ToBuHO0 3 MM, 0/1epsKAHUX JIA3EPHUM 3BAPIOBAHHSAM Y Pi3HUX
NMPOCTOPOBHUX MOJIOKEHHAX

Koeditient ¢popmu nposapy
Kyr BIropy BHU3 BIopy BHU3
Haxuily, ° | HemepepBHHI | HelepepBHHIU IMITYJIbCHUM IMITYJIbCHU I
pEXUM pEXUM pEXUM pEXUM
0 0,54 0,54 0,81 0,81
30 0,71 0,59 0,98 0,81
45 0,44 1,43 0,73 0,78
60 0,47 0,42 0,55 0,62
90 0,75 0,76 0,6 1,03

AHajii3 oJep)KaHUX JaHUX MOKAa3y€ BEIUKY PO30DLKHICTb MIX 3HAUCHHSMH,
OJIep’)KaHUMHU y HENEPEepBHOMY PEXHUMI TeHepallii JIa3epHOro BUIIPOMIHIOBAHHS HpU
3BapIoBaHHI Ha cyck. Tak, 3 ganux Tabmuii 7 Ta Puc. 8 BuaHO, 1110 y HEEpEPBHOMY
peXuMi TeHepallii Jia3epHOro BUIPOMIHIOBaHHS TIpM KyTi 3BaproBaHHs 45°
KoediieHT GopMu IPOBapy CTAaHOBUTH 1,43, y TOM yac KO HOTO 3HAYCHHSI CKJIAIa€
0,42 mpu 3miHi kyTa Haxmwiy 3 45° Ha 60°. ToOTO BiAHOCHA PI3HMIN IiX 3HAYCHD
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CTAaHOBUThH Maibke 3,5 pasu. Y TOHW yac KOJIM KOJIMBAHHS 3HAYeHHS KoedillieHTa
dbopMu 3BapHUX 3’€HAHb Yy HEMEPEPBHOMY pEXHMI TIeHepauii Ja3epHOoro
BUIIPOMIHIOBaHHS NPHU 3BapioBaHHI yropy He nepeBuinyioTh 40%. ILle mosBosse
CTBEPJKYBATU MPO OJIEpKaHHs OUIbII CcTallIbHOrO KoedilieHTa (GopMU 3BapHUX
3’€¢/lHAHb TIPU 3BAPIOBAHHI YTOpYy Yy HEMEPEPBHOMY pEXHMI IeHepalii J1a3epHOoro
BUIIPOMIHIOBaHHS MPU 3BapIOBaHHI, a HIXX IIPH 3BapIOBaHHI Ha CITYCK.
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Puc. 8. 3anexxknocTi 3MiHM KoedinieHTa (POPMHU 3BAPHUX 3’ €IHAHD 3
Hep:kaBio4oi craai AISI 321 ToBmHOW0 3 MM, 0JIepKaHUX JIa3ePHUM
3BaPIOBAHHSAM Y Pi3HMX POCTOPOBHX MOJIOKEHHAX

Sk moxkazye anamiz gaHux Tabmumi 7 Ta Puc. 8 KonMBaHHA 3HAYEHHS
koediuienTa GopMu 3BapHUX 3’€IHAHb Y IMITYJIbCHOMY PEXHUMI reHepallii J1Ja3epHoro
BUIPOMIHIOBaHHS TIPU 3BaprOBaHHI SK yropy, Tak ¥ Ha CIYCK CKJIQJalOTh OJM3BKO
40%. [Ipu uboMy BapTO BiI3HAYUTH, 110 BITHOCHA PI3HUIIA 3HAYEHb MK 3HAUCHHIMU
koedilienTa GopMH 3BapHUX 3’ €IHAHb Y IMITYJILCHOMY PEXHMI T'€Hepallli JIa3epHOro
BUIIPOMIHIOBaHHSI MPHU 3BApPIOBaHHI SK yropy, Tak ¥ Ha CHYCK JJi BIANOBIAHHUX
PI3HUX MPOCTOPOBUX IMOJIOKEHb CTAHOBUTH OJM3bko 10%, Maiixke il BCiX 3HAYEHb
KyTa Haxui1y, okpiM 90°, Kkonu 11e BiAHOUIEHHS HabmxkaeTbes 10 40%

AHami3 pe3yabpTaTiB JOCIHIKEHbh BUKOHAHUX Ha IJIACKUX 3pa3Kax Ta OMUCAHUX
BUIIE, JO3BOJIMB BUKOHATU BHOIp MPOCTOPOBUX TOJOXKEHH Ta MiAiOpaTH mapameTpu
PEKOMEHIOBAaHUX TEXHOJOTIYHUX PEKUMIB, HA AKUX OyJM BUTOTOBJIEHI KOHTPOJIBbHI
ctukoBi 3’eqHanns 31 crani AISI 321 toBumnoto 3,0 mm. Ilpu BuOOpi mpocTopoBUX
MOJIOXKEHb KEPYBAJUCS HACTYIHUMHU IOKA3HUKAMH: JOCSITHEHHSIM MaKCHUMalbHOL
rMOMHU  TpoBapy; (opMyBaHHSM 337aHOi TE€OMETpli 3BAPHOTO 3’€JIHAHHS,
BIJICYTHOCTI (200 MiHIMaJIbHOI KIJIBKOCTI OpHM30K); BIACYTHOCTI (200 MiHIMaIbHOI
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BEJIMYMHU) YTOHIHHSA;, BIJCYTHOCTI (200 MIHIMAJIBHOI BEJTUYUHHU) «TPEOIHIISN
BEPXHBOTO BajlMKa. Buxoasuu 3 nux naHux, Oyau oOpaHi HMXKHE Ta BEPTHKAIbHE
MPOCTOPOBI TOJOXEHHS, Ha SKHUX, BIAMOBIOHO, OyJO OJEp>KaHO SAKICHI 3BapHi
3’€JIHaHHA, 110 BIANOBIJAIOTH BUIIIE MepesiyeHUM BUMoram. CXoxi 3a T€OMETpi€ro
3BapHI 3’€HAaHHS OyJIu OjepXaHi MPH HACTYMHUX PEKUMaX: IMITYJIbCHUN PEXUM
reHeparii Jla3epHOro BUIIPOMIHIOBaHHS, MPU MaKCUMalbHIN moTyxHocTi 4,4 kBT,
gactoti 250 I'm, immynec 75/25 (mst 000X mMONOXKeHb); po3doKycyBaHHI -1 MM;
mBuaKocTl 3BaptoBaHHs 3000 Mm/XB (11 HHXKHBOTO MoJokeHHs) Ta 4500 MM/XB
(n7s BEpTUKAJIBHOTO TMOJOKEHHS). Y BCIX BHIIQJIKaX 3BaprOBaHHS MPOBOJUIIOCS 3
M0/IaY€I0 aproHy B BUIJISAI 3aXMCHOT'O ra3y 3 pi3HUMHU BUTPATaMH B ME€BHI 00JaCTi: B
00J51acTh 3BaproBasIbHOI BaHHU 30 JI/XB; B «XBICT» 3BaplOBaJIbHOI BAHHM, JJIS 3aXUCTY
ocTturarouoro meraiy — 20 j1/xs.

BucHoBkn

3a pe3yiabTaTaMd BUKOHAHHMX JOCIIDKEHb MOXKHA 3pOOMTH BHCHOBOK IIPO
NEPCIEKTUBHICTh 3aCTOCYBAHHS 3MIHM IPOCTOPOBOTO IMOJIOKEHHS JAeTajel mnpu
Ja3epHOMY 3BaproBaHHI. Tak, MpH 3MiHI 3 HIKHBOTO Ha BEPTHUKAJIbHE ITOJOKCHHS
IIpY 3BaprOBaHHI CTUKOBUX 3’ €aHaHb 31 ctami AISI 321 toBmuHoo 3,0 MM, MOXKIMBO
30UTBIIEHHST IIBUAKOCTI 3BapioBaHHs Ha y 1,5 pasu 31 30epexeHHsIM HeoOX1THUX
MOKa3HUKIB AKOCTI 3BapHUX 3’ €AHaHb. [Ipy 1bOMy He 30UIbLIYETHCS TOPOYTBOPEHHS
Ta 3a0e3nevyeTbcs MiJABUIIEHHS MILHOCTI 3BapHHMX 3’€HaHb 10 15%, 3a paxyHOk
MOAPIOHEHHS CTPYKTYPH.
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KAPITEL 4/ CHAPTER 4
USE OF VIBRO-CENTRIFUGAL METHOD FOR PROCESSING PARTS

FROM SUPERHARD CERAMICS
BUKOPUCTAHHSA BIBPOBIJJLIIEHTPOBOI'O CIIOCOBY 3 METOIO OBPOBKH
JIETAJIEA 3 HAJUITBEPJIOI KEPAMIKH

DOI: 10.30890/2709-2313.2021-07-08-012

Introduction

During the development of the country's economy, special attention should be
paid to the technical re-equipment of all sectors of the national economy. In
particular, it is recommended to pay special attention to the development and
implementation of high-quality tools and the use of new progressive cutting materials
for new technological processes.

The main task in the field of mechanical engineering is to increase productivity,
efficiency, reliability and durability of manufactured parts, and to reduce labor
intensity. But the machining of progressive super-hard cutting tools is difficult and
costly.

4.1. Selection of tool materials for machining superhard ceramics

The development of modern mechanical engineering is associated with the
development and implementation of the latest materials and progressive technological
processes for their processing. The unique properties of ceramics make it possible to
use it in various fields of technology, including as cutting tools and parts of
machines, devices and electronic equipment. Due to the high rigidity of the material,
machining of workpieces is possible only with the use of synthetic diamonds [1].
Basically, ceramic cutting inserts (CCI) are used in continuous semi-finishing and
finish turning. In these processing operations, they have an advantage over traditional
cutting materials in terms of rigidity, wear resistance and chemical inertness to most
of the processed materials. An important quality of ceramic plates is their ability to
maintain high rigidity at sufficiently high temperatures arising in the tool-machined
material contact zone.

Figure 1 - Appearance of ceramic plates used as cutting material

Since all ceramic parts are brittle, they tend to crack under stress from a cutting
or grinding tool. A point load with a sufficiently small plastic deformation leads to
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the fact that, under the influence of diamond grains, the ceramics, feeling strong
mechanical and thermal loads, crumble; As a result, a groove appears, the width of
which exceeds the area of collision of the diamond grain with the material, and cracks
(longitudinal, radial, lateral chips and other defects of brittle origin) appear in the
areas adjacent to the groove, which has a significant effect on the quality of the
processed products and their resource works for consumers. Studies have shown that
the most productive is vibro-abrasive processing using a suspension containing
diamond powder SDM 20/14 (Fig. 2). This is due to the ability of SDM 20/14
diamond particles to maintain their cutting ability due to constant micro-spalling of
the contact areas as a result of vibration and shock loading in the processing zone.
0,0025

0,002

0,0015

0,001 -

0,0005

Removal of material, mg

0 -
SDM20/14 SD6 ubD

Type of diamond material

Figure 2 - Influence of the brand of diamond powder on the amount of
removal when processing a sample of PCSM brand "Borsinite"

The use of suspensions with monocorundums and diamond powders in different
concentrations during abrasive processing significantly affects the amount of removal
from PCSM samples (Fig. 3). As can be seen from the figure, the use of mono-
corundum in the suspension in addition to diamond powders significantly increases
the removal rate. It should be noted that when processing samples in the form of
plates, the removal rate is significantly higher, which is probably determined by its
area. This is especially important when using SDM20/14 diamond powder in a
suspension (Fig. 3, a). For simultaneous processing of both types of samples, the best
result occurs when the concentration of diamond powder is 10%. This applies to all
studied diamond grades. From a comparison of the results shown in Fig. .3, a, b, it
can be seen that the removal of material during abrasive processing of plates with
PCSM using a suspension with SDM diamond powder is higher than that of SD6
diamond. This result is due to the difference in the mechanical properties of
SDM20/14 and AS6 diamond particles [2]. The amount of material removed at a
concentration of 15% SDM20/14 diamond powder testifies to the widespread truth -
"the more, the better", that is, the higher content of diamond powder in the
suspension causes the intensification of the removal from the PCSM sample.
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Figure 3 - Influence of the concentration of diamond powder in suspension on
the amount of material removed from the sample

When using a suspension with UDD diamond powder at a concentration of 5%,
cylindrical PCSM samples are most effectively processed. In this case, the largest
contribution to the amount of removal is made by mono-corundum powder, however,
in terms of the absolute amount of removal it is inferior to the case of using
suspensions with diamond powders SDM20/14 and SD6. When abrasive processing
of two types of PCSM samples using suspensions with SD6 diamond powder at
concentrations of 10% 15%, the amount of material removed is approximately the
same (Figure 3, b). A similar picture, but with a lower absolute magnitude of the
survey, i1s observed when using a suspension with UDD diamond powder. In these
options, focusing on the economic factor, it is better to use suspensions with a
diamond powder concentration of 10%.

4.2. Surface quality of ceramics after vibro-centrifugal treatment

Ensuring high quality of machined mechanical engineering products, their
operability in operation is associated with the need to form the necessary parameters
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of roughness and state of the surface layer at the working sections of cutting tools [3].
Traditionally, the finishing treatment of the surfaces of tools is carried out by
methods of diamond abrasive processing - both bound and free abrasive. A promising
finishing method is vibroabrasive machining [59], which allows not only to reduce
the roughness of the surfaces of tools, but also to control the value of the radius of
rounding of their cutting edge. Until now, there is experience in the use of such
processing in the manufacture of cutting tools equipped with a working part of hard
alloys. Taking into account the wide distribution and high cost of tools made of
superhard polycrystalline materials (PCSM) based on cubic boron nitride (CBN), it is
of considerable scientific and practical interest in improving the methods of their
manufacture. Vibration-abrasive machining as a finishing method, which in
traditional applications is characterized by high productivity and is effective when it
1s necessary to ensure a high quality of the processed surface, can be quite effective
in this case. It should be borne in mind that products made of PCSM have high
rigidity, are difficult to machine and the process of their vibro-abrasive processing is
characterized by a number of significant features. The quality of the processed
surface during vibration processing of superhard ceramics was determined on a non-
contact interference 3-D profiler "Micron-alpha", shown in Fig. 4, the purpose for the
registration and analysis of microfotography of surfaces by the method of processing
a sequence of interference patterns in the white world, namely [4]:

Figure 4 - Non-contact interference 3-D profilograph '""Micron-alpha" [5]

Non-contact interference 3-D profilograph "Micron-alpha" can:

* build 2D and 3D surface profiles;

» quantify the characteristics of the surface;

» calculate the volume of the protrusion (depression):

* observe interference patterns [5];

* to carry out metallographic studies.

Technical characteristics of the "Micron-alpha" device Scanning field (XY) um
100 x 90 (1300 x 1000) Horizontal resolution (XY). Mcm 0.16 (2) Maximum
measured relief height (Z), um 40 (120) [115] Vertical resolution (Z) nm 3 (5) Time
of 3D topography acquisition, min. 0.5 - 5 [115] In fig. 6.5 shows profilograms and
fragments of the surface of the samples after 10 min of treatment.

Analyzing the profilograms, we conclude that the highest quality processing
took place with a mixture of mono-corundum and UDD diamond powder at a
concentration of 15% [6]. Average Ra = 0.11. In the process of removing shavings
during diamond grinding of ceramics, individual diamond grains are involved in
conjunction with a bunch of tools. When studying the nature of the destruction of the
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Figure 5 - Profilograms of surfaces

ceramic surface by a diamond grain, it was found that the grain at the beginning and
end of the scratch leaves a clear trace without obvious chips along the edges of the
trace. A diamond grain, possessing sufficient rigidity, immediately begins to cut off
the chips upon contact with the material. The middle part of the scratch has
significant tears along the edges along its entire length. The appearance of chips [7],
which have reached a certain depth of grain penetration, is explained by the fact that
with an increase in the cutting depth, all new edges of the diamond grain come into
operation, in connection with which the microcutting forces in the zone of its contact
with the sample material grow and are observed together with the formation of a
highly dispersed shavings, large areas of material separation. The forces arising
during grinding determine the stability of diamond wheels, the quality of processing
and allow the choice of rational technical parameters [8]. When grinding ceramics,
the state of the surface layer is highly dependent on the cutting forces. Knowledge of
the regularities of the change of the latter allows you to reasonably choose the
optimal processing conditions. By the nature of the change in cutting forces, one can
also judge about the physical phenomena occurring in the grinding zone. The above
profilograms confirm the drawings made in 3D graphics. They clearly show the
difference in the surface profile of the samples treated with different materials.

The sample surface treated with a mixture of monocorundum and UDD diamond
powder at a concentration of 15% looks smoother, without pronounced extrema in the
negative and positive directions. Graphic 3D images confirm that the use of a mixture
of monocorundum and diamond powder UDD at a concentration of 15% led to the
fact that the surface relief of the samples corresponds to the highest surface roughness
index [6]. Many industries place high demands on the surface quality of the materials
used. This problem is relevant for the metalworking industry, when it is the surface of
certain materials that provides the necessary physical effects and operating conditions
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a) a mixture of mono-corundum and SDM diamond powder at a concentration
of 15%. b) diamond powder SD 6 at a concentration of 10% c) diamond powder
UDD at a concentration of 10% d) powder diamond SDM 20/14 at a concentration of
10% e) a mixture of mono-corundum and white electrocorundum f) a mixture of
powder of UDD diamond and mono-corundum
Figure 6 - Profile of the surface of the plate after processing performed in

3D mode (x 500)

of the blade tool. Improving the reliability and durability of cutting inserts, cutters’,
milling heads and drills is one of the main problems of the modern manufacturing
industry. The economic significance of this problem is obvious. As the statistical
analysis has shown, the main reason for the failure of cutters, mills and other
processing tools is not their mechanical breakdown, but a gradual decrease in the
quality of processing, due to and depending on the perfection of processing of cutting
inserts and surface defects of these plates, and if the second factor is practically not
depends on the processing of these plates, with the exception of the low skill of the
processor, the first factor can be corrected using vibration abrasive processing.

4.3. Varying the radius of rounding of the cutting edge of superhard ceramic
inserts

Automation of machine-building equipment, an increase in processing speeds
and an expansion of the range of processed materials made it necessary to develop
effective abrasive materials that retain the ability to work in extreme conditions. Due
to the record hardness of diamonds, a tool consisting of mixtures with a high content
of diamond composite materials (DCM) cannot be replaced by any other materials
when processing products made of superhard materials, glass, ceramics, natural and
synthetic materials [9]. With regard to the final machining operations of parts made
of cast irons, hardened steels and non-ferrous alloys - this issue is successfully solved
by using tools with cutting inserts made of oxide ceramics. The use of these tools,

MONOGRAPH 81 ISBN 978-3-949059-44-5



Prospektive globale wissenschaftliche Trends ‘ 2021

due to the high hardness and heat resistance of ceramics, allows many times to
increase the cutting speed and efficiently perform precision machining of parts, while
the technological process meets the ever-increasing environmental standards [10].
The use of tools with existing ceramic cutting inserts in previous machining
operations of parts is quite effective. Of greatest interest to the industry are tools with
cutting inserts made of nitride ceramics, which have a very wide range of
applications. Nitride ceramics are obtained either by hot sintering or by hot isostatic
pressing. A very important property of silicon nitride cutters is the high strength of
the cutting edge and its reliability. In this case, it is possible to use a cooled liquid in
the cutting process. According to the data of foreign companies, silicon nitride tools
have proven themselves especially well when machining cast iron (even under high
variable loads), as well as when machining nickel alloys and aluminum alloys with a
high silicon content. Expanding the scope of tools equipped with ceramics can only
be ensured on the basis of an integrated approach to their design, manufacture and
operation. One of the tasks requiring an inexpensive and efficient solution in the
manufacture of cutting tools is edge rounding. Edge rounding is a serious and
multifaceted problem, the solution of which can significantly increase the reliability
and durability of the product. The need for edge rounding can be justified by the
complex of tasks facing the technologists.

This includes both surface cleanliness during machining and reduced wear on
the cutting edge. In this case, the radius of rounding of the cutting edges is taken
equal to 0.008 - 0.02 mm. Figure 7 shows photographs of the surfaces of the edges of
different samples and the values of the rounding radius.

a c d e
a) The treatment wasbcarried out with a mixture of mono-corundum and diamond
powder SDM 20/14 at a concentration of 15%. Rounding radius - 0.003mm. b) The
treatment was carried out with a mixture of mono-corundum and diamond powder
SD6 at a concentration of 10%. Rounding radius - 0.008 mm. c) Processing was
carried out with UDD diamond powder at a concentration of 10%. Rounding radius -
0.007 mm. d) processing was carried out with SD6 diamond powder at a
concentration of 10%. Rounding radius - 0.0076 mm. e) Processing was carried out
with SDM 20/14 diamond powder at a concentration of 15%. Rounding radius -
0.006mm.
Figure 7 - Photographs of fragments of the edges of ceramic samples, which
are rounded (x 500)

Thus, only for materials that are difficult to process, this value changes in the
range of 0.005 - 0.04 mm. The size of the radius of rounding of the cutting edges and
the rate of its formation are functions of processing time, size and abrasive type of
grain. These parameters are empirically selected in each specific case. As you can
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see, the radius of rounding of the cutting edge is different when machining with
different abrasive cutting materials. But when processing superhard ceramics, its own
peculiarities appear. For productive work, you need a cutting tool that processes
ceramics. Studies have shown that artificial diamonds can be such a tool, but due to
the possible rise in the cost of processing, artificial diamonds make up only 15% of
the abrasive mixture used in processing. The studies carried out showed the following
results, given below. In practice, processing with SDM 20/14 diamonds turned out to
be more productive, but the concentration of SDM 20/14 diamond material was
higher than the concentration of ultradispersed diamonds. Therefore, it has been
practically established that UDD processes diamond material more efficiently.
Figures 8, 9, 10 show the dependences of material removal on the content of diamond
powder of different grades in order, as mentioned above, to optimize the process.
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Figure 8 Dependence of the sample edge rounding radius on the content of SD 6
diamond powder in the mixture
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Figure 9 - Dependence of the sample edge rounding radius on the content of
UDD diamond powder in the mixture
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Figure 10 - Dependence of the sample edge rounding radius on the content of
SDM 20/14 diamond powder in the mixture
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Analyzing the dependencies presented in Figures 2, 3, 4, we can conclude that
the use of any of the three presented diamond powders (SDM 20/14, UDD and SD 6)
with a content of 15% in a mixture with mono-corundum gives the greatest result of
the rounding radius , and if we talk specifically about each powder, then the highest
productivity was demonstrated by the UDD diamond powder in the amount of 15% in
the mixture [8]. Explosive transformation is used to obtain UDD diamond powder.
The properties of such diamonds largely coincide with the properties of natural
diamonds, but differ from natural ones in the amount of impurities. Perhaps that is
why their use as an abrasive and more acceptable. In order to confirm the conclusion
that it is the abrasive material based on any diamond that can increase the material
removal rate, a number of studies were carried out. The processing was carried out
using different abrasive materials, as well as a mixture of materials. First, the samples
were processed with corundum abrasive materials, then diamond materials were
added to the mixture. Figure 11 shows the dependence of the amount of material
removed from the used abrasive material.

0015
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2 oot //

5

= 20,005

E 0 L L 1
<

= 0 2 4 6

abrasive index

1 - mono-corundum; 2 - mono-corundum + white corundum, 3 - mono-corundum +
15% ACM 20/14; 4 - mono-corundum + 15% AC 6, 5 - mono-corundum + 15%
UDD.

Figure 11 - Dependence of the rounding radius on the used abrasive material
(mixture)

The processing was necessarily carried out under the same conditions in order to
exclude the random component of the study, namely, the constant processing time
and vibration amplitude. Analyzing the dependence shown in Figure .11, we
conclude that the use of ultradispersed diamonds as an additive in a mixture of
abrasive powder made it possible to achieve sufficiently high results during
processing, both independently and in a mixture with monocorundum. Analyzing the
graph shown in Figure 12, we can make an unambiguous conclusion that the
processing time has a direct impact on the radius of rounding of the cutting edge. In
this regard, it is fair to assume that the longer the processing of the samples takes
place, the greater the amount of rounding of the cutting edge will be. Therefore,
having specified the required radius, you can choose the processing time and vice
versa. The radius of the cutting edge can be matched to any type of finishing. In
contrast to the wear of the flank of the tool, the radius of rounding of the cutting edge
increases uniformly throughout the entire period of operation of the cutting tool. In
this case, on the classic graph of the cutting tool wear, there will not appear portions
of curves that are almost parallel to the time axis, which are always present on the
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curves of the flank wear. The used abrasive material 1s mono-corundum + 15% UDD.
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Figure 12 - Dependence of the rounding radius on the processing time

With an increase in the cutting speed and the thickness of the cut layer, the wear
of the cutting insert increases. In this regard, the manufacture of ceramic cutting
inserts, which allow performing not only the final, but also preliminary processing of
parts, is an urgent scientific and technical problem that can be solved by using
vibration processing, and an abrasive powder made of mono-corundum can be used
as a cutting tool. With the addition of a certain amount of artificial ultrafine diamonds
(UDD). The used abrasive material is monocorundum + 15% UDD.

4.4. Stability of cutting tools for superhard ceramics

Tool life T is understood as the total time (min) of its work between regrinds at a
certain cutting mode. The stability of turning tools, the cutting part of which is made
of different tool materials, is 30-90 minutes. Tool stability depends on the physical
and mechanical properties of the tool and workpiece material, cutting mode, tool
geometry and processing conditions. The wear of the cutting tool differs by its nature
from the wear of machine parts, since the cutting zone in which the tool is located is
due to high chemical purity, as well as high pressure and temperature in the contact
zone. The process of tool wear during technological cutting of metals includes
abrasive, diffuse and adhesive types of destruction of the working edge. The impact
of each type of wear depends on the characteristic properties of the material of the
tool, the workpiece, as well as the processing conditions, one of which is the cutting
speed. The new specialized cutting tools for metalworking offer many of the benefits
of this type of tool.

The geometry of the cutting edge, combined with the processing technology,
allows you to quickly and efficiently influence the material and ultimately obtain
high-quality products. As you know, good machines require high-quality cutting
tools. Rational use of machines and tools allows you to fully reveal all the
technological capabilities of modern equipment.

With the correct use of an innovative tool, the funds spent on its acquisition are
fully justified. The use of wear-resistant tools can significantly increase labor
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productivity, reducing changeover time [11]. The versatility of the cutting tool allows
you to significantly reduce its nomenclature and reduce the machine time spent on
technological transitions. For superhard material tools, the stability of the tool will
depend on the same factors as a conventional tool equipped with carbide inserts.
Correct sharpening and processing of cutting inserts has a great influence on tool life.
When machining cutting inserts by vibration free abrasive with the presence of
diamonds. The average resistance with such processing increased several times
compared to plates made of hard alloy (type VK, TK) and high-speed steel, which is
shown in Figure 13.

120

100

80
60

time, min

40

20 4

0 -
high speed material  carbide inserts type VK, superhard plates
TTK

plate material

Figure 13 - Dependence of the tool life of the cutting insert on the type of
material of this insert

Conclusions

As a result of the study of vibration processing of superhard ceramics with free
abrasives by imposing a field of quasi-constant centrifugal forces, considered in the
monograph, the following conclusions can be drawn. As for ceramics, here you can
pay attention to the fact that the rounding radius increases with increasing processing
time, that is, it 1s possible to obtain the required edge rounding radius by varying the
processing time, knowing the amount of material removed per unit time.

When the samples were processed with a mixture of monocorundum and 15%
UDD diamonds, the greatest removal of material occurred, i.e. the material removal
rate was the highest and, therefore, the radius of the edge rounding was also the
greatest. When processing samples with different abrasive materials, abrasive powder
with the addition of ultradispersed diamonds was the most productive.
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KAPITEL S/ CHAPTER 5
MODERN CONCEPTS OF IMPROVING THE TOOL RESISTANCE OF THE

TOOL DURING DEVELOPMENT
CYYACHI KOHIENIII NIIBUIIEHHA BIGPOCTIMKOCTI IHCTPYMEHTY IIPA
PO3BEPTAHHI

DOI: 10.30890/2709-2313.2021-07-08-014

Beryn

OO6poOsieHHsT MaTepiaiiB pi3aHHSIM Ha MOTOYHMHN Yac 3aJIUIIAETHCS OCHOBHUM
TEXHOJIOTIYHUM  CIOCOOOM  OTPUMaHHS  TOYHMX  TOBEPXOHb  BHUPOOIB
HaWpI3HOMAHITHIIIOTO MPU3HAYCHHS. 3aBISKUA JIOCATHEHHSIM TEXHIKH 1 TEXHOJIOT1H
MPOTSTOM OCTaHHIX JECATWIITh BIIOYJMCh 3HAYHI €BOJIIOLINAHI 3MIHM Yy MOIIsIaX Ha
(dhopMyBaHHS 1 pealli3allilo cTpaTerii TEXHOJOT1 00poOIeHHS MaTepiaiiB pi3aHHSIM.
Cepen BUAIB 4YHUCTOBOrO OOpOOJEHHS IMIIHAPUYHUX OTBOPIB Y 3aroToBKax 13
OUIBIIOCTI KOHCTPYKLIMHMX MaTepiaiB BaroMy 4YacTKy CKJIaJa€ PpPO3BEPTAHHS.
Po3BepTaHHs NO€IHY€E OCUTh BUCOKY NPOAYKTUBHICTH OOpOOJIEHHS OTBOPIB Y
TUPOKOMY Jiana3oHi JiaMeTpiB 3 JOCSITHEHHSIM TOYHOCTI pO3MipiB B TpaHUIAX /78—
IT7, 3a0e3nedeHHsIM HEOOX1THOI reoOMEeTpUYHOI (OPMU 1 MIOPCTKOCTI MOBEPXHI B
rpanuisix R, 2,5...0,8 MKM, a TakoX Cenu(pIIHNX EKCIUTyaTalliiHIX BIACTHBOCTEH
penbedy 1 MOBEpXHEBOTO mapy oOpobdaeHoro otBopy. Cepel pisHOMAHITTS CIIOco0iB
MOJI0JIaHHS BIOpaIiii Mpu po3BepTaHHI OTBOPIB HAUIIPUBAOIUBIIIUM € BUKOPUCTAHHS
IHCTPYMEHTIB 3MEHIIIEHOI BIOpPOAKTUBHOCTI. PemrTa 3 I1CHYHOYMX Ha CbOTOJIHI
Croco01B, HE3BAKAIOUM HA IXHIO OPUTIHAIBHICTH 1 TEXHIYHY JOCKOHAJIICTh IXHBHOTO
BTUICHHS, y OUIBIIOCTI BHUMIAJKIB MalOTh BKpail OOMEXKEHY YHIBEpPCAIbHICTh Y
3aCTOCYBaHHI 1 MOTPEeOYIOTh TOJATKOBUX BHUTPAT PECYPCIB 1 4Hacy Ha TEXHIYHY
MIJATOTOBKY BUPOOHUIITBA. OCKIIBKH OUIBIIICTh 3 BUKOPUCTOBYBAHMX PO3BEPTOK €
IHCTPYMEHTAMH CIIEL1aII30BaHOT0 MPU3HAYEHHS, MAaKCUMajbHA aJanTallis IXHbOI
KOHCTPYKLII O KOHKPETHHMX YMOB 3aCTOCYBAaHHSI OOIPYHTOBY€E IOLIJIBHICTH came
TaKOTo Croco0y BUpIIIEHHS 3aBIaHHs 3a0e3neueHHs cTabuIbHOTro 0e3BiOpaliitHOro
(YHKIIIIOBaHHS — 3a PaXyHOK 30CEpEIDKEHHS aHTUBIOpaIliiiHOro epexty B camomy
IHCTPYMEHT1 BIJMOBIHUM TIOEJHAHHSIM MOTO KOHCTPYKTHBHOTO OQOpMIIEHHS 1
T€OMETPUYHUX ITapaMeTpiB.

5.1. AHani3 yM0OB BUHMKHEHHA BiOpauiid npu MexaHiuHiil 00pooui

HasBHICTP mNeplOAMYHHUX KOJIMBAaHb, IO CYIPOBOJKYIOTh MPOLEC PI3aHHS
METaJiB MpU BCIX BUAAX OOPOOJIEHHS 1 COPABIISIIOTH ICTOTHUN BILJIMB Ha LW MpOIEC,
3BEpTa€ Ha ce0e yBary JOCIIIHUKIB 3 CAMOTrO MOYATKY PO3BUTKY HAYKH PO PI3aHHS
MeTaiiB. Maiixe Bl IOCHII)KEHH B1Opalili BEpCTaTiB B TIA YW 1HIIH Mipl 0a3yl0ThCs
Ha KJIACHUYHHUX IOJOXKEHHAX TEOpil KOJUBaHb 1 CTIMKOCTI PyXy, €JIEMEHTax Teopii
aBTOMATUYHOTO PETYJIOBaHHA Ta MaTeplajaxX EKCIEpUMEHTAIbHOTO JOCIIIKEHHS
BepcTariB. Cii 3a3HaYUTH, 1110 X04a J0 LbOT0 Yacy HEMA€ €JMHOI TyMKHU 3 TUTaHHS
BUHUKHEHHSI 1 PO3BUTKY aBTOKOJIMBaHb IMPHU Pi3aHHI, OUIBIIICTh HAYKOBUX MIKII 1
YUYEHUX CXWJIbHI BBaXaTH NpPUYMHAMH OOYpEHHS aBTOKOJMBaHb €JEMEHTIB
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TEXHOJIOTIYHOI CHUCTEMU HE OJiHEe, a JeKUIbKa (hI3UYHUX SBUII, SKI MOXYTb HISTH
OJTHOYAacHO ab0 OKpeMi 3 IMX SBUI] MOXYTh JAOoMiHyBatu. lle 3amexuTs BiX
KOHKPETHHX ~YMOB 1 cTaHy MpPYXHOI CHCTEMH BEpPCTAT — MPUCTOCYBAHHS -
1HCprMeHT - nerans (CIIL), mepi 3a Bee )I(OpCTKOCTl 1 z[eMn(bonqm 3IaTHOCTI
€JIEMEHTIB CHCTEMH, MILIHOCTI 1 IMJIACTUYHOCTI 06p06J'I}OBaHOFO MaTepiay, BHUIY
00poOKH, peKUMIB pi3aHHs 1 T. 1 [2]. PiBeHb IHTEHCUBHOCTI aBTOKOJUBAHb MPYKHUX
TEXHOJIOTTYHUX CUCTEM 1CTOTHO BIUIMBAE HA CTIMKICTh IHCTPYMEHTY, POAYKTHUBHICTb
00poOKH 1 AKICTh 00pOOIEHOI TOBEPXHI BUPOOIB (XBUIISICTICTh, IIOPCTKICTh, HAKJIET,
3QJIMIIKOBI  Hanpyru). i1 KOXXKHOTO TEXHOJOTIYHOrO MpOLECy ICHYE TMEBHUM
ONTUMAaJIbHUI PIBEHb KOJMBaHb, IPU AKOMY CIIOCTEPIraeThCsd MaKCUMajbHa CTIHKICTD
IHCTPYMEHTY 1 BUCOKa SIKICTb 00pOOJIEHOT MOBEPXHI. 32 paXyHOK YIPaBIiHHS PIBHEM
IHTEHCUBHOCTI aBTOKOJIMBAHb MOJKHA JIOMOITUCA JI€CATUKPATHOIO 301IbILIECHHS
CTIMKOCTI 1HCTPYMEHTY, JBO-, II'ATUKPATHOIO MIABUIIEHHS MPOJYKTUBHOCTI 1
ICTOTHOTO TOJIMIIEHHS! EeKCIUTyaTaIllliHUX XapaKTepUCTUK 1 SKOCTI 0OpoOIeHoi
MOBEpXHi [2].

5.2. Orasa cnoco0iB 3ano0iranus BiOpauiaM npu 00po0.IeHHI pO3BePTAHHAM

JIns iABHUINEHHS TUHAMIYHOI CTIMKOCTI omepariii MexaHiqHoi 0OpoOKH B TaHU
gac po3po0JeHO 1 3HAXOAUTHCA B CTajli PO3POOKU 1 JOCHIJKEHHS BEJIUKE YHCIIO
MPOTPECUBHUX THCTPYMEHTIB, CIEIIaIbHUX MPUCTPOIB 1 OCHAIICHHS. 3aCTOCYBaHHS
TaKUX 1HCTPYMEHTIB, IPUCTPOIB 1 OCHAIIEHHS 3 MIJBUILIEHUMHU KoedimieHTaMu 1o 1 C
J03BOJISIE MPAKTUYHO 3aBXK/IM 3MIHUTH aMIUTITYly KOJIMBaHb B OTPIOHOMY HAMPAMKY
1 HaOIM3UTH 11 BIOPUTYJ JO ONTUMAIBHOTO 3HA4YE€HHS Ay, TOOTO. YCHINIHO
3aBEPIIUTH IPOIIEC YIIPABIIHHS THTEHCUBHICTIO aBTOKOJIMBAHb 1 ICTOTHO IMiABUIITUTH
IPOJIYKTUBHICTh, CTIMKICTh IHCTPYMEHTY 1 SIKICTh O0OpOOJICHOI MOBEpPXHI BHUPOOIB.
Jlesiki 3pa3Ku TaKMX THCTPYMEHTIB, IPUCTPOIB 1 OCHAIIICHHS ONTUCaH1 HIKYE.

[TinBumeHHs BIOPOCTIMKOCTI 1 MPOIYKTUBHOCTI METAIOPI3AIbHUX 1HCTPYMEHTIB
MOXe OyTH JTOCSTHYTO BHACIHIOK 30UIBIIEHHS X JKOPCTKOCTI a0 3 Iie OiIbIIHIM
YCIIXOM ITIBUIICHHSIM 1X JeMI(Pyrodo0i 31aTHOCTI.

Hemndyroua 30aTHICTh IHCTPYMEHTY MOXe OyTH MiJBUIIEHA TaK 3BaHUM
KOHCTPYKTUBHUM JAeMI(yBaHHIM, TOOTO 32 paxXyHOK 30UIbIIIEHHS OMOpPY B CTHUKAaX, B
MICIISIX 3'€THAHb PLKYYMX IJIACTHHOK 3 PDKYy4YHM OJoKOoM 1 bioky 3 mepxaBKoro
IHCTPYMEHTY, a TaKOX aKTUBHUM JIeMI(yBaHHSAM, TOOTO BBEICHHIM B KOHCTPYKIIIIO
IHCTPYMEHTIB CHEl[laTbHUX BIOPOTaCUIIBHUX IPUCTPOIB.

[lepcniekTUBHUMH €  TakoX  pO3pOOKH  IHCTPYMEHTIB 3  AKTUBHUM
aemrdyBaHHIM. AKTUBHE AeMI(ipyBaHHS AOCATAETHCA 32 PAXyHOK BHKOPUCTAHHS
30ypIOIOYMX TMPHUCTPOIB 3 JOJATKOBUM JKepeiaoM eHeprii. Cuma omopy
(memmngipyBaHHs) MPONOPLIMHA MBUIKOCTI BIOpONEepeMIllIeHb, TOMY JOLIIBHO IS
MiIBUIEHHA AeMndipyBaHHS JO I1HCTPYMEHTY JIOKJIACTH JIOJAaTKOBY CHITY,
MPOTIOPIIIAHY MIBUAKOCTI.

VYrpaBiiHHS 1HTEHCHBHICTIO aBTOKOJHBAaHb TEXHOJOTIYHOI CHCTEMH MOXKHA
3MIIICHIOBATH IHCTPYMEHTAMH 3 PETYJIHOBAHOO JKOPCTKICTIO.
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5.3. Oriasix KOHCTPYKUid PO3BEPTOK I NMepPCHEeKTHBH YAOCKOHAJEHHSI IXHIX
KOHCTPYKIIM i 3aCTOCYyBaHHSl y CKJAQAi TEXHOJOrIYHMX CHCTEM 3 MeTOH
NniBUIIEeHHS BiOpPOCTIiiKOCTI

IIpu3HaveHHs | TUIIH PO3BEPTOK.

Po3BepTka mnpu3HaueHa Uil BUTOTOBJICHHS TOYHUX OTBOPIB. 3aJIeXXHO BIJ
TEXHOJIOTIYHUX BUMOT 3a JOIMOMOIOI0 pO3BEPTOK MOXKHA OTPUMATH OTBOPH 3
ToyHicTIO Bi 10 10 6 KBadITETIB 3a MIOPCTKOCTI 00poOseHoi moBepxH1 Ra = (6,3—
0,4). Po3BepTKy 3aCTOCOBYIOTH MICJIsl IOMEPEIHHOTO OOPOOJICHHSI OTBOPIB 3€HKEPOM,
PO3TOUYYBaJIBLHUM pi3lleM ab0 CBEPAJIOM, ii MOXKHA BHUKOPHUCTOBYBAaTH SIK YMCTOBHUM
a00 4YopHOBHH 1HCTpyMeHT. I[lpaBwibHa poOOTa PO3BEPTKH 3AJCHKHUTH  BIJ
KOHCTPYKIIi Ta $KOCTI il BUTOTOBJIEHHS, YMOB €KCIUTyaTauli (peXumy pi3aHHS,
OXOJIOJPKEHHSI, BEIMUYMHU MPHUITYCKY, SKOCTI 3aTOUyBaHHS W JOBENEHHS pi3adbHUX
KPOMOK).

BiTun3HsHI BUPOOHUKH PI3aJIBbHOTO IHCTPYMEHTY T[OCTA4alOTh Ha PHHOK
PO3BEPTKU HACTYIHUX THUIIIB: MUWJIIHAPUYHI; KOHIYHI (i IHCTpyMEHTaIbHI, KOTJIOBI
(3aKJIeTIKOB1) Ta 1HII KOHYCH); CTYyMHIHYAcTI /g OOpOOJEHHS OTBOPIB KJIaciB
nomyckiB G6, H6, Js6, K6, G7, H7, Js7, K7, M7, N7, P7, E8, U8, F§, H8, D9, E9, F9,
H9, H10, H11, a Takoxx koMIuieKTHI po3BepTKH HOMepiB Ne 1...Ne 6 i1 0Opo6ieHHs
OTBOpIB mija JoBeAcHHS. [lepeBakHy YacTKy IIbOTO AaCOPTHUMEHTY CKJIQJaloTh
PO3BEPTKHU 3 IHCTPYMEHTAJILHUX CTAJIeH, sIK1 3a0€3MeUyr0Th CTaOUIBHICTD 3asBJIICHUX
MOKA3HUKIB TOYHOCTI 1 SIKOCTI OOpOOJIEHUX OTBOPIB MpU IXHHOMY OOpOOJICHHI 3
BKpail HU3bKUMH (6...8 M/XB) HMIBUAKOCTIMHU pi3aHHS. Taki 1HCTpYMEHTH BXXE HE
BIJIOBIJIAIOTh CYYaCHOMY CTaHy TEXHOJIOT1H METano00pOo0IeHHS.

[IpoBigHi 3apyOixkHI KommaHli-BUpoOHUMKH, K 0T Sandvik Coromant,
Kennametal, 1 mmpoko npeacraBneHi B YKpaiHi KOpechbKi, KUTANCHKI 1 13paibChKi
kommanii Korloy, ZCC, ISCAR ocrtanHiM YacoMm 30Cepeluiii 3yCWJUIS Ha
BUPOOHHUIITBI 1 HACUYEHHI PUHKY PO3BEPTKAMH 3 TBEPAUX CIUIaBiB. Bukopuctanhs
PO3BEPTOK 3 PI3AJIbHOI0 YAaCTHUHOIO 3 TBEPAMX CIUJIaBIB, CIPOMOXKHUX 31HCHIOBATH
00poOeHHsT 31 MBUAKOCTAMHM pi3zaHHsS moHaa 200 M/XB, J03BOJISIE PaIUKAILHO
MIJBUIIUTH MPOAYKTUBHICTh PO3BEPTAHHS NPH peaiizalii CydJacHHUX KOHIICTIIiH
TexHoJoT1i 00poosenns pizanusaM High Speed Cutting/ Multi Task Cutting [3-8].

3a mpuKIa] HAaBEACHO XapaKTEPUCTUKU TBEPJOCIUIABHUX PO3BEPTOK Cepiid
CoroReamer 435 [3-8]. CoroReamer 435— 1me cepis yHIBEepCcalbHUX
BUCOKOTPOAYKTUBHUX  PO3BEPTOK [UIsI  OOpPOOJICHHA  IMIMPOKOTO  Jliara3oHy
MaTepiaixiB — cTajeil, 4aByHIB, KOJIhOPOBUX MeTamiB. BoHa 3abe3medye KOpCTKi
JIOMTYCKX Ha OTBIP 1 BUCOKY SAKICTh MOBEPXHI 3aBISKH BHYTPIIIHBOMY IiABEICHHIO
MOP, reometpii pi3ainbHOi KPOMKH 1 MAKCHMaJIbHO HEPIBHOMIPHOMY PO3TalITyBaHHIO
3yOIiB. MakcumanbHO HEpPIBHOMIpHE pO3TallyBaHHS 3yOIB mependadae pi3HUMA
KYTOBHMM KpOK JUIsl yCiX 0e3 BUHATKY 3yOI1iB. [Ipu TakoMy po3moiiiai KpoKy »KOJACH 13
3yOl[IB HE PO3TAIIOBYEThCS [laMETpPajbHO HABIPOTH 1HILOTO, 3aBASKH UYOMY
po3BepTKa GopMy€e OTBOPH 31 3HAYHO MEHIIMMHM BIIXUJICHHSIMH BiJl KPYTJIOCTI, HIXK
niciisg 00poOIeHHS pO3BEPTKAMH MEpPECiyHOT KOHCTPYKIIi (puc. 1).
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Puc.1. Kpyriorpama orsopy,
00p00JIeHOT0 PO3BEPTKOIO
CoroReamer™ 435
Sandvik Coromant [3-8]

JlonaTkoBO 10 3a3HAa4eHOro e(eKkTy NpHu BHUKOPUCTaHHI pO3BEPTOK 3
MaKCHMaJbHO HEPIBHOMIPHUM KYTOBHM pO3TAIlyBaHHSIM 3YOIlIB CIIOCTEpIraeThCs
3HaYHE 3MEHILEHHS BiOpaliii npu oOpoOJIeHHI 3 BUCOKMMHU IIBUAKOCTSIMHU PI3aHHS.
XapakTepHOI0 OCOOJMBICTIO 1HCTPYMEHTIB 1€ cepli € iXHS HPUCTOCOBAHICTH [0
o0poOneHHst 3 BHyTpimHIM miaBeaeHHsM MOP. Buytpimne nigsenenus MOP
3IMCHIOETBCS 4Yepe3 coruia (OChOBI [JJIsi PO3BEPTOK 3 MPSIMUMU CTPYKKOBHUMHU
KaHaBKaMH 1 OOKOB1 Ji PO3BEPTOK 3 TBUHTOBUMHU CTPYKKOBUMH KaHABKaMH)
3a0e3neuye mnonaBaHHs MOP TouHO B 30HY pi3aHHS, W10 CHpPHUSIE I1JIBUILIECHHIO
CTIMKOCTI IHCTPYMEHTY 1 €()eKTUBHICTb B1JIBEICHHS CTPYKKH (puc. 2).

Puc.2. O6po6.1eHHs1 0TBOPY
po3BepTKAMH cepii
CoroReamer™ 435

Sandvik Coromant [3-8]

HaBeneni ocoOauBOCTI HagaloOTh MPUBAOIUBOCTI BUKOPUCTAHHS PO3BEPTOK
PO3IMIITHYTOT KOHCTPYKIIIT B PI3HUX Taly3sX MaHII/IHO6YI[YBaHH}I SK OT 3arajJbHOTO
MamuHOOylyBaHHs, O00poOJNeHHsT Tpec-popM 1  IITaMIiB, aBTOMOOUIBHOI,
E€HEePreTUYHO1, aePOKOCMIYHOI ramy3eit Tomro. [3-8].

IleBHOTO MOIMpEeHHsS HAOYBalOTh 1HHOBAIIIMHI PO3POOKU 301PHUX KOHCTPYKIIii
PO3BEPTOK 1 MOJTYJIBHUX 1HCTPYMEHTAIBHUX CUCTEM JIJISl PO3BEPTAHHS.

3a KOHCTPYKTUBHUM O(OPMIICHHSM 3MIHHOI pi3aJibHOi dYacTUHMU 30ipHIi
PO3BEPTKH TOAULSIIOTBCS HA PO3BEPTKH 31 3MIHHMMH TOJIOBKaMH 1 PO3BEPTKH 31
3MIHHUMH TUTACTUHAMHU. 3a MPUKJIAIU MOAIOHMX KOHCTPYKIIIM Ha puc.3 1 5 HaBejaeH1
BiAMOBIAHO po3BepTkH RMR™ kommnanii Kennametal, MogynbHa 1HCTpYMEHTaIbHA
cucrema 31 3MiHHUMU rojoBkamu RHM-E™ s po3BepTanHsa kommaHii Kennametal
1 30ipHI perynpoBaHi po3BepTku cepiii IRT ta IRB 3 MexaHiyHUM KpIIICHHIM
3MIHHHX I1acTiH komnasii Korloy.

Cepen opWriHaJIbHUX KOHCTPYKTMBHHX YJIOCKOHAJICHh pPOO0OY0i YACTHHH
PO3BEPTOK BAPTO HABECTH KOHCTPYKIIIO TaK 3BAHOI «IPOTATYBAIHHOD» PO3BEPTKH
HBRE xommnanii Korloy. ['0;10BHOIO BIAMIHHICTIO ITi€l KOHCTPYKITIT € BEIMKUN HAXHII
IBUHTOBHX 3yOLIiB JIIBOTO HANPsMKY — @ = 45°, — HexapaKkTepHH 11 O1IbIIOCTI
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Puc. 3. Moay/jibHa IHCTPYyMEHTAIbHA CUCTEMA 3i 3SMIHHMMM r0JI0BKAMH
RHM-E™ pn5151 po3Bepranns komnanii Kennametal

| e
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L

Puc. 4. 30ipna peryinboBana po3eprTka cepiii IRT ta IRB 3 MmexaHiuHuM
KPIiIUIeHHSIM 3MIHHUX IU1acTUH kKommnaHii Korloy

PO3BEPTOK. 3a CTBEPKCHHSMH PO3POOHHMKA II¢ pIIMICHHS 3a0e3neuye 3HadHe
I IBUIIICHHS TOYHOCTI 1 SKOCTI 00pOOISHHS HACKPI3HUX OTBOPIB IIaMETPOM BiJ 3 MM
10 20 MM, COIpUSITIMBI YMOBHU BIABEIACHHS CTPYXXKH 0€3 3aIy4eHHS MPUMYCOBOTO
BunaneHHs ii MOP, piBHOMIpHIIUA po3MOALT HABAaHTAXKEHHS Ha Pi3ajbHI KPOMKH 1
MIIBUIIEHHS CTIAKOCTI IHCTpyMeHTY. 301IbllleHa 3arajbHa JOBXKWHA Pi3ajJIbHUX
KPOMOK Yy JIaHOMY BHIIAJIKy CIIpHs€ MOJINIICHHIO JAMHAMIYHUX XapaKTEPUCTHUK 1
CITpaBJIsI€ TIO3UTUBHOTO BILJIMBY Ha BIOPOCTINKICTh TEXHOJIOTIYHOI CUCTEMHU.

5.4. AHayi3 BIUIMBY KOHCTPYKTHBHHMX NAapaMeTpPiB PO3BEPTOK 3 YEePryBaHHAM
HAXWJy TBHHTOBHX 3yOumiB Ha  BiOpocriiikicTb i  OOIpyHTYBaHHS
KOHIENTYAJbHUX 0C00JIMBOCTEH IXHBOI 0y 10BU

3rimao [1] raciHHIO KOJMBaHL TpU 0araTojie30BOMY OOpPOOJICHHI CIIpHsiE
palioHaJIBHHMN BUOIP PEXKUMIB pi3aHHS 1, 0COOIMBO, IIBUIKOCTI Pi3aHHS; ONITHMAJIbHE
3aTOYyBaHHS Ji€3 1HCTPYMEHTY; PO3TAlllyBaHHS 3yOIlB, MPHU SKOMY JTOCSTAETHCS
CTIHKICTh y CHCTEMi; BpaxyBaHHsS XapaKTEPUCTHK CHPSIMYBaHHS KOJIMBAIHHUX
BJIACTUBOCTEHN 0araTtoiie30BUX IHCTPYMEHTIB.

OmauM 3 edeKTHBHUX CHOCO0IB 3MeEHIeHHs BiOpalid mpu 00poOJieHH]
PO3BEpPTAaHHSM KOHCTPYKTUBHHUMHM 3aXOJaMH € BUKOHAHHS 3YyOIliB PO3BEPTOK 3 IXHIM
po3TalryBaHHSAM 3 HEPIBHOMIpHMM KyTOBHUM Kpokom. [Ipote [1], BHKOpuCTaHHS
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IHCTPYMEHTIB 3 HEPIBHOMIPHUM KpPOKOM 3YyOIliB HE € YHIBEpCaJbHHUM 1 3HAYHOIO
MIpOIO0 BHW3HAYAETHCS TMOEAHAHHSIM TIEBHUX TEXHOJIOTIYHUX YMOB OOpOOJEHHS 1
CTAaHOM TEXHOJIOTIYHOT cucTeMu. HeomHO3Ha4YHICTh TPOSIBY AaHTHUBIOPAIIMHOTO
edeKkTy mpu pO3BEpPTaHHI OTBOPIB PO3BEPTKAMU 3 PI3HUM KYTOBUM KPOKOM
po3TantyBaHHs 3yOIiB HA0OYHO TPOSBISETHCS Y POOOTaX PI3HUX aBTOPIB, B SIKUX
CIIOCTEPITa€ThCA IEeBHA PO30DKHICT Y BHCHOBKAX INOJO ONTHMAJIbHUX BEITHYHH
pI3HHUIII KyTOBHUX KpOKIB 3yOwiB. BukopuctanHs g0JaTKOBUX AeMI(YyBaTbHUX
€JIEMEHTIB JJIsI 3MEHIICHHS BiOpallii B KOHCTPYKIIISIX OCBOBOTO I1HCTPYMEHTY IS
00poOJICHHST OTBOPIB HE 3aBXKIW JOIIJIbHE Hacammepes 3 KOMIIOHYBaJIbHUX
O0OMeXeHb 1, KpiM TOTO, IPU3BOJUTE MO MOTO MOIOPOKUYaHHS, TIEBHOTO 3MEHIIICHHS
HAJIAHOCTI 1 3pOCTaHHS BUTPAT 4Yacy 1 pecypciB Ha MiArOTOBKY BUPOOHUIITBA. Binrak
yIOCKOHAJIEHHSI PO3BEPTOK Y I[bOMY HAIPSIMKY MOKe OyTH JOIITFHUM BUKIIIOUHO 32
YMOB CTaJIOTO BUPOOHUIITBA 1 32 OOIPYHTOBAHOT HOTO CEPIHHOCTI.

Bibpartii mpu 6ararone3oBomy 0OpOOJIEHHI MAarOTh CBOIO CITeIM(iKy BHACITITOK
TOTO, IO B pi3aHHI Oepe y4acTh ACKIIbKA Jie3, BIATAaK JIWHAMIUYHA CHCTEMa BepcTaTa
OTpUMYy€ OJHOYACHO 3HAYHY KITbKICTh 30ypIOBaJIbHUX BIUIMBIB, pI3HUX 32
BEIIMYMHOIO Ta HATIPSIMKOM.

3BOpOTHA PEaKIlis MPY>KHOI CHCTEMH MPOSBISETHCS HA KOKHOMY OKpPEMOMY Jie3i
y BUDJISIII MPY>KHUX TEPEMIIEHb 1 TPUPOCTIB cuii pizaHHsA. CTIHKICTh B CHUCTEMI
JOCATAETbCSI MPU PIBHOCTI cuil 30yproBaHHS 1 JaeMyBaHHS, BEJIWYMHA SIKUX
3HAYHOIO MIPOIO 3aJIeKUTh B1J] KOHCTPYKIIIi 1 TOTOYHOTO TEXHIYHOTO CTaHy BepCTaTa,
IHCTPYMEHTY, OPCTKOCTI iXHIX OKpEMHUX €JIEMEHTIB 1 CIOJy4eHb, IIBUJIKOCTI
MEePEMIIIICHHS €JIEMEHTIB TEXHOJOTIYHOI CUCTEMHU, CTYIECHIO JeMI(yBaHHSI B HUX, a
TaKoXX B1J KOHCTPYKTHBHHMX IlapaMeTpiB 0araTojie30BOro IHCTPYMEHTY: (opMu,
PO3MipiB, KIJIBKOCTI 1 B3aEMHOI'0 PO3TallyBaHHS 3yOIliB, TEOMETPUUHUX MapaMeTpiB
pi3aJbHUX JI€3, )KOPCTKOCTI Tijla IHCTPYMEHTY 1 4aCTOTH MOT0 BJIACHUX KOJHBAaHb.

3HAYHOIO MIPOI0 HA JWHAMIYHI MPOIECU B TEXHOJOTIYHINA CHCTEMI BILTMBAIOTH
3MiHHI TEXHOJIOT1YHI YHWHHHKHA — MEXaHIYHI BJIACTHUBOCTI TOBEPXHEBOIO IIIApy
00poOIIOBaHOI 3ar0TOBAHKK 1 PIBHOMIPHICTh IXHBOTO PO3MOALTY MO 0OpOOIIOBaHIM
MOBEPXHi, PIBHOMIPHICTh TPHUITYCKY, SIKAA TMiIJIATae 3pi3aHHIO, IIHCHI PO3MIpH
BUKOPHCTOBYBAHOTO I1HCTPYMEHTY Ha MOMEHT 3aCTOCYBaHHS, SIKI B CBOIO HeEpry
OoOyMOBJICHI TICPBUHHUMHU TEXHOJOTIYHUMH TOXHOKAMH WOTO BHUTOTOBJICHHS,
TEXHOJOTIYHUMH MOXHUOKaMH BiJTHOBJICHHS 1HCTPYMEHTY 1 HOr0 MOTOYHUM 3HOCOM.
Yci HaBeneHl UYMHHUKA MOXYTh OyTH JDKEpPEJIOM KOJIMBaHb, MPH TIM I1XHS
HEOTHO3HAYHICTh 1 BUIAJKOBICTh BHHUKHEHHSI BIUTUBAIOTh HAa BEJIMYUHY 1 HAPSIMOK
30ypIOBIBHUX CHJI. 3MEHIICHHS KOJMBAHb IHCTPYMEHTY B TIPUHITUTII MOYKHA TOCSTTH
KEpyBaHHSIM pEKUMaMM pi3aHHA B IIporieci OOpOOJICHHS TNpH BUKOPUCTaHHI
BepcTaTiB 3 O€3CTymiHYacTUM peryjloBaHHAM 3 amanTuBHUMHU cuctemamu YIIK.
IIpoTe om0 06po0IEHHS pO3BEPTAHHSAM, SIK 1 IS PEIITH BUIIB OOpOOJICHHSI OTBOPIB
OChOBHM 0aratroie30BUM IHCTPYMEHTOM, Ha CBOTOJHI IIeii MeToa He HaOyB
MOMIMPEHHS Yepe3 CKIIAIHICTh TEXHIYHOI peaiizarmii 1 0OMEeXKEHICTh 3aCTOCYBaHHS
HacaMIiepes] BHACII0K TOTO, 110 BiH JI03BOJISIE KOHTPOJIIOBATH BEIMYHHY 1 HAPSIMOK
BEKTOPY 30ypIOBaILHUX CHJL.

BukopuctanHs po3BepTOK 3 YePryBaHHSIM HAXWITy TBUHTOBHX 3YOIlIB T03BOJISIE
MIABUIIUTA BUOPOCTIMKICTH MPOIECY PO3BEPTaHHS 3a PaxyHOK BEIUKOrO KyTa
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Haxuiay 3yOuiB (w=30°) 1 pi3HUIIl KYTIB Haxujiay CyMDKHUX 3yOmiB. Ilpu 1mpomy
PIBHOMIpHE pO3TaIlyBaHHS 3yOIliB IO TOPIIO PO3BEpTKHU (mepepi3 A—A Ha puc. 5)
3a0e3reuye TOCTIHHICTh Mepepidy 3pi3yBaHOTO Iapy, IO BHUKIIOYAE OJHY 3
OCHOBHHX TMPUYHH BUHUKHEHHS 30ypIOBAJIIbHOI CHJIHM, a BEUKHIN KyT HaXWIy 3yOIliB
MigBUILYE AeMI(pyBaHHA I1HCTPYMEHTY 31 CTOPOHH KamiOpyBadbHOI YaCTHHH
(nepepiz C—C na puc. 5).

Puc. 5. Po3BepTKH 3 pi3HUM HAXWJIOM 3Yy0iB

3MiHa BEIMYMHM [IEHTPATHHOTO KyTa MO Mipi BIAMAJIEHHS BiJl TOPIS PO3BEPTKHU
(mepepizsu B—B, C—C wna pwuc. 5) 3abesneuye mposB e(exTy HepiBHOMIPHOCTI
KYTOBUX KPOKIB, IKi 3MiHIOIOThCS Bif 0° 10 6-8°; 110 MOSCHIOETHCS 3a0€3MEUCHHSIM
camoriepepi3aHHsl XBHIIb, SIKi YTBOPIOIOTHCS 3YOIIMU 3 TOCTIHHUM KyTOM HaXWIy
3yOI1iB 1 3cyBOM a3y UX XBWIb. [Ipu IbOMY BIJ3HAYAETHCS, 110 YUM OUIBIIIE KYT
HaxuiIy 3yOIliB PO3BEPTKH, TUM MEHIIIA BEIUYMHA PI3HMII HAXWITY CyMIKHUX 3yOIliB
3abesreuye poOoTy 0e3 BiOpaIlrii.

PizanbHi KpOMKH Ji€3 PO3BEPTOK PO3MVISIHYTOI KOHCTPYKINi SIBJISIOTH COOOO
CUMETPHUYHI KPUBI pizHOro Haxmiy (® = 40°+ 4°...6°), ski 3a0e3MeuyIOTh CIPUITINBI
yMOBHU po0O0TH 3yOI1iB ITPH BUBEJIEHHI PO3BEPTKU 3 0OPOOJIEHOTO OTBOPY.

BcranoBneHo, Mo MakcuMajibHa BEIWYMHA PI3HHMII HAXHIIY 3YOIUB Ay
oOMexeHa 301KHICTIO JBOX CYCIHIX 3yOIiB y KIHII KaliOpyBaJIbHOI YaCTUHU
3aJIKHO B JOBKHHM po00YOi YaCTHHU pO3BEPTKH [,, a TaKoX miameTpa d,
KIIBKOCTI z 1 KyTa HaxuiIy @ 3yOIiB PO3BEPTKHU.

OOMexeHHS KyTa pIi3HMII Haxwiy Aw He Ourbmie 8° MOXXKHA IOSICHHUTH
3a0e3neyeHHs M Oe3BiOpaniiiHoi poboTH po3BepTok npu Aw <6°, a TaKoxX
3MeHIIeHHSIM NpoHUKHEHHS MOP y CTpy>XKKOBI KaHaBKH IPH 301KHOCTI CyMDKHHX
3yOLliB 3 BEJIUKUM 3HA4YeHHSIM Aw moHaa 8° 1 TEXHOJOTIYHUMH CKJIATHOIIAMH,
OB’ SI3aHUMHM 3 0OPOOJICHHSIM CTPYKKOBOI KaHABKU IMOMIXK [IUMU 3YOLISIMHU.

[TpuHIMIT TTOCTiAOBHOTO BUKOHAHHSI TBUHTOBHX 3YyOIliB 3 YePIyBaHHSAM IXHBOTO
HaxuiIy Yy ITIPONOHOBAaHOMY BaplaHTI Yy TOPIBHSAHHI 3 IXHIM pPO3MIIICHHSIM 3
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HEpIBHOMIPDHUM KYTOBHUM KpPOKOM HaJa€ 3HAYHHUX IIepeBar IIOAO0 3MEHIICHHS
BiOparii mpu 0OpoOJICHHI Hacammepen 3aBAsSKH OUIBINIA YHIBEPCATBHOCTI Yy
MOIIMPEHHI Ha PI3HI TUIIOPO3MIPH PO3BEPTOK 1 y MPHUAATHOCTI O BUKOPUCTAHHS B
IITUPOKOMY Jiana3oHi peKUMIB pi3aHHS.

Takum uymHOM OQOpMIICHHS pPOO0YOi YaCTHMHH PO3BEPTOK 32 O3HAYCHUM
MIPUHITUIIOM JI03BOJISIE 3HAYHO 3MEHIIMTH MPOSB (PaKTOPY BTOPUHHOTO 30y KECHHS
KOJMBaHb B Ipoueci pi3aHHs. lle MoOXKHA MOSCHUTH THUM, IO MPH pi3aHHI
0araToJie30BUM 1HCTPYMEHTOM 3 IOCIIJOBHOIO 3MiHOIO (HOPMHU Pi3ajJbHUX KPOMOK
CITIM Ha TMOBEPXHSX pi3aHHS BiJI PyXiB IMOCIIOBHO PO3TAIIOBAHUX 3YOIlIB HE
criBnagarwTh. [lepeTuH muMX CiaiiB BUKJIIOYAE 3KOB3YBaHHS 3YyOIliB 1 KOIMIIOBaHHS
KOHTAKTHOTO pelibedy, 10 Ma€e Micie NMpu OOpOOJICHHI 1HCTPYMEHTaMHU 3 PI3HUM
KYTOBUM KpokoM 3yOriB. [Ipu po3BepTaHHl 3MiHA IIUPUHU 3pi3yBaHOIO IIapy Ta
JIOBXKMHA KOHTAaKTy 3 OOpOOJIEHOIO MOBEPXHEH KadiOpyBaJbHUX [IJISHOK 3yOIliB
BIUTMBAIOTh HA BEJIIMYMHY PI3HUI HaxXuioy Aw, a came: 3pOCTaHHIO 000X 13 IUX
BEJIMYMH BIJNOBIIa€ 3MEHIICHHS PI3HUIII HAXHITy CYMIXHHX 3yOIlIB PO3BEPTKHU.

BucHoBkn

VY npencraBneHiii poOOTI Oyi0 PO3TISHYTO BHUPIMICHHS MPOOJIEMHU TOIOTAHHS
BiOpauii mpu po3BepTaHHi OTBOpiB. CydacHi KOHLEIMIIi PO3BUTKY TEXHOJOTIH
MEeTaio00poOJICHHST TlependavyaroTh MIABUINCHHS e(PEKTUBHOCTI BUKOPUCTAHHS
pi3aTbHOTO 1HCTPYMEHTY HacaMIlepell 3a paxXyHOK 3pOCTaHHS TMPOJYKTUBHOCTI
00poOJICHHS 3 CYTTEBUM MIiJBUILCHHSIM PEXKHUMIB pi3aHHSA. 3a YMOB 3pOCTaHHS
IIBUJIKICHUX 1 CUJIOBUX XapaKTePUCTUK 0OPOOJIECHHS pi3aHHSIM BUHUKHEHHS BiOpariii
IAyXKE€ YacTO BUSBISETHCS CTPUMYIOUMM (DAaKTOPOM, SKH y BUPOOHHYMX YMOBax
3MYIIIy€ HaKJIaJaTh PEKUMHI OOMEKEHHS Ha Mpoliecu OOpoOJieHHs 1 HE IMOBHOKO
MIpOI0 BUKOPUCTOBYBATH TMOTEHIIATbHI CIPOMOXHOCTI HASBHHX I1HCTPYMEHTY 1
yCTaTKyBaHHA. Biarak migBUINEHHS BIOPOCTIMKOCTI TEXHOJOTIUHHX CHCTEM
oOpoOJieHHsT pi3aHHSAM € OJHUM 3 TPIOPUTETHUX HAMPSIMKIB IHTEIEKTyalbHOI
TISTIBHOCTI B rajy3l TEXHOJOTIM 1 TEXHIYHMX 3acO0IB OCHAIEHHS IIPOIIECIB
00poOJIEHHS PI3aHHSM.

3anporoHOBAaHO YIOCKOHAJICHHS METOIAMKUA TPOEKTYBAaHHS 1HCTPYMEHTIB 3
YepryBaHHAM Haxuwily 3yOIliB, a came: YTOYHEHO METOJUKY IEepeBIpHUX
T€OMETPUYHUX PO3PaXyHKIB TaKWX IHCTPYMEHTIB 1 3alpPOMOHOBAHO YIOCKOHAJICHHS
TEXHOJIOTIYHOTO CTIOCO0Y IXHBOTO BUTOTOBIICHHS, SIKUW 3a0€31e4y€ MOCTIHHY Y3IOBXK
pi3abHOT KPOMKH IIMPUHY 3aHBOT MTOBEPXHI 3YOIlIB PO3BEPTOK JIaHOI KOHCTPYKIIII.
BusiBnieno 3Haune 3poctanHs — 110 1,5-2 pa3iB — CTIHKOCTI 1 HAAIHHOCTI pO3BEPTOK
3 yepryBaHHSIM Haxwity 3yOIiB.
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KAPITEL 6/ CHAPTER 6
CONSTRUCTION OF A MATHEMATICAL MODEL OF THE

RELIABILITY OF THE ELECTRIC DRIVE OF PUMP UNITS
MOBYJIOBA MATEMATHYHOI MOJIEJI HAQIMHOCTI EJIEKTPOIIPUBOIY
HACOCHUX AI'PEI'ATIB

DOI: 10.30890/2709-2313.2021-07-08-001

6.1. Xapakrepucrtuka 00’€KTY TOCTIIKEHHSA

HIIC “Kpemenuyk" - BysznoBa HadTonepekadyBajbHa crTaHiis. Ha cranmii
HAaCOCHI arperaTd MOJUIAIOTHCS Ha MaricTpajdbHi Ta mijanipHi. OCHOBHUMH €
MaricTpajibHi Hacocu. [IpoTe BOHM HEBCMOKTYIOUYOTO THITY, TOOTO JUIsl HOPMAJIbHOI 1X
poOOTH pivHA MOBUHHA MOAABATUCH HA BX1J YK€ MiJ JAeskuM Tuckom. Came st
CTBOPEHHSI LIbOI'O MOYATKOBOI'O TUCKY 1 MPU3HAYEHI MIAMIPHI Hacocu. Ak miamipHi,
TaK 1 MaricTpajgbHi HACOCH € BIAIIEHTPOBOTO THITY.

Ha HIIC “KpemeHuyk" € 4OoTHpH MaricTpalibHi arperaTd (TpH OCHOBHI 1 OJUH
pe3epBHHUIA) Ta nBa miamipHi. s npuBoay pi3HUX THUITIB HACOCIB 3a1sHI Pi3H1 THIIH
€JIEKTPOJIBUTYHIB:

- y MaricTpajibHUX arperarax 1e cuHxpoHHi exexkrpoasurynu CT[-2500-2394;
- y mianipaux - acuaxponai DHRL-630LB-04.

Enextponocrauannss HIIC«Kpemenuyk» 3m1HCHIOETbCS JTBOMAa HE3aJICKHUMHU
miuiamu [1JI-150 kB ugepes Bigkputuii posnonainsuuii mpuctpii 150 kB (BPII-150
kB) HIIC «Kpemenuyk» 3 ABOMa 3HM>KYyBaJbHUMHU TpaHchopmaTopamu tumy TH/I-
16000-150/6. JIBa TOBITpSHUX CTPYMONPOBOAM 3'€IHYIOTh TpaHchOpMaToOpu 13
3aKpUTUM po3noAuibHUM npuctpoem 6 kB. 3PII-6 kB Bukonano Ha 0as3i
ycratkyBanHs «lllnaiinep Enexktpux» Ha 29 KOMIpOK 3 JBOMa cUCTeMaMu 301pHUX
muH 1 cekmiiauMm  BuMmukadeM (CB). Ilepenbadena cucrema aBTOMATUYHOTO
BBIMKHEHHS pe3epBy (ABP) npu 3HMKHEHHI Hallpyru Ha OJTHOMY 3 BBOJIIB.

Bci ocnoBHi 1 gomomikHi cuctemu HIIC 3abesneueHi eneKTpUYHUM 1
aBTOMAaTUYHUM BBIMKHEHHSIM PE3€pBY IpU 3HUKHEHHI HANPYTU HAa OJHOMY 3 BBOJIIB
3PI1-6 kB, KTII-0,4 kB, IICY-0,4 kB 3 cenexkTUBHICTIO 1O BUTpUMIN yacy. s
3a0€3MeUeHHs] CMOXKMBAuIB MEPIIOi KaTeropii eJeKTPOCHEPri€l0 MpU MOBHOMY
3uuKkHeHH1 Hanpyru Ha HIIC nmepenbadueHo aBromMaTHyHe BBIMKHEHHS JIBOX JU3€IIb-
reHepaTopiB oTyxHicTI0 200 kBT koxeH.

6.2. [lo0ynoBa MmaTeMaTU4YHOI MOAeJIi HAIHOCTI

Or1iHKa aHOMAJTLHOCTI PE3yJbTaTIB CIIOCTEPEKEHb. JIJIT OIIHKM aHOMaJIbHOCTI
pE3yIbTaTIB CIOCTEPEKEHb, OTPUMAHO B JOCIIAI BUOIPKY BHIAJKOBUX BEIUYNH

i i o NI VIN <t, <..<
PO3MIIYIOTh B YIIOPSAJAKOBAHWU 3POCTAOYMH BaplalllUHUM Psi histy S Sty

MiPaxoByIOTh cepenHe apupMETHUHE / 1 CepeiHE KBaapaTU4yHe S BIAXUICHb YCi€l
BUOIpKHU (BKJIFOYHO 3 TUMH Pe3yJbTaTaMH, siIki MOXXYTh OyTH aHOMaibHUMHU). [ToTiMm
BUpaxoBYIOTh U-kputepii CMUpHOBA 7151 ABOX KpalHIX 3HAYeHb BUOIPKH 7; T Ly.

VY HamoMy BUMAAKy CTaTHCTUYHHHA PSJl CKIAJAEThCS 3 HApOOOK Ha BiIMOBHU
pI3HUX MOPSAAKIB. TOMY KOJIEH 3 YJEHIB CTATUCTUYHOTO Py HE MOXKE OYyTH 3 HbOTO
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BUKIIOUeHU. Takok HeMa MIJACTaB BBA)KaTH KOTPUMKCH 13 PE3YJIbTATIB HACHIIKOM
MOpYIIEHHSI YMOB BUIIPOOYBaHHs ab0 K rpy00i MOMUJIKH MPH criocTepeskeHHl. OTxe
IpUiiMaeMo, 1110 aHOMAJIbHUX PE3yJbTaTiB Yy BUOIPIIl HEMAE, 1 IEPEBIPKY PE3yIbTATIB
CIIOCTEpEKEeHb Ha aHOMaJbHICTh 32 U-kputepieMm CMHUpPHOBA HE MPOBOAUMO. Takox
HEMa 3MICTY MPOBOAUTH MEPEBIPKY TIMNOTE3U MPO OJHOPIAHICTH BHOIPOK, apKe
Ma€eMO JIUIIE OJTHY BUOIPKY.

[lepeBipka TimoTe3W Mpo 3aKOH PO3NOALTY. ['imoTe3y mpo 3aKOoH PO3MOILTY
BUIAJIKOBUX BEJIIMYMH, OTPUMAHUX B pE3yJbTaTl CHOCTEPEKEHHS 3a HAIINHICTIO
BUpOOIB mpu iX ekciuryaramii a0o BUMPOOYyBaHHAX, MpU TMOBHUX BHOIpKax
MEePEBIPSIOTh OJHUM 13 HACTYMHUX METOJIB (200 MOCIIIOBHO JBOMA-TphOMa 3 ILHUX
METO/IIB):

a) TMOPIBHSAHHAM TICTOrpaM I'yCTUHHU PO3IMOALTY, IHTEHCUBHOCTI Ta IMOBIPHOCTI
JAaHO1 BUMAJKOBOI BEJIMYMHU 3 TUMOBUMHU TEOPETUYHUMH rpadikamMu HUX (yHKIIHA
JUISL PI3HUX 3aKOHIB,;

0) 10 KOOpJAMHATHIHN CITIIl 3 IMOBIPHICHOIO HIKAJIOKO 1 Kputepito Kommoropona;

B) 1o kputepito [lipcona.

s moOyioBU TICTOrpaMM BUIIAJKOBOI BEIMYMHM BUIHUCAHI y BHOIPKY JaH1
PO3MILIYIOTh B YHOPSAAKOBAaHUM BaplalliiHUNA psiA y MOPSAAKY 3pPOCTaHHS 1 YBECH
Alana3oH iX 3MIHM MNOJUISIIOTH Ha JIeKUIbKa iHTepBaiB. KinbKiCTh 1HTEpBaliB B
3QJIEKHOCTI BiJl KUIBKOCTI JJaHUX y BUOIpIl piBHA (1):

k=1+33-1gN (1)
1€ K - KUIbKICTh iHTepBalliB; N - KUIbKICTh JIAaHUX Yy BUOIPIIL.

JloB>KHHa IHTEpBaTy BU3HAYa€ThCs (2):

At = (tmax - mm)/N (2)

ne Al - nopxuHa iHTEpBaIy; Imax - MaKCHMANBHE 3HAYCHHS BHIAIKOBOI BETHIMHH y

BUOIpII; min - MiHIMAJTbHE 3HAYEHHS BHUITAIKOBOI BEJUUYNHHI y BUOipIi; N - KIJIbKICTh
JTAHUX y BUOIPIII.
Jlns  Hamoro jgociipkyBaHoro o0’exkty N=36, a  k=6,136 (3rimno (1)).
[Tpuiimaemo k = 6. Toxi, 3rigHo (2) noBxuHA iHTepBaTy ckianae 27033,33 rog.
JIJIsT KO’)KHOTO 1HTEpBajdy BHW3HAYAIOTHh 1 3aHOCATh B PO3PaXyHKOBY TaOJIHIIFO
(Tabnuis 1) HACTYMHI BETUYUHU:
— YHCII0 3HAYCHBb BUTIAKOBOT BEJTUYMHM M;, III0 TIPHIIAIAE HA i-i iIHTEepBa Al i
— 3araJibHe YMCJI0 3HAaYeHb BUIMAJKOBOI BETUYMHU BiJ] IEPILIOTO A0 MOYATKY 1-T0
i—1
S
iHTepBANy &
— 3araJibHe YKCJIO 3HA4Y€Hb BUIIAJIKOBOI BEJIMYMHHU B1J] MEPIIOro A0 KIHUA 1-T0
>
1HTEpBAy /=
Jlam 1iist KOXKHOTO 1HTEPBATy BU3HAYAIOTH 1 3aHOCSITh Y PO3PaXyHKOBY TAOJHITO
(Tabnuus 1) cTaTUCTHYHI TapaMeTPH PO3MOILTY JaHOI BUMIAKOBOI BEJIMYMHHU:
_  ryctuny posmnoxainy fi*;
— IHTEHCHUBHICTH BIIMOB A;*;
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— ¢ynxuio posnoaity Fi*;
—  WMOBIpHICTH 0€3B1IMOBHOT poOOTH Pi*.
3a3HaueHl MapaMeTpH PO3MOJALTY BU3HAYAIOTh 32 (PopMyiaMu:

fi¥=m, /(N-At)’ (3)
ii*:#
(N-xzm;)
;o 4
imi
N ©
ProI-Ft ©

Pesynmprati  po3paxyHKY CTaTHCTHYHUX IapaMETPiB  PO3MOAUTY  JaHOI
BUIIAAKOBOI BEJIUYNHHU 3BEAEH] B TAOJIHUIIO 1.

Tabauus 1 - Po3paxyHOK CTATHCTUYHHUX MapaMeTPiB

Aturon | m; Zm Zm £ At Fy* P
I 4;222?3'3 71 o 7 17,19-10| 7,19-10° | 0,194444 | 0,805556
2 4752553635?637' 4| 7 11 |4.11-109] 5.1-10° | 0305556 | 0.694444
3 72382(’)607' 6| 11 17 |6,17-10%| 8,88:10° | 0472222 | 0,527778
4 1929666()3(;:3 70 17 | 24 [7,1910% 1,36:10% | 0,666667 | 0,333333
5 112563663636’,37' 7 24 | 31 |7.1910%] 2,16:10° | 0861111 | 0,138889
6 1?;33(6)’07' 5| 31 36 [5.14:10] 3,710 1 0

[Ticnst 3amoBHEHHS pO3paxyHKOBOi TaOnuIl (Tabmuit 1) OymyroTh TicTorpamu
ryCTUHH po3noauty f*, iHTeHCHMBHOCTI BimMOB A*, ¢ynkuii posmominy F* Ta
“MoBipHOCTI Oe3BimMOBHOI pobotn P*. [[ns doro Ha oci abGciuc BIAKIAAalOTh y
MEeBHOMY MacIiTabl yci 4acoBi IHTEpBaJM At; 1 Ha KOXXHOMY 3 HHX, SIK HA OCHOBI,
OyIyloThb MNPSIMOKYTHHUK, IUIOIIA SKOTO IMPOMOpIiifHA 3HAYEHHIO JaHOoi (yHKIIT
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(fi*,Ai*, Pi* abo Pi*) nna manoro iHTepBany (pUCyHOK 1- puCyHOK 4 ).

(i)
0,000008
0,000007
0,000006
0,000005
0,000004
0,000003
0,000002
0,000001
0
18500- 45533,3- 72566,67- 99600- 126633,3- 143666,7-
4553333 7255667 99600 126633,3 143666,7 180700
Pucynok 1 — I'icrorpama rycTuHu po3noainy
lyambda*(i}

0,00004

0,000035

0,00003

0,000025

0,00002

0,000015

0,00001

18500- 45533,3- 72566 67- 29600- 126633.3- 1436667 ¢
45533,33 72566 67 126633,3 143666,7 180700

PucyHnok 2 - I'icrorpamMa iHTEeHCMBHOCTI BiIMOB

[TopiBHIOIOUM MOOYAOBaHy TricTOrpamMy 3 THIOBUMH TrpadikaMU TEOPETUUHUX
bynkmii f(t), At), F(t) Ta P(t) [1, ¢78] nns pi3HUX 3aKOHIB PO3MOJLIY, OPIEHTOBHO
BHU3HAUYAIOTh, JO0 SKOIO TEOPETUYHOTO 3aKOHY HAMOUIbII OJM3BKUM € PO3MOILT
CTaTUCTUYHHMX JaHUX. [Ipu MOpiBHSHHI BUSABICHO, y JIaHOMY BHUIIQJIKy MOXKYTb
MITIATHA eKCTIOHEHIIIMHUIA 3aKOH PO3MOILTY 1 3aK0H po3noity Beitbymna. Axuii came
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F(i)

1,2
1
0,8
0,6
0,4
0 18600- 455333 | 7256687 ' 143666,7-
45533,33 72566,67 99600 126633,3 143888, 7 180700 t
Pucynok 3 - I'icrorpama ¢pyHkuii po3noainy
P*{i)
09
0.8
0,7 1
06 -
0,5 1
0,4
0,3
0,2
. 5
0 ]
18500- 45533 ,3- 72586 67- 126633,3- 143668,7-
4553333 7256667 123633 3 143666,7 180700 t

Pucynok 4 - I'icrorpama iitMoBipHOCTI 0€3BIIMOBHOI po00oTH

3 HHMX, BU3HAYUMO Mi3HIIIE MO KOOPIMHATHUX CITKax 3 IMOBIPHICHUMH IIKaJaMH.
Pi3HI 3aKOHM PO3MOAUTY XapaKTePU3YIOThCS PI3HUMHU NapaMeTpamH PO3MOALTY
BUIIAJIKOBUX BEITUUYHUH
[TapameTp eKCIOHEHLIHHOTO PO3MOLTY - IHTEHCUBHICTH BIIMOB A - pIBHA
}\4:1/t0,632 ) (6)
ne toe3 - cepenHe apupMETHUHE 3HAUEHHS BHIIAJKOBOI BEIMYMHU, PIBHE IS
EKCIIOHEHIIIMHOTO 3aKOHY a0CHUCI TOYKM MEPETUHY AalpOKCUMYIOYOi MpsMoi 13
ropusontauio F=0.632 .
[TapameTpu posnonury BeiiOysna BH3HAYarOTHCS 3a JIONMOMOTOK KOOPAMHATHOT
CITKH (PUCYHOK 6) HAaCTYITHUM YMHOM:
a= to,632, (7)

b= !

Int —In¢
0,934 0,632 R (8)
ne toozs - abciuca TOYKUA TMEPETHHY AampOKCUMYIOUOi MPSAMOi 13 TOPU30HTAJUIIO
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F=0,934 xoopiuHATHOT CITKH.

[Ipun mepeBipii TinOTe3W MNPO 3aKOH PO3MOALTY BHIIAIKOBOI BEIUYMHU I10
KOOPJMHATHUX CITKAaX 3 IMOBIPHICHUMH IIKajJaMH CTaTHUCTUYHI 3HAaYeHHS (QyHKIIi
pO3Moaily BUIAAKOBOI BeanuumHu Fi* 13 po3paxyHkoBoi Tabnumi | HaHOCMMO Ha
BIJINOBIJIHY KOOPAWHATHY CITKY (TOUkH 3 koopauHaTamu At; Ta Fi*). Uepe3 Haneceni
TOYKH MPOBOAMMO NPSIMY TakK, MO0 BIAXWJICHHS TOYOK BiJ MPsAMOi MajH
SKHAWMEHIIle 3Ha4YeHHs (B MacmTabi imoBipHICHOI mmikamu F* ) 1 Toukm
PO3MIIITYBAIMCh PIBHOMIPHO MO 00uABa 00kM Bij mpsiMoi. [licis 1iporo BU3Ha4YaeEMo
BIJIXWJICHHS YCIX CTaTUCTMYHUX TOYOK BIJl MPOBEAEHOI allPOKCUMYIOUOI MPsMOi IO
OpJIMHATI 1 BUOMpaeMO HaUOUIbIIE 3 HUX Doy

ITo tabmuui D-xputepis Koamoropsa (tabmuust 10 B [20]) B 3aimeHOCTI Bif
gyucia aochiaiB N BU3HauaemMo TabauyHe 3HaueHHs D, SIKio mae miciie HepiBHICTh
Don<Dy, TO CTaTUCTMYHI [aHl HE CyIlepedaTb TEOPETUUHOMY 3aKOHY, SKUH MU
posrasigaemo. Skmo K Dy>D; ,T0 cTatucTU4Hi JaHi HE Y3TOKYIOThCS 3 IIHM
3aKOHOM 1 Tpeba MepexoIUTH J0 IHIIUX KOOPAUHATHUX CITOK.

[Ipu mepeBipui rinoTe3u Mpo 3aKOH PO3MOAUTY MO KOOPAMHATHUX CITKaxX 3
IMOBIPHICHUMH ~ IIKajJaMH  T[apaMeTpu  pO3MOAUTY  BUMAJAKOBHX  BEJIUYHUH
BU3HaualTbca rpadiuno. [lo xoopauHaTHUX cCiTKax (PUCYHOK 5 Ta PHUCYHOK 6)
MOXHa JIATH BHUCHOBKY, IO HAWOIIBII TOYHO JAaHWUW PO3MOAUI OINHUCYE 3aKOH
BeiiOyna. [Ipore BiANOBIOHICTh OMY 3aKOHY IL€ CIIiJl IEPEBIPUTH 3a JOMOMOIOI0
kputepiiB Konmoroposa 1 [Tipcona.

3miiicHioeMo  TiepeBipKy 3a  KkputepieM KomamoropoBa. MakcumalbHe
po3xoxeHHs: MK (pyHKuissMu F*(t) Ta F(t) Bu3Havaerbces 3a BUpa3zom:

Dinax= F*(t) - F(t) )
1 craHoBUTh 1,5 . Jlam BuzHavaemo A, ( HE CJIIJI IUTyTaTH 3 IHTEHCUBHICTIO BIJIMOB):
%= Dy NN (10)

ne N - 3arajgpHe yncio BumnaakoBux BeauduH (N=36); A=0,9.

3a tabmuuero 10 B [20] 3naxogumo P(A): P(0,9)=0,393. T'imoTe3y BBakaroTh
TaKo, 110 HE CYMEpPe4HuTh AOCHigHUM naHuM, skmo P(A)=0,01-0,5 (3rigao [20]).
Orxe, mepeBipka 3a Kputepiem KoamoropoBa miATBepauia rinoTe3y MNpO 3aKOH
PO3MOILITY.

3miiicHIoeMO TiepeBipKy 3a kputepiem [lipcona. Kpurepiit [lipcona BuzHauaemo
3a BUPA30M:

2
2 _ a (mi _Npi)
poyn s
1 D; (1 1)
ne K - KiJgbpKICTh 1HTEpBaNIB CTATUCTUYHOTO PSAIy; m; - 4YacTOTa B 1-My IHTEpBai,
N - 3arajibHe YHUCJIO 3HAY€Hb BUIAJKOBOI BeTU4MHHU; Pi - TeopeTnuHa MMOBIpHICTH
MOTPAIUISIHHS BUITAIKOBOT BEJIMUYMHU B 1-i IHTEpBAJL.
IMOBIpHICTh TOTpAIUISIHHS BHIIAJKOBOI BEJIMYMHM B 1-d 1HTEpBaid piBHA
npupocTy QYHKIT IMOBIPHOCTI B IbOMY 1HTEPBAJIL.

o2 1030 2 .
VY nmanomy pasi £ =397-107 PospaxyBaBmu 4 |, 3a Tabn. 9 [2] B 3a71€KHOCTI

BiJl YKCJia CTYIIEHIB CBOOOIM BM3HAYAEMO WMOBIPHICTDH CIIBIAJAaHHS €MIIPUYHOTO 1
TEOPETUYHOTO PO3IOLIIB.
3rimHo [2], skmo 3HakgeHa WMoBIpHICTE P> 0,1 , To MOXHa BBaXkaTH, IO
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CTAaTHCTUYHI JaHi HE CyNepedarb MPUUHITOMY TEOPETHYHOMY po3moauTry. Umcio
CTYIIEHIB CBOOOM piBHE:

r=K-s (12)
ne K - KiTbKICTh IHTE€pBAIB; S - KUIBKICTh 00OB'SI3KOBUX 3B'S3KIB.

Jlnst 3axony posnoaiuty BeiiOyma s=3. Toxi r=3 , a Tomy (3rigHo Tab6m. 9[20])
P=0,99. Otxe nepeBipka 3a kputepieM IlipcoHa Takox MiaTBEpaMia TINOTE3Y MPO
3aKOH PO3MOILTY.

BusiBiieHo, 1110 y 1aHOMYy BUIIAJKy Ma€e MicIle 3aKOH po3noauty BeiiOyna. Tenep
BU3HAYaeEMO HOro mapameTpu. 3rigHo puc.4.6, toen= 105000, to934=149000(roxm).
Tom a=105000; b=2,87.

Toni iMOBIpHICTH 0€3B1IMOBHOT POOOTH CTAHOBUTHME:

A\
P(t) =exp —(—j
a

(13)
a00, 3 ypaxyBaHHSIM B1JIOMHUX 3HA4€Hb MTapaMeTPiB 3aKOHY po3mnoiny Belilyna:
/ 2,87
P(t) = exp| —| ———
() =exp (105000)
(14)
1 [ Py [
0.8 .
P(t) 0.6 ,.' 7
Q) g 4t -
02F . 5
0= ‘ I I
0 1x10° 2x10° 3x10°  4x10°

t

PucyHok 5 — MimoBipHicTh 6e3BiIMOBHOI POGOTH IBUTYHIB IIPHBOLY
Bi/ILIECHTPOBHUX HACOCIB

Jlami mpoBeeMO BHU3HAUCHHS TaMMa-TIPOIEHTHUX T[MOKA3HUKIB HAIMHOCTI.
HapoOku nBuryHiB 1o BiAMOBH a00 /10 BHXOJAY B KalliTaJbHUN PEMOHT SIBJISIOTH
coO0I0 BHUITQJKOBI BEJIMYMHHM, PO3MOJUICHI B I1HTEpPBaJl BiJl HAWMEHINOI [0
HalOLIbII0T HapoOKu. [IpeacTaBiisie iIHTEpeC BUSHAUEHHS HAPOOKH, MMPOTATOM SKOT
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3x10" I I I
2x10~F -
A(t)
110~ - -
0 l l l
0 2x10° 4x10°
t
PucyHok 6 —IHTeHCHMBHICTH BiAMOB ABUI'YHiB PUBOAY BiALICHTPOBHUX
HACOCIiB
1.5x107° — T
1x10"°F -
f(t)
5x10"°F -
0 l |
0 2x10° 4x10°

t

Pucynok 7 —Hacrora BiAMOB IBUI'YHIB IPUBOY, BillIECHTPOBUX HACOCIB

JIBUTYHH HE BIJIMOBJISITH 3 JESKOIO MMOBIPHICTIO Yy, TOOTO MO 3akiH4YeHH1 sikoi Y(%)
JBUTYHIB OylyTh 3HAXOJUTHUCH Y POOOYOMY CTaHi.
["'amMmMa-niporieHTHI TOKa3HUKK HAAIMHOCTI JiJIs 3akoHY BeiiOyna BU3HA4YalOThCS

3a hopMyJIamMHu:
t}/ — Lb — lnL
K,V 100 (15)

7ie Y - periiaMeHTOBaHa UMOBIPHICTb, ! - cepene apupMeTHUHE 3HaUYEHHS BUOIPKH,
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b - mapametp 3akony BeitOyma. K;, mpu b=2.87, cranoButs 0,891; 3HaueHHA t
craHoBUTH 61738,89 rox.

6.3. MaTremaTu4Ha MOAeJb HAAIHOCTI CTATOPHOI 00MOTKH

JIns moi6HUX BUPOOIB OOOB'SI3KOBUMH KITBKICHUMU TOKa3HUKAMHU € CEpeIHii
TEXHIYHUI pecypc A0 KamiTalbHOro peMOoHTy Tk 1 HapoOka Ha BiamoBy T. Lli aBa
MOKa3HUKA BHU3HAYAIOTHCA 4Yepe3 IMOBIPHICTh BIJACYTHOCTI NPOOOIO 130T Ta
IMOBIPHICTh O€3B1IMOBHOI POOOTH 130151111 OOMOTKH:

T, = TH(t)dt

(16)

T = TP(t)dt
0 (17)
P()=H(1)-P(R) (18)

ne P(R) - #imoBIpHICTh MHIATPpUMAHHS 3aJaHOTO piBHA omopy i3ossuii, H(t) -
WMOBIPHICTB BIZICYTHOCTI Mpo0O0o*0 13071111, P(t) - #iMOBIpHICTH O€3BIAMOBHOI pOOOTH
13071511117 OOMOTKH.
3 TOYKH 30py HAJIHHOCTI 0OOMOTKA CUHXPOHHOTO JIBUTYHA SIBJISIETHCSI CUCTEMOIO,
€JIEMEHTH SIKO1 3'€/JHaHI MTOCIIIOBHO 1 Pe3€pBYBAHHS B1JICYyTHE, TOMY
H(t)=Hp(1)Hx (1) Hua(1) (19)
ne Hg(t), Hk(t), Hva(t) - iIMOBIpHICTB BIACYTHOCTI TPOOOIO MI>KBUTKOBOI, KOPITYCHOT
Ta MiK(a3HOT 13011111 0OMOTKH BiJITOBIIHO.
CknanoBi dopmynu 19 3anexaTh BiJ HAIIHHOCTI €JIEMEHTIB BIJIOBIIHOTO
BUJIy 130J1s11ii. 3a €JE€MEHT BHUTKOBOI 130JIAI[ii MPUHAMAETHCS 130111 MK Maporo
CYCIJTHIX BHUTKIB, 3@ €JIEMEHT KOPIYCHOI 130JISIIIii - 130JIA1is OJTHOTO Ta3za abo Horo
YaCTUHHU, 32 €JIEMEHT MK (Pa3HO1 - 130J1s111s] MIK(Pa3HOI MPOKIAJKHU YU i1 YACTUHHU.
Jlns  po3paxyHKy WMOBIPHOCTI BIJICYTHOCTI TIpo0OOI0  130J1s1ii  0OMOTOK
CUHXPOHHHUX €JIEKTPO JIBUTYHIB 3aCTOCOBYETHCSI MaTeMaTUyHa MOJIElb, MO0y J0BaHA
Ha OCHOBI BIIOMOTrO B TeOpli HaAIMHOCTI pIBHAHHA, SIKE€ IIOB'SI3y€ BHUIIAIKOBY
BEIIMYMHY MIITHOCTI 3 BUTIQJIKOBOIO BEIMUMHOIO HaBaHTaXEHHs. B sIkOCTI mapamerpa,
0 XapaKTepusye MIIHICTh 130111, MPUHHATa MNPOOWBHA HAmpyra ejleMeHTa
13071511117, @ 3a HABAHTAXKEHHS NMPUUMAETHCA TPUKIAJICHA JI0 €IeMEHTa EJICKTPUYHA
Hanpyra. VIMOBIpHIiCTb TOT0, 110 eJIeMEHT BUTKOBOI i30JLil He Buiine 3 mamy, Oyae
piBHa IMOBIPHOCTI TOro, IO HoOro mnpoOuMBHA Hampyra OyjJe TMepeBUIyBaTH
TIPHKJIAJICHY JI0 €lIeMEHTa HanpyTy. FIMOBIpHICTh BifICyTHOCTI IPOGOIO MisKBHTKOBOI,
KOPIYCHOI Ta MIk(}a3HOi 130JA11i OOMOTOK [Jii CUHXpOHHUX ABUryHIB Tuity CT/I
(3rigHO [2]) BU3BHAYAETHCS HACTYITHUMHU BUpPa3aMH, BIJMOBIIHO:

Hy(f) = e_(29(t)00j0’64

(20)

HK (t) — 670,000161 (2 1)
_(60t00j0 5

Hyp(t)=e (22)
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Tonai IMOBIPHICTH BIZICYTHOCTI IMTPOOOIO 13011111 CKIIaIaE:

( ; j0,64 ( ; jo,s
H(t) —e 29000 .6—0,000161 e 6000 (23)

3BijacH, IMOBIPHICTH O€3BIIMOBHOI POOOTH 130151111 OOMOTKH :

( t j0,64 ( t jO’S
P(l‘) — 0395 e 29000 -e_0’00016't e 6000

ne 0,95 - ne P(R), 3rinno [2].
BucHoBku

[ToOynoBaHo MaTeMaTH4HI MOJIEI1 HAAIHOCTI MPUBOAY BIALIECHTPOBHUX HACOCIB.
Busnaueno 3akoH po3mojiiay, TOOTO 3aJ€KHOCTI MMOBIpHOCTI 0€3B1IMOBHOI poOOTH
JOCTIIKyBaHUX €JIEKTPOJBUTYHIB BiJ] 4acy, 110 Ja€ 3MOTy IMPOrHO3YBaTH KUIbKICHI
MOKa3HUKUA HamiiHOCTI. [lepeBipKy TrimoTe3n Npo 3aKOH PO3MOILTY 3I1HCHEHO
METOJIOM TMOPIBHSAHHS TICTOIpaM TYCTUHHU PO3MOALUTY, 1HTEHCHBHOCTI BIJMOB Ta
MMOBIpHOCTI O€3BIIMOBHOI pOOOTH 3 THUIOBHUMH TEOPETUYHUMH rpadikaMu IUX
GyHKLIA Uit PI3HUX 3aKOHIB; 3a KOOPJMHATHUMM CITKAMH 3 IMOBIPHICHUMH
mkanamu ta kpurepieM Konmoroposa 1 3a kputepiem Ilipcona. Bussneno, mo mae
Miclle 3akoH po3noautry BeiiOyna. Takoxx mnoOyJoBaHO MaTeMaTUYHY MOJEINb
HaJIIMHOCTI CTAaTOPHOI OOMOTKM Ta BHU3HAYEHO TaMMA-TIPOIEHTHI MOKAa3HUKHU
HaJIHHOCTI.
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KAPITEL 7/ CHAPTER 7
ANALYSIS OF FINANCIAL AND TECHNICAL INDICATORS OF SYSTEM

EFFICIENCY IN DYNAMIC MODES
AHAJII3 ®IHAHCOBHUX TA TEXHIYHUX ITIOKA3ZHUKIB EOEKTUBHOCTI POBOTHU
CUCTEMMU B IMHAMIYHUX PEXXUMAX

DOI: 10.30890/2709-2313.2021-07-08-018

Introduction

Smart Grid is considered as an electrical network or system that integrates the
actions of all connected participants through the use of intelligent solutions in order
to ensure a sustainable, cost-effective and secure energy supply. The concept of
Smart Grid development in energy in a more global sense is not only the latest energy
technologies, but also modern information and communication technologies of
billing, e-commerce, modeling and data storage, virtualization, computer security,
distributed computing, collection, processing and transmission real time information.

In implementing the provisions of the Smart Grid concept, it is necessary to note
the outpacing growth of the role of local electricity markets for the development of
local energy supply systems (Microgrid), in particular, the evolution of Microgrid as
active consumers (prosumer) and virtual power plants (Virtual Power Plant, VPP).
Generation (DRG) - (Distributed Energy Resources, DER) [2, 3, 4]. Retail electricity
prices that change over time significantly help reduce the cost of producing or
purchasing electricity in the system, meet operational capacity reserve requirements,
and so on.

7.1. Systems of active management of distributed energy facilities

Depending on the type of managed network (Network Manager) it is possible to
distinguish between power transmission control systems (TMS) and power
distribution control systems (DMS) energy management systems (EMS) [6, 7]. Prior
to the abolition of state regulation, energy management systems (EMS) were mainly
used for integrated management of electricity generation and transmission. After the
abolition of state regulation, the separation of these two functions led to the creation
of power generation management systems (GMS) for independent management of
generating capacity.

For Microgrid and VPP, the DER Management System (DERMS) optimally
manages the operation of DER to provide network services, facilitates alternatives,
and allows DER to participate in markets. DERMS allows you to increase situational
awareness while increasing DER penetration by providing DER modeling,
aggregation, and grouping. There is a problem of building new algorithms of
accounting and control, when when building a control system it is necessary, along
with the technical (technological) circuit, to use the economic control circuit.

The new RES support mechanism in Ukraine should take into account: the
introduction of new RES support mechanisms should be carried out together with a
significant increase in carbon taxes, the rates of which in Ukraine are lower than in
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Europe; non-tariff methods of RES support; maximum support for RES for self-
generation (consumption of energy produced by the consumer without return to the
grid); creating favorable financial conditions not only for the development of
distributed generation, but also for the establishment of means of energy storage and
conversion by households and businesses.

7.2. Dynamic pricing in Microgrid

Reducing the price paid by consumers for electricity is invariably the first reason
for the introduction of competitive electricity markets [8]. Electricity generation costs
depend solely on the type of technology and fuel used to generate electricity.

Consumer behavior is related to consumption patterns, as most consumers use
large electrical loads at the same time. The expected dynamic pricing program affects
the behavior of consumer demand [9]. Changing consumption patterns at the macro
level can affect strategic decisions, such as the construction of power plants, as well
as increase the efficiency of operating costs. Consumers may be interested in
dynamic pricing if they are well informed and if the schemes are designed in an easy-
to-use way to allow them to save on their bills [10].

The active introduction of Microgrid in liberalized local markets has
necessitated the implementation of flexible tariff policies, in particular, dynamic
tariffs [1, 2]. There is a need to consider the possibility of forming these "adjustable"
components on the basis of power, as well as carefully study the possibility of more
dynamic formation [5, 11, 12].

The analysis showed that the technical implementation of Microgrid is quite
fully developed for all levels, in particular, with time forecasting and the day ahead.
However, it is important to conduct research to assess the demand-price ratio at the
micro level, to determine the impact of dynamic pricing on Microgrid functions,
taking into account the factors affecting electricity demand, depending on generator
and load modes. It is important to optimize fuel consumption through the
implementation of the dynamic pricing methodology and, as a consequence, the
reduced costs for the production of 1 kWh of electricity in Microgrid.

Let c.(t) and cq?) be the tariff for electricity and the unit cost of fuel; P(?) and B
(P(t), t) - power consumption and current consumption of primary fuel. With the
allocation of the constant components By costs of Microgrid, and variable Bx (P(?), f)
non-fuel costs (in particular, the operation of Microgrid) and the corresponding cost
indicators ¢y (P(?)) and ¢~ (P(?), ) we can write the value of the current cost Cg, Ngp(?)
for power generation in the Microgrid interval [0, t)

t

Crpr ()= Jco (P(t))dt + ch (P(1),t)dt + jcf (t)-B(P(1),t)dt

0
The task is to optimize the power processes in Microgrid in terms of efficient
operation of both generators and loads.
Then for the cost of electricity consumed CE (t) and the cost of fuel
consumption CF (t) in the interval [0, t) we can write:
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C, (1) = [, @) P(t)dt;

on—’-‘

C.(t) = jc (1) B(P(t),1)ds;

We describe the features of the md1v1dual elements of Microgrid in terms of
determining the optimal and suboptimal modes of their operation. In the future, we
use the Frieze power and the Qo exchange power as a criterion for the optimality of
processes in Microgrid [13].

In order to reduce losses by analyzing the possibilities of power supply control,
the method of estimating suboptimal levels based on the Frieze power index QOr [13]
is usually used, which is defined as the quadratic discrepancy between full S and

_ o2 p?
active P power: Oy =5~

Frieze's power allows to 1dent1fy groups of consumers with the greatest impact
on the overall unevenness of the system and to analyze possible options for corrective
action. Losses in Microgrid transmission and distribution lines are neglected.

To implement dynamic tariffing by state, namely to record changes in the
amount of energy received in dynamic mode according to relations (3), (4), the
generalized algorithm of Smart-counter contains the following steps [12, 14]:

1. Installation of initial standards.

2. Introduction of the i-th mode. Control of W and B values and AW and AB
increments.

3. Switch to the new mode i =i + 1.

4. Calculation of the instantaneous cost of fuel Bj(P) and electricity Wi(P).

5. Determination of increases in the cost of fuel ABi(P) and electricity AW; P).

6. Verification of the condition: whether the value is in the i-th zone of tariff
constancy, ie verification of the conditions: AB;(P)> eg(P) and electricity AW;(P)>
ew(P), es(P)> 0 and ew(P)> 0.

7. Transition to the installation of a new electricity tariff W; (7).

8. Control of levels of generation and consumption of the electric power
according to the i-tariff.

9. Formation of the current report of spreadsheets and graphs on instantaneous
and integrated values of tariffs, generation and consumption of electricity.

10. Transition, if necessary, to the 2nd stage; otherwise to step 11.

11. Removal of information about instantaneous and integral characteristics at
specific times.

12. Completion of the algorithm.

7.3. Algorithm for calculating the price of primary fuel depending on the uneven
consumption of active power.

To estimate the cost of primary fuel in Microgrid dynamic mode, we present an
algorithm for calculating the price of primary fuel depending on the uneven
consumption of active power over a period of time 7T~ (duration from minutes, hours,
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several hours to days, etc.). Let's mark it as some technological period of 77. To
simplify the calculations, we assume that fuel costs depending on the level of active
power consumption are known, and the cost of primary fuel does not change over
time and is sustainable [14].

To estimate the cost of primary fuel in Microgrid dynamic mode, it is necessary
to analyze the graphs of generation and consumption of electricity, in particular,
graphs of electrical loads. Different types of generation and consumption of
electricity reflect the functions P (2), QO (?) or I (¢), which are integral characteristics of
the change in load on the selected interval (minutes, hours, days). Depending on the
methods and accuracy of measurement (approximation), the load graph can be
considered as a continuous or stepped curve [15].HaBenemo Kpoku anropurmy
OLIIHKKA (PIHAHCOBUX Ta TEXHIYHMX IMOKAa3HUKIB edexkTuBHOCTI podoTu Microgrid B
JAMHAMIYHHX PEKHMaX PO3paxyHKy BapTOCTi IEPBHHHOTO IaJIHBA.

Step 1. Determination of the functional dependence of the active power P (?) on
the interval 7% As an example in Fig. 1 shows a graph of changes in active power P

(t) with the selection of the controlled time interval T .
p

T*=Tr t

Figure 1 - Graph of active pulling P(z)

Step 2. We assume that as a result of approximation of the function P(?) by
piecewise constant functions at individual intervals, we constructed a step graph of
the dependence of the active power P(?), shown in figure 2.

P P4

P2

P3

P1

t1 t2 t3 t4 t

Tr

Figure 2 - Approximations of the graph of the abundance of active pressure P(?)
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Step 3. Forming a graph of the dependence of primary fuel consumption B(P).
In the general case, the graph can be constructed by using normative (average) values
or experimentally. If the dependence graph was previously unknown, then the graph
B(P) is constructed by the root-mean-square approximation method, we find
parameters not of a linear function but of a quadratic one, when the approximating
function is a quadratic dependence: y = ax’ + bx + ¢ [16].

Step 4. Linearization of the graph of the dependence of primary fuel
consumption B(P) and determination of the cut-off points at which there is a
transition from one approximating linear function to another (figure 3). At these
points, the nature of the costs will change according to the slope coefficients of linear
approximations a;, a, as 1e the slope coefficients of linear approximations
characterize the slope of the lines B(P). Note that there are a significant number of
methods for approximating nonlinear functions [17]. In this case, we use the

piecewise linear method of approximation of a nonlinear function.
B

az
Brpz

Brp a

=
0 ! Prp Prp2 P

Figure 3 - Approximate graph of the dependence of primary fuel
consumption on changes in active power consumption B(P)

We reduce the nonlinear function to several (in this case up to three) intervals
with linear dependences (figure 3), each of which corresponds to its coefficient a;, a,,
az and the value of the power limit (characteristic breakpoints): Pg1, Pgr2, Per3.

Step 5. Determining the number of the interval®s, which belongs to the set of
values of active power P;, which consumes the equivalent load.

According to the results of step 2, we have as the initial set of values of P;
depending on time ¢. The power of P; has a constant value at a certain time interval

At,. therefore it is necessary to determine which i-in the interval of fig. 4 belongs to
the set of power values P;:
P

gr(i

0SB <P, (8)

Step 6. Calculation of fuel consumption at n intervals (in this case, these
intervals are denoted by I, II and III) in accordance with the function shown in figure
4 (by the value of Prp;, a;, i =1, 2, 3):

BIi :Ri "Q,
By =B+ h;-a,;
By =B, +Fy-a;. (9)
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B

Ba

Brp2)

B2

Brps az
E? 2
0 f — b
P Pz Prp P2 Prpz  Pa

Figure 3 - Graph of the dependence of primary fuel consumption B(P) with
indication of limit and current values

Step 7. Calculate the price of primary fuel at each interval. To do this, first
calculate the total amount of primary fuel, using the value of primary fuel
consumption for a certain period of time according to the formula:

Wy=2B At (10)

Then calculate the cost of Cg primary fuel by the formula:

CBZCB'WB‘ (11)

The cost of primary fuel cg can be of different nature, for example, both linear
and nonlinear. Next, we form a graph of the dependence of the cost of primary fuel
on capacity (figure 5).

Ce

Ce4

Ce3

Cg2

Cey
0

ti t2 ts ta t

Tr

Figure 5 - Graph of the dependence of the cost of primary fuel Cz(?)

Step 8. Calculation of the optimal value of active power Popr, which
corresponds to the uniform consumption of electricity and is characterized by
minimal use of primary fuel. Steady consumption leads to a reduction in electricity
losses and, consequently, to a reduction in fuel consumption. Let the value of Popr
belong to the 1st interval (figure 9). According to the type of active power function
shown on figure 2, we find the most rational variant of active power consumption for
constant volumes of energy transfer W in the interval 7* = Tr. This will be when the
active power consumption in the 77 interval is constant.
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To transmit the same amount of electricity with uniform consumption, power is
determined by the following formula.

_ ZP: 'Ati
OPT — ZAtl ' ( 12 )
The calculated capacity will be considered the baseline, in relation to which we
will assess the impact of uneven consumption on the total cost of primary fuel use.
Step 9. Calculate the optimal value of primary fuel consumption. To do this, we

use the obtained value of the optimal active power Popr, calculated by formula (10).
Determine the costs using the formula:

Wsopr = OPT'alet_ (13)

In this case, the amount of primary fuel consumption will depend on the
observation interval 7* and the accuracy of the approximation of the above functional
relationships. The greater the number of Az intervals, the more accurately the optimal
value of the active power of the Popr will be determined, which improves the
reliability of the obtained analysis results.

Step 10. Using the optimum value of primary fuel consumption found above
(11), the optimal value of the price of primary fuel is calculated according to the
formula:

Cypor = €5 - Wypor, (14)

Depending on the nature of the change in the tariff of primary fuel, the optimal
value of the price of primary fuel will change. With a more dynamic change in the
tariff, the number of intervals to be considered will increase and, as a result, the
volume of settlements will increase. To increase the accuracy of the calculation, it is
advisable to take into account all aspects (factors of influence) of changes in the tariff
of primary fuel.

Step 11. Assess how different the current value of the price of primary fuel C =
Cpor from the optimal value Copr. We can offer a relative value as the difference
between the current value of the price of primary fuel and the optimal value obtained
in the previous step (12), divided by the optimal value of the price of primary fuel by
the formula:

5C = Cror = Copr :
Copr
oC =ﬁ—1.
Copr ( 15 )

To illustrate the effect of the non-uniformity of the graph P(z) on the value of the
current Cpor and the optimal Copr value of the primary fuel price for specific values
of the approximating functions of the generation and consumption of electricity
shown in figure 2, use the following active power values: P, =1 kW, P, =3 kW, P; =
2 kW, P, =6 kW. The time intervals for the values of Pi,..., P, are respectively #; = 1
h, b =2 h, t =4 h, t4 = 2 h. Assume that the tariff for primary fuel is cg = $ 27,72 /
liter.

To estimate the difference between the current and optimal values of the price of
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primary fuel, we find by formula (11) the value of the current price of primary fuel
Cror = $ 267,14 and by formula (14) the optimal value of the price of primary fuel
Cror = $ 196,13. Then according to (15) the value of 8C is equal to:

~267,14-196,13
196,13

To analyze the impact of uneven consumption of active power P(?) on the price
of primary fuel, reduce the active power P4 by 4 times, P4 (1) = 0,25 P4 (figure 5).
Using the algorithm, we find new values of the current Cpor = $ 198,94 and the
optimal Copr = $ 178,26 value of the price of primary fuel and evaluate their ratio.
For this case:

oC =0,36.

C = 198,94 -178,26 _
178,26
With decreasing power P4 4 times, P4 (2) = 0,25 P4 and, accordingly, increasing
the interval ¢, also 4 times, so # (2) = 4 ¢4 (figure 5). Performing all the steps of the
algorithm, we list the value of the current Cpor = 244,4 $ and the optimal Copr =
191,3 $ value of the price of primary fuel and have the following ratio:
sc =223 597
191,3
Therefore, with a more uniform value of power consumption P(?), the current
price of primary fuel will approach the optimal value. This is due to the fact that
when the unevenness of consumption is reduced, fuel consumption decreases, and
therefore the total price of fuel decreases accordingly.

0,12.

Conclusions

1. It is shown that the advantages of dynamic charging are most fully manifested
at the local level, and modern interaction of participants in the market of ancillary
services involves increasing the role of dispersed generation aggregators and
dispersed consumption aggregators. development of business models with a
combination of physical, communication, information and business levels.

2. Developed algorithm for calculating the price of primary fuel depending on
the uneven consumption of active power over a period of time allows you to use
dynamic charging when changing modes of Microgrid generators, while providing an
adequate price for consumers and producers of both primary fuel and electricity
supplied and consumed. Using the Frieze power modification, the developed
algorithm provides for the calculation of the optimal value of active power, which
corresponds to a uniform power consumption and is characterized by minimal use of
primary fuel.

3. The need to combine technical and economic (financial, price) indicators in
business models and technical means at the Microgrid level is substantiated, which
will significantly improve the process of managing electricity demand in the local
electricity market. The proposed algorithm allows us to study the impact of a fairly
rapid change in the level of generator power and power consumption on changes in
the cost of the system, the introduction of demand side management mechanisms and
measures to improve energy efficiency.
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Introduction

Formulation of the problem. Intrusion-Detection Systems (IDS) are used to
detect network attacks in real time. In the information and telecommunication system
(ITS) of railway transport, the problem of a large volume of network traffic arises,
since standard approaches to data processing cease to be effective. One of the most
effective approaches to classifying a large amount of data is the use of neural network
technology. This approach allows detecting not only already known network attacks,
but also detecting new ones.

Analysis of recent research. The most promising areas are IDS, built on the
basis of neural networks (NN): multilayer perceptron (Multi Layer Perceptron, MLP);
Radial Basis Function Network (RBF), Self Organizing Maps (SOM) and Adaptive-
Network-Based Fuzzy Inference System (ANFIS). For example, [23] analyzes only
DDoS attacks using TCP, UDP and ICMP protocols due to their popularity among
attackers, in [24] some threats were detected in the network based on the analysis and
processing of parameters of network connections using the stack of TCP/IP protocols,
using a neural network configuration 19-1-25-5 (19 — the number of initial neurons ;
1 — the number of hidden layers; 25 — the number of hidden neurons; 5 — the number
of resulting neurons), but other types of attacks also require research.

At the present stage, on the one hand, there are more and more works [1, 12-14,
17-18] that use a combined approach to solving the problem. For example, [14]
proposes a new ensemble classifier that uses RBF and fuzzy clustering to increase
detection accuracy, reduce false positives, and provide a higher detection rate for
infrequent attacks. In [1] the approach with use of neural networks, immune systems,
neurofuzzy classifiers and their combinations is considered. The essence of hybrid
approaches is to implement various schemes of combining basic classifiers, which
allow eliminating shortcomings in their operation separately. However, at the same
time an important disadvantage of such techniques is the lack of universality of their
application. In [12] to improve the efficiency of IDS it is proposed to use the method
of coincidence, based on the fact that different types of NN (MLP, RBF, SOM) can
detect different attacks, but erroneous triggers also do not always occur on the same
network packets. Analysis using different types of NN. In addition, each type of
neural network has its advantages, the disadvantages that need to be considered or
additional research.

On the other hand, attempts are being made to use NN at different levels. For
example, [5] considered a new approach to building a multilevel network intrusion
detection system, which consists in the fact that groups of similar parameters between
network interactions are fed to the inputs of individual first level modules, each of
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which represents a hierarchical structure of several different NN type and performs
detection of anomalies on a given group of parameters. The results of the first level
modules are fed to the input of the second level solver, which makes the final
decision on the presence of the attack and its classification. According to this
approach, the probability of identifying known attacks was 91 %, detection of
intrusions, information about which was not available during training, was 86 %.
However, the developed prototype has a relatively significant probability of error of
the second kind of 18 %, analysis and correction of the causes of these errors is
promising for further study.

The purpose of this work is to develop a method for determining network
attacks. To achieve this goal the following tasks were solved:

— to determine the optimal parameters of some types of neural networks, which
will provide a sufficiently high level of reliability of detection of intrusions into the
computer network;

— conduct research on different approaches (single-level and two-level) to detect
network attacks;

— explore a combined version of network attack detection that combines the use
of neural network technology with immunology.

8.1. Problem statement and database selection

Attacks are divided into four main categories [19]: DoS, U2R, R2L, Probe.

A Denial of Service (DoS) attack is an attempt to harm by making the target
system, such as a website or application, inaccessible to ordinary end users.
Typically, attackers generate a large number of packets or requests, which ultimately
overload the target system. An attacker uses multiple hacked or controlled sources to
carry out a «distributed denial of service» (DDoS) attack. There are six classes of
DoS attacks: Back, Land, Neptune, Pod, Smurf, Teardrop.

U2R (User-to-Root) attacks involve obtaining the privileges of a local superuser
(network administrator) by a registered user. There are four classes of U2R attacks:
Buffer overflow, Loadmodule, Perl, Rootkit. R2L. (Remote-to-Local) attacks are
characterized by an unregistered user gaining access to a computer from a remote
computer. There are eight classes of R2L Attacks: Ftp write, Guess_password, Imap,
Multihop, Phf, Spy, Warezclient, Warezmaster. Probe attacks are about scanning
network ports for confidential information. There are four classes of Probe attacks:
[Psweep, Nmap, Portsweep, Satan.

Specific types of network attacks are presented in the KDDCup database [20],
which contains about 5,000,000 connection records. A connection is a sequence of
TCP packets over a limited period of time, the start and end points of which are
clearly defined and during which data is transmitted from the sender's IP address to
the receiver's IP address using a specific protocol.

As an architectural solution of the attack detection module, five neural networks
of the multilayer perceptron type are proposed [25]: NN1 - to determine the category
of network attack (DoS, R2L, U2R, Probe) or the fact that there was no attack;
NN2... NN5 - to identify the network attack class, if any (each of these four neural

MONOGRAPH 114 ISBN 978-3-949059-44-5



Prospektive globale wissenschaftliche Trends ‘ 2021 Part 8 Er

networks corresponds to the attack category and is able to identify classes that belong
only to this category). In fig. 1 shows the structure of a hypothetical complex that
uses such a solution.

Attack detection module Response module

Reaction aimed at
countering attacks

4

Information system

Figure 1 — Structure of hypothetical complex [25]

The complex includes a network attack detection module, which receives
connection data from network sensors and outputs the result to the response module.
The signal from NN1, which detects the category of network attack, through the key
turns on one of the neural networks NN2... NN5, which will determine the class of
network attack according to the category. The simulation results on other neural
networks (attack detection accuracy) are summarized in table 1.

Table 1 — NN simulation results [25]

NN NNI1 NN2 NN3 NN4 NNS5S
Configuration | 41-1-132-5 | 41-1-160-5 | 41-1-111-5 | 41-1-8-5 | 41-1-107-5
Accuracy, % 91.03 98.93 94.77 — 97.35

The table shows that the best result is achieved when determining the type of
attacks of the DoS and Probe classes, slightly worse — for the R2L class. For the U2R
class, it was not possible to configure the NN4 neural network to obtain acceptable
results. This is due to the small number of records (52 in total) in the KDD Cup 99
database that belong to the U2R class.
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8.2. Research of the type of neural network to determine attacks

8.2.1. Multilayer perceptron

The author’s certificate [10] is received on a technique of detection of threats to
a computer network by means of a multilayer neural network. As means of
realization use of various neuropackages or drawing up of program model is possible
[2-3, 8-11, 24-25]. So, for example in [3], on the created software model it is
established that the best indicators of the quality of detection of network attacks of
the DoS category in multilayer receptors with one hidden layer of neurons. In fig.2
shows that the best indicators have NN with the following activation functions:
logistic function on the hidden layer; Softmax function on the resulting layer.
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0,80 \M
—relu-reln
relu-sigmoid
g -
£ 060 relu-softmax
; relu-softplus
' —relu-softsign
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relu-elu
020 relu-exponential
000 =
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Number of epochs

Figure 2 — Investigation of MLP-DOS accuracy from the number of
learning epochs by different activation functions [3]

The study of the accuracy of MLP-DoS from the number of learning epochs for
different numbers of hidden neurons is shown in fig. 3. The figure shows that the best
quality indicators showed NN configuration 29-1-25-6. The obtained structure of
MLP-DoS, where y0 corresponds to Back, y1 — Land, y2 — Neptune, y3 — Pod, y4 —
Smurf, y5 — Teardrop.

In fig. 4 presents a study of MSLE from the number of learning epochs for the
obtained structure of MLP-DoS. Based on low MSLE scores, it is concluded that the
best optimization method for MLP-DOS is the adadelta method. To achieve a
sufficient level of quality of the algorithm is enough 25 epochs of learning.
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Figure 3 — Study of the accuracy of MLP-DoS from the number of learning
epochs for different numbers of hidden neurons [3]
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Figure 4 — MSLE study of the number of learning epochs by different
methods of optimizing MLP-DoS learning [3]

8.2.2. Self-organizing map

The Kohonen network (self-organizing map) has only two layers: an input and
an output composed of radial neurons of an ordered structure (the output layer is also
called a topological map layer or «screen»). The neurons of the source layer are
located in the nodes of a two-dimensional grid with rectangular or hexagonal cells.
The number of neurons in the grid determines the degree of detail of the result of the
algorithm, and, ultimately, the accuracy of the generalizing ability of the map
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depends on it. Thus, having a map in front of us and knowing information about some
of the objects under study, we can fairly reliably judge the objects with which we are
little familiar. The SOM learning process includes the following stages: assigning
weights as small random numbers; choice of learning speed parameter; determining
the best matching unit; weight update.

In [2, 7] created software models «SOM» on C++ and Python respectively. For
example, in [7] to determine the classes of network attacks of the Probe category, a
Kohonen network was created, consisting of 15 input neurons (according to the
selected parameters) and 900 results, which are presented in the form of a two-
dimensional map with 30 columns and 30 rows. The software implementation is
made in Python. MiniSom (implementation of a self-organizing map based on
Numpy) was used as the main framework for SOM.

The Matplotlib library is selected for information display, which includes the
Matplotlib.pyplot module, which contains functions for graphical information
display. Numpy (open source library) is selected as auxiliary libraries, which includes
multidimensional arrays with high-level functions for working on them. Metrics from
Sklearn were used for data analysis. The Sklearn.metrics module includes evaluation
functions and performance metrics. A sample of 400 records was used to teach SOM,
a fragment of which is shown in fig. 5.
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Figure 5 — Fragment of the training sample

For testing, the sample consisted of 205 records, the control sample - of 60
records. The KDDCup database was used as the data source. As a result of the neural
network, a map was obtained (fig. 6), each figure of which reflects a certain type of
attack: Portsweep (red); IPsweep (green); Satan (blue); Nmap (yellow).
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Figure 6 — Distribution of attacks on the map

In fig. 7 presents the results obtained on the software model.
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Figure 7 — The results obtained on the program

The number of epochs is 250 thousand. The average error was 0.05 and suggests
that the neural network well determines the classes of network attacks. The neural
network showed the lowest accuracy in determining the attack class Nmap. That is,
NN detects network attacks of the Portsweep, IPsweep, and Satan classes well, but
errors can occur when defining the Nmap class. To solve this problem, it is
recommended to increase the concentration of Nmap class network attacks in the
training sample. The results of the research were presented at conferences [7].

8.2.3. Neural fuzzy network

With the help of MatLAB Fuzzy Logic Toolbox ANFIS, a fuzzy network of
configuration 4-5-8-16-1 was created (fig. 8) [4], where 4 is the number of neurons in
the input layer, which corresponds to the categories of DoS, U2R, R2L and Probe
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attacks; 5 — the total number of layers of the fuzzy network (input, inputmf, rule,
outputmf, output); 8 — the number of neurons in the first hidden layer (inputmf),
which depends on the number of input variables and the number of terms (was the
attacks or not); 16 — the number of neurons in the second hidden layer by the number
of rules (rule); 1 — the number of neurons in the resulting layer (output).

Anfis Model Structure — O =

input inputmf rule outputmf output

_—-t--..'t_ T \
G AN

P e £,
m@:&@‘;{i
A m i R
A T
ol -
Logical Operations
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® o
not
Click on each node to see detailed information Update Help Close

Figure 8 — Structure of the ANFIS system

The input layer contains neurons that represent the membership functions of the
input fuzzy variables and perform the operation of falsification (fuzzy) of the input
data. The inputmf layer consists 2-4=8 values for the rules that make up the
knowledge base created as a result of model learning, these neurons can contain any
implementation of the operation of the t-norm, which is a fuzzy analogue of the
operation «AND» (logical operation «AND»). The third layer is the TSK generator
(this is a parametric layer). The neurons of the rule layer contain the results of rule

calculations taking into account the weight of each rule: 2* =16 The neurons of the
outputmf layer contain the final results of rule calculations, which are grouped into
fuzzy classes. The output layer is normalizing (nonparametric) and contains only one
neuron, which calculates the final output of the model by performing a
dephasification operation (definition) by determining the centers of fuzzy classes. At
the preparatory stage, samples were prepared using the Excel package. On the created
neural network the research of value of an error of training on various functions of
belonging at various algorithms is carried out.
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8.2.4. Hybrid attack detection: combining different classifiers

The resulting vector is found as the sum of the output vectors of the three NN:
MLP, SOM and ANFIS. If the coordinate in the resulting vector is zero or one, then
there are no attacks. The unit means that a false positive occurred on one of the NN.
If the coordinate value of the vector is 2 or 3, then an attack of the corresponding type
has occurred. The implementation of such a hybrid option for the definition of
attacks: the combination of basic classifiers will eliminate the shortcomings in their
operation separately.

3. Research of one-level and two-level approaches to detecting network attacks

8.3.1. Determination of neural configurations

In [22] provides an overview of existing datasets, the most common of which is
the NSL-KDD database, initiated by the US Department of Defense’s Advanced
Research Projects Authority (DARPA) based on the KDD’99 database [21]. The data
set consists of the following sets [15]: KDDTest+, KDDTrain+, KDDTrain+20%
(table 2). The benchmark contains 43 parameters for each record, 41 of which relate
to the traffic itself, and the last two: Label and Score. Although all attacks exist in the
database, but their distribution is highly distorted, as shown in table. 1. More than
half of the records that exist in each data set reflect the normal state, and the
standards for the classes U2R and R2L are extremely small. This is an accurate idea
of the distribution of modern attacks on Internet traffic, where the most common
attacks are DoS, and attacks of U2R and R2L are almost non-existent.

Table 2 — Distribution of attacks in the NSL-KDD database

Dataset Total Normal DoS Probe U2R R2L

KDDTrain+20% | 25192 13449 9234 2289 11 209
(53 %) (37 %) (9,16 %) | (0,04 %) | (0,8 %)

KDDTrain+ 125973 | 67343 45927 11656 52 995
(53 %) (37 %) (9,11 %) | (0,04 %) | (0,85 %)

KDDTest+ 22544 9711 7458 2421 200 2654
(43 %) (33 %) (11 %) (0,9 %) | (12,1 %)

Multilayer NN as a mathematical apparatus. The number of neurons in the latent
layer of Multilayer NN can be determined by a known formula, which is a
consequence of the Kolmogorov-Arnold-Hecht-Nielsen theorem:

Ny 0
<N, < Ny(—+1)(Nx+Ny+l)+Ny
I+1ogy(0) Ny ,
where Ny is the length of the output signal; Q is the number of elements of the set of
educational examples; Nw _ the required number of synaptic connections; Nx _ the

dimension of the input signal.
After estimating the required number of synaptic connections, you can calculate
the required number of neurons in the hidden layer (N):
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N

w

N =
Ny+N,,

As an example in fig. 9 shows the configuration of NN2 at the maximum
number of hidden neurons: 41-1-8-4, where 41 is the number of initial neurons; 1 -
the number of hidden layers; 8 - the number of hidden neurons; 4 - the number of

resulting neurons (11 =1 Y, =1

3=1 then the category U2R; Y4 =1 then the category R2L; otherwise, where
i=1,...,4).

For all NN, the calculation of the minimum (#Vmin), average (N“Vg) and

, then the category DoS; , then the category Probe;

maximum (N max ) number of hidden neurons was performed (table 3).

Table 3 — NN parameters according to the Levenberg-Marquardt algorithm [9]

Number Number
Appointment hidden neurons Optimal training
NN NN NN standards | MSE
Nmin | Navg | Nmax | configuration
NNI1 | Attack 33 | 313 | 593 | 41-1-33-23 7000 2,71
detection
NN2 | Detect the| 8 56 | 104 41-1-8-4 500 3,79
attack
category
NN2-1 | Detect the| 16 | 138 | 259 41-1-16-9 500 3,74
attack class of
the DoS
category
Detect the | 12 84 156 41-1-12-6 400 4,79
attack class of
NN2-2 | e Probe
category
Detect the | 4 28 52 41-1-4-2 300 1,47
NN2-3 | U2R category
attack class
Detection of | 10 70 | 130 41-1-10-5 400 1,98
NN2.a |20 attack class
of  category
R2L

The results of the study of one-level and two-level approaches to identifying
network attacks are presented in [9]. The author’s certificate was obtained for the
methodology of the corresponding research [11].
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Figure 9 — NN2 configuration 41-1-8-4 [9]

8.3.2. Investigation of neural network error and learning time

On the created NN with the of the Neural Network Toolbox package of the
MatLLAB program the research of value of MSE from length of educational sample on
training algorithms is carried out: Levenberg-Marquardt; Bayesian Regularization;

Scaled Conjugate Gradient with different number of hidden neurons (Vmin, Navg :
N max )

The Levenberg-Marquardt algorithm always gives the smallest value of an error
of train the received relts are added to table 2. The table shows that in all cases it is
sufficient to use a minimum number of hidden neurons. For example, for NN2, the
lowest value of MSE is achieved in a sample of 500 training standards.

Configuration 41-1-33-23 with a sample length of 7000 examples (first
approach) was taken as NN1. To implement the second approach, the following
configurations were selected: 41-1-8-4 (NN2, 500 references); 41-1-16-9 (NN2-1,
500 references); 41-1-12-6 (NN2-2, 400 references); 41-1-4-2 (NN2-3, 300
references); 41-1-10-5 (NN2-4, 400 references). Three parallel series of four possible
combinations of threat detection based on the NN ensemble are considered. The
average detection of network threats on NN1 (according to the first approach) is 2.21
s, according to the second approach — 0.92 s. That is, using an ensemble of five NN is
about 2.4 times faster.

8.3.3. Investigation of errors of the first and second kind

The first kind of error is the number of incorrectly detected attacks (FP, False
Positive). The error of the first kind on NN1 is 7.39 %, and when using an ensemble
of neural networks: NN2; NN2-1; NN2-2; NN2-3; NN2-4 (second approach) —
2.17 %. The second type of error is the number of omissions of attacks (FN, False
Negative). The error of the second kind on NN1 is 6.96 %, and when using the
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ensemble NN (second approach) — 3.91 %. During the experiments, the following
results were obtained on NN (fig. 10): TP (True Positive); FP (False Positive); FN
(False Negative); TN (True Negative), on the basis of which at the final stage it
remains to assess the quality of solution for different approaches (table 4), using the
following quality indicators.

TP FP TP FP
1950 170 2150 50
TN TN

20 10

1st approach 2nd approach

Figure 10 — The results of the study [9]

1) TPR — the rate of correct detection of network attacks is determined by the
known formula:
TP
~TP+FN

where TP is the number of correctly recognized anomalous connections;
FN — the number of errors of the second kind (the number of skips of attacks).
2) FPR — the rate of false positives is defined as:
FP
FP+IN |

where FP — the number of errors of the first kind (the number of incorrectly detected
attacks);

TN is the number of correctly recognized normal connections.

3) CCR - the correctness of the classification of connections is determined by
the following formula:

TPR

FPR =

~ cC
 TP+IN+FN+FP

where CC is the total number of elements whose class has been correctly defined on a
combined data set composed of normal and anomalous connections.

4) ICR — the indicator of incorrect classification is defined as:
1C

R =
TP+IN+FN+FP

where IC is the number of cases of incorrect classification.
5) GPR — an indicator of generalizing ability when detecting:

*
GPRz_L
TP*+FN*,

CCR

where TP* ~FN* _ represent respectively the number of correctly recognized
anomalous connections and the number of errors of the second kind, which are
calculated on the unique data of the control set, strictly excluding any data of the
training set.
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6) OPR — retraining rate when detecting:
OPR =TPR - GPR )

where TPR is the indicator of the correctness of detection on the unique data of the
training set.
7) GCR — an indicator of the generalizing ability in the classification:

*
GCR = cc
TP*+FN*+FP*+TN*’
where CC* ~— FP*  IN* _ represent, respectively, the number of correctly

classified connections, the number of errors of the first kind and the number of
correctly recognized normal connections, which are calculated on the unique data of
the control set, strictly excluding any data of the training set.
8) OSR — retraining rate in the classification:
OCR = CCR -GCR |

where CCR — an indicator of the correctness of the classification on the unique data
of the training set.

Table 4 — Indicators for assessing the quality of solutions
for different approaches [9]

Indicator TP |FP |FN | TN | TPR | FPR | Accuracy | Precision | Recall
1st approach | 1950|170 | 160 |20 | 0,92 | 0,89 0,86 0,92 0,92
2nd approach | 215050 |90 |10 |0,96 | 0,83 0,94 0,98 0,96

The table shows that the best results are achieved based on the use of the NM
ensemble (second approach): TPR (indicator of the correctness of the definition of
network attacks) is 0.96 (in comparison with 0.92); FPR (false positive rate) — 0.83
(in comparison with 0.89); accuracy — 0.94 (in comparison with 0.86), accuracy
(Precision) — 0.98 (in comparison with 0.92) and completeness (Recall) — 0.96 (in
comparison with 0.92) compared to the first approach on based on NN1.

8.4. Combined option for detecting attacks: a combination of neural network
technology with immunology

8.4.1. Initial data for SOM

According to the source [6], 29 parameters characterizing network connections
are enough to detect and classify 9 out of 22 types of attacks. Table 5 shows the
relationship between the parameters in the implementation and the attributes of
KDDCup [20].

The mechanism of clonally selection simulates the behavior of B-cells in the
process of immune response to an antigenic stimulus. This interaction is accompanied
by the production of B-cell clones, which can undergo mutations of varying degrees
depending on the strength of their binding (affinity) to any epitope of the antigen.
Like the negative selection algorithm, the clonally selection algorithm belongs to a
family of population algorithms in which individuals who describe the current
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solution of the problem are improved and replaced, and fight with each other for the
right to be selected as the best candidates [1].

Table 5 — The ratio of parameters and attributes of KDDCup

Parameter | Attribute Parameter | Attribute

x0 Duraction x15 Srv rerror rate

x1 Protocol type x16 Same srv rate

x2 Service x17 Diff srv rate

x3 Flag x18 Srv diff host rate

x4 Source bytes x19 Dst host count

X5 Destination bytes x20 Dst host srv count

x6 Land x21 Dst host same srv rate
X7 Wrong fragment x22 Dst host diff srv rate

x8 Urgent x23 Dst same src port rate
x9 Hot x24 Dst host srv diff host rate
x10 Count x25 Dst host rerror rate
x11 Srv count x26 Dst host srvb serror rate
x12 Serror rate x27 Dst host rerror rate
x13 Srv serror rate x28 Dst host srv rerror rate
x14 Rerror rate

The first implementation of the clonally selection algorithm is CLONALG [16],
which consists of initialization and population cycle: affinity; selection; cloning;
mutation; choosing the best clone.

8.4.2. Sampling based on the clonally selection algorithm
The following approach is used to solve the problem of classifying network
attacks: generation based on existing data with the addition of new data using a
clonally selection algorithm.
The model of the clonally selection algorithm can be represented as follows
[16]: CLONALG = (P, £ L, N, n, P, d, ¢),
where Pr? — initial antibody population;
fis the objective function;
L is the length of the antibody receptor;
N is the number of antibodies in the population;
n is the number of antibodies selected for cloning (with the highest affinity);

B — reproductive factor that regulates the number of clones of selected antibodies;
d is the number of antibodies to be replaced by new ones (with the lowest affinity);
¢ — algorithm stop criterion.
Step 1. Initialization. Generation of the initial population of Pr° antibodies.
Step 2. Determination of affinity. For each Prje P antibody, calculate the
value of the objective function y,=f(Pr;) and determine the affinity gj=affinity(y)),

J €N} 't _ the generation number.
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Step 3. Selection. Select a subset of antibodies with the highest affinity Pry,; .
Step 4. Cloning. Obtain a population of Cyy; clones from Pry,;

Step 5. Hypermutation. Obtain a population of altered clones CiNej with Cyye;.
Step 6. Determining the affinity of the population of altered clones. For each

%k

antibody , calculate the value of the objective function y;=f( Cj ) and
determine the affinity g;=affinity(y,), je{l.Nc}

C] S C{NC}

Step 7. Selection. Select a subset Ciny of n antibodies with the highest affinity

from the population of altered clones CiNey

Step 8. Replacement. Replace the subset Pry,; with Ciny

Step 9. Clonally removal. Replace the subset of Pryq, antibodies with the lowest
affinity with new individuals.

Step 10. Check the stop condition of the algorithm. According to the selected
criterion €, check the fulfillment of the stop condition of the algorithm.

8.4.3. Research results

We compare the obtained values for the initial sample of 369 vectors and
obtained by clonally selection of the sample of 937 vectors. TPR, FPR, CCR and
ICR were calculated for the initial and obtained samples. By increasing the sample
with clonally selection, we thus improve the algorithm of intrusion recognition. In
addition, it significantly improves the recognition of little-known attacks, the sample
of which is very few elements. False Positive (FP) is the number of incorrectly
detected attacks when the normal state was taken as an attack. False Negative (FN) is
the number of skips of attacks when the attack was mistaken for a normal network
state. The percentage values of errors of the first and second kind at different stages
are summarized in table 6.

Table 6 — The obtained values of the errors of the first and second kind

Number test data Error first kind, % Error second kind, %
362 0 12,98
1009 2,58 4,36
1986 1,964 5,04
4698 3,13 5,58
9931 1,96 5,49

The table shows that when the sample was increased (from 1009 to 9931
examples) approximately 9 times the errors of the first (number of incorrectly
detected attacks) and the second kind decreased approximately 1.3 and 0.8 times,
respectively. The results of the research were presented at conferences [2].
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Conclusions

In according with the first task, a study of the type of NN to detect networks
attacks. It is determined that MPL, SOM and ANFIS are suitable for finding solution
(setting the network attack categories) based on the use of open databases KDDCup
or NSL-KDD, but not enough to determine U2R. In addition, a hybrid option for
defining attacks has been proposed: combining different classifiers (MLP, SOM and
ANFIS), which will eliminate the shortcomings in their functioning separately.

In according with the second task, the detection of attacks was carried out using
two approaches: a one-tier approach based on NN1 and a two-tier approach based on
a complex of five NN (NN2; NN2-1; NN2-2; NN2-3; NN2-4) to determine DoS,
Probe, U2R or R2L attack categories (at the first level) and determining the attack
class according to the category (at the second level). Normalized data from the open
NSL-KDD database were used for all NN. The best results are achieved on the basis
of the use of the NN complex (the second approach): the indicator of the correctness
of the definition of network attacks is 0.96 (in comparison with 0.92); the rate of false
positives — 0.83 (in comparison with 0.89); reliability — 0.94 (in comparison with
0.86), accuracy — 0.98 (in comparison with 0.92) and completeness — 0.96 (in
comparison with 0.92) compared to the first approach based on NN1.

3. In accordance with the third task, studies of the combined option for the
definition of network attacks, which combines the use of neural network technology
with immunology. For example, when detecting a network attack category when
increasing the sample (from 1009 to 9931 examples) for SOM by the clonally
selection algorithm, the errors of the first kind (number of incorrectly detected
attacks) and the second kind (number of skips of attacks) decreased approximately in
1.3 and 0.8 times, respectively. It should be noted that the error of the second kind
when increasing the training data (according to the algorithm of clonally selection)
was not more than 5 % in comparison with 10 % (without the use of clonally
selection), which is better twice.
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KAPITEL 9/ CHAPTER 9

SWITCHED RELUCTANCE MOTORS. DESIGN, SIMULATION, CONTROL
BEHTUWJ/IBHO-IHAYKTOPHI IBUT'YHU. TIPOEKTYBAHHSA, MOJAEJIIOBAHHS,
KEPYBAHHSA. BEHTUJIBHO-UHAYKTOPHBIE IBUT'ATEJIN. IPOEKTUPOBAHUE,
MOJEJIMPOBAHUE, YIIPABJIEHUE

DOI: 10.30890/2709-2313.2021-07-08-017

Introduction

Today, electric motors are considered as an integral part of household electrical
appliances and power tools, electric vehicles of different capacity for various
purposes, and the vast majority of industrial equipment, units and robots. Such a wide
application causes the availability of a large variety of electric motor types,
respectively focused on different tasks. Modern electric motors are distinguished by
the type of power supply (DC and AC), design features, operation modes, control
methods, etc.

Given the trends of the recent years, we can state that electric vehicles will
become soon one of the largest areas of applying electric motors [1]. The gradual
transition to electric traction has already been going on for the last few decades.
However, the course in support of green technologies, which has taken by most of the
developed world, promises a sharp reduction in producing internal combustion engine
vehicles in the near future, and subsequent complete refusal of them in favor of
electric vehicles.

The electric transport industry includes several different directions:

- powerful electric trains;

- urban public vehicles — buses, trolleybuses, trams;

- electric cars;

- low-power vehicles — electric scooters, electric bicycles, segways, unicycles,
electric wheelchairs, etc.;

- light aircrafts — electric planes, quadcopters.

Depending on the desired parameters of electric vehicles, such as carrying
capacity, maneuverability, traction and performance characteristics, the most
appropriate types of electric motors that are able to provide these characteristics
should be chosen.

Thus, until recently, brushed DC motors, connected directly to the DC power
supply of 550-600 V, were mainly used as traction motors for urban public transport
(trolleybuses, trams) with a capacity of hundreds of kilowatts [2]. Such motor type is
featured by high starting torque, simple control and reversing, nearly linear control
characteristics, high efficiency, and the ability to adjust the rotational speed in wide
range. However, due to enhancement of power electronics and microprocessor
technology in recent decades, brushed DC motors are being actively replaced by
asynchronous AC motors [2]. Although the last ones require a more complex control
system with DC to AC converting unit, they are cheaper and structurally simpler,
have a simple start-up and high dynamic characteristics. In addition, they need less
maintenance and have much higher reliability due to elimination of brush-collector
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units.

Asynchronous electric motors are also used for traction in some models of
electric cars with a capacity of tens of kilowatts [3]. However, such motors are not
optimal in this application, because significant energy losses in the rotor bars and
thus not high enough efficiency are inherent for them. This is crucial for electric cars
supplied from autonomous battery, unlike trolleybuses and trams. Through this, most
modern electric cars are equipped with brushless synchronous DC motors with
permanent magnets, which are characterized by smooth speed control, low weight
and dimensions [4]. Still, for all their advantages, permanent magnet motors have a
quite complex multipole design and low specific torque, which determines the
ordinary dynamic performance of the cars. Besides, permanent magnet motors have
high cost given by use of rare earth metals (neodymium-based alloys) as magnets [4].
To improve the dynamic performance, electric cars with permanent magnet motors
may be additionally equipped with asynchronous motors.

DC motors on permanent magnets are also mainly used in low-power electric
bicycles, scooters, unicycles, etc. [4]. The most critical parameters of such vehicles
are mass and dimensions, and the motor efficiency as well, while their speed is
mostly limited to 25 - 50 km/h.

It 1s also known about the use of synchronous motors on electromagnets in
electric cars [5]. Such motors, unlike asynchronous ones, are not able to self-starting,
so to ensure high starting characteristics they are equipped with additional structural
elements that provide fast asynchronous starting. However, synchronous motors on
electromagnets have a lower cost compared to motors on rare earth permanent
magnets, also they have higher power and speed stability, as well as the best ability to
recuperating energy during braking, thus saving battery power.

Recently, a switched reluctance motor (SRM) is considered as promising motor
type for use in electric vehicles. SRMs have simple and technological design, high
reliability and maintainability, a wide range of speed control and high efficiency.
Besides, these motors are produced using electrical steel or ferromagnetic materials,
so they are much cheaper than the ones on permanent magnets [2, 6]. Due to their
advantages, SRMs are regarded as an alternative to permanent magnet motors.
However, their widespread use in electrical vehicles is restrained by such their
drawbacks as low specific torque and its significant ripple. The last ones can be
eliminated by forming a special current shape in the stator windings and by
improving the motor topology through optimizing the shape and number of the stator
and rotor poles.

It should be noted that the continuous progress in power and information
electronics, improvement and invention of new structural and electrical materials lead
to creation of novel approaches to designing the electric drive systems for vehicles.
Thus, recently there has been a trend towards using combined solutions in this area. It
is known, for instance, about successful combination of construction principles of an
internal permanent magnet motor and a synchronous reluctance motor, which gives
significant advantages in most basic parameters [7]. In addition, the change of the
element base characteristics and the steady development of technologies and design
ideas lead to the fact that the known earlier but limited in use solutions are becoming
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in demand. In particular, this concerns to the switched reluctance motor type. The
interest in SRMs has increased recently in the context of a significant increase in the
cost of neodymium permanent magnets, which are widely applied today in electric
motors of vehicles [6].

This chapter is devoted to switched reluctance motors. In view of the foregoing,
it is obvious that the improvement of SRM characteristics is an urgent task for the
development of the electric transport industry. The following subsections of the
chapter will consider the principles of construction and operation of classical SRMs,
the ways to improve their design, to maximize the torque and to minimize its ripples,
as well as to increase the energy efficiency.

To carry out the research presented in this chapter, modern software for
mathematical simulation was used.

9.1. Typical operation and design principles of switched reluctance motors

The switched reluctance motor is classified as a brushless DC electric motor also
known as an electronically commutated motor or synchronous DC motor. This motor
type runs by reluctance torque. Currently, many different topologies of switched
reluctance motors are known [6, 8]. Fig. 1 gives two common SRM designs: with an
inner rotor (a) and with an outer rotor (b).

The design of SRM shown in Fig. 1 (a) can be called a classic one. It is very
simple: the toothed cylindrical rotor is located inside the toothed stator with
concentrated phase windings installed on teeth-poles [6]. The opposite windings of
the same phase can be electrically connected in series or in parallel, and they can
have cumulative or differential magnetic coupling. Rotor and stator are made up from
magnetically soft materials (electrical steel or ferromagnets) with high magnetic
permeability and low hysteresis losses. In order to reduce eddy current losses, both
the rotor and the stator are produced not solid, but laminated.

| |
: stator !

i rotor |
| |
(a) (b)

Figure 1 — Switched reluctance motor designs
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The operation principle of switched reluctance motor is as follows. Unipolar
current pulses energize the stator pole windings in the phase sequence order, which
creates a magnetic flux closing through the rotor between two windings of the active
phase. The number of the rotor poles m is not equal to the number of the stator poles
k, usually k£ > m. The most commonly used ratios m / k are: 4/6, 6/8, 8/12 [6, 9]. The
poles are placed in a way that there is always a shift between the poles of the rotor
and the stator. So that, when the current pulses are applied to the windings of the
active phase, the rotor begins turning, trying to reach a position providing a low
reluctance path for the magnetic flux. The torque that develops under such conditions
is called reactive.

Fig. 2 shows as an example the formation of magnetic flux and resulting rotation
of the rotor for three-phase SRM topology with the ratio m / k= 4/6 [9].

active phase

Figure 2 - Rotation of SRM rotor

As can be seen from Fig. 2, in the order from (a) to (c), after applying control
pulses to windings of one of the three phases, the rotor starts rotating, which leads to
shortening the magnetic field lines. When the active poles of the stator and the rotor
reach complete axial alignment, the reluctance to magnetic flux becomes minimal,
but the torque at this point is equal to zero, so the control pulses energize the next
phase windings to continue the rotation, and then the process is repeated.

The rotor speed is regulated by the frequency of current pulses on the stator pole
windings. A frequency inverter is used for this purpose. The order of pulses on the
phase windings is determined considering the actual position of the rotor, which is
monitored using a special sensor — encoder.

Fig. 3 gives two common ways of forming control pulse sequences for phases 1,
2 and 3 of three-phase SRM (Fig. 2).

The case in Fig. 3 (a) is the simplest: the control pulse for every next phase
starts immediately after finishing the control pulse for the previous one, and the duty
cycle is equal to 1/3. In the other case (Fig. 3 (b)), two of the three phases operate
simultaneously during certain time intervals, and the duty cycle is equal to 1/2. This
makes it possible to increase the total number of the rotor positions by the number of
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intermediate ones due to the joint operation of the two phases during some intervals,
thereby reducing torque ripples and resulting in smoother rotor movement. Both
cases shown in Fig. 3 are reversible, i.e. the reverse order of control pulses for the
phases causes the rotor rotation in the other direction.

A
231
p -
| | | | | |
[Z5) A | | |
| I ' >
| | | I t
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-
t
(a)
A
U —
-
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[75) A
|
A t
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Figure 3 - The ways of forming control pulse sequences for three-phase SRM

In general, the torque ripple magnitude in switched reluctance motors of
classical topology depends on the pole number and control algorithm: the larger pole
number and the more "intelligent" control algorithm, the higher rotation smoothness
can be achieved. However, it is obvious that the reduction of torque ripples in this
way is accompanied by a significant complication of the motor topology and its
control system. Another disadvantage of the classical topology of SRMs is a solid
rotor design, which involves significant material costs and low torque.

It 1s possible to get rid of SRM classical topology drawbacks in the following
ways: choice of the optimal shape of the poles and their ratio, improve of the rotor
design, development of an effective control algorithm, and use of a special form of
the stator winding current.

In the next subsections, SRM motor with an improved topology will be
represented, its operation features will be investigated and the efficiency of the
proposed solutions will be evaluated.

MONOGRAPH 133 ISBN 978-3-949059-44-5



Prospektive globale wissenschaftliche Trends ‘ 2021

9.2. Operation features and pole ratios of U-shaped pole switched reluctance
motors

In [10], a new topology of the SRM is proposed (Fig. 4 (a)). As can be seen
from the figure, the poles of the stator and rotor are U-shaped. Their number is
variable. The optimal pole number and stator/rotor pole ratio can be calculated based
on specific given conditions, as will be shown below. The stator and the rotor of this
SRM are not solid: the soft magnetic poles are incorporated into the non-magnetic,
ceramic or plastic, retaining structure, which reduces the magnetic material
consumption and the total weight of the motor. Besides, in contrast to the classical
topology of SRM, shown in Fig. 1 and Fig. 2, the stator and rotor poles in the
proposed topology have a modular structure and can be produced separately by
cheaper technology.

The stator poles are activated individually in their turn, not in pairs as provided
by the classical topology of SRMs. In this case, depending on the desired SRM
characteristics, it is possible to use various algorithms to form control pulse

sequences for the stator pole windings.

stator stator

fluxes

rotor

(b)
Figure 4 — SRM topologies with U-shaped poles

It should be pointed that the SRM topology with U-shaped poles requires
additional space to place the windings at the stator poles (see Fig. 4 (a)), which can
be obtained by reducing the rotor radius or by decreasing the density of the stator
poles, that however leads to motor specific torque decrease. To prevent the reduction
of the specific torque, it is proposed to use paired windings for the stator poles (Fig. 4
(b)), so that the windings are wound on the teeth of two adjacent poles together,
which makes it possible to accurately place them in the pole windows without using
additional space and thus provides the higher density of the poles. At the same time,
the paired windings create magnetic fluxes in both poles at once, which should be
considered when developing the control algorithm for the poles. Also, it is necessary
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to note that the paired U-shaped poles are magnetically isolated from each other, so
the distribution of magnetic fluxes between them differs from the one in SRM with
the classical topology.

It is important to take into account that when the stator pole is activated, the
magnetic flux passes not only through the working one, but also through the near
poles of the rotor. This reduces the force of the rotor working pole attraction to the
stator.

Theoretically, the magnetic flux generated by the stator active pole winding is
distributed between all the rotor poles at the same time, but in practice, it is sufficient
to consider the effect of magnetic flux only on two adjacent rotor poles (Fig. 5),
because the effect on the other poles is too weak and can be neglected. Let's consider
the processes of magnetic flux distribution between the rotor poles and its stray using
Fig. 5.

Assume that the magnetic flux @5 is created by the active stator pole 1-s. It is
divided into three main components: the flux @, passing through the rotor pole 1-r,
the flux @, passing through the adjacent rotor pole 2-r, and the stray flux @;, which
does not perform any useful work and is closed through the working pole of the stator
1-s and the air gap between its teeth. Therefore:

@2:@1+@2+@3- (1)

Let the rotor moves clockwise, then the pole 1-r pulls the rotor in the forward

direction, while the pole 2-r pulls it in the opposite one, thus braking it. The stator

pole, which is adjacent to the working one, 1s denoted in Fig. 5 as 2-s. The distance

between the nearest stator poles is denoted as / and the distance between the poles of
the stator and the rotor as x.

Figure 5 — Magnetic flux distribution between two adjacent rotor poles
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To evaluate the effect of each of the three components of the total magnetic flux,
let's obtain the corresponding mathematical relationships.
First, let's express the magnetic field strength H through the magnetic flux @:

Hopt :>H=S—

: )

here B is magnetic flux density, uo 1s the permeability of free space, u is relative
permeability of the material, S is the surface area through which the magnetic flux
passes.

Next, let’s compose the equations for three magnetic circuits according to
Kirchhoff's second law:

@, ol Pl
- -

[.N: 1" g max (1_x*)
Setolt,  SeHot, Syt H,
] A N — ®le + ®21r 4+ (Dzlgmax X %k
SeMoM, — Sytott, S oM,
] . N — @le + ®311eak ,
Sg/uO/um Sg/uoﬂg (3)

here / is the stator winding current, N is the number of stator winding turns, /, I,
are the lengths of the magnetic circuit of the stator and the rotor respectively, S, is the
air gap area, um, Uy are the relative magnetic permeability of the magnetic circuit and
the air gap respectively, ug = 1, liear, [omax are the air gap between the stator pole teeth
and the maximum stator and rotor poles’ gap respectively, x" is the distance between
the poles of the stator and the rotor, normalized relative to 1, x* = x//, x is the distance
between the poles of the stator and the rotor.

Subtracting the second equation from the first one in (3), and then subtracting
the third equation from the first one, we obtain the ratio between the magnetic fluxes:

@, _ [ +lgmax(1—x*),um .g: [ +lgmax(1—x*),um '

b 5

cDl Zr + Zg max‘x * Ium cDl lleaklum
@3 Zr + ngaxx * Ium .
®2 Zleaklum ’ (4)

Adding two first equations, then adding and subtracting @, and considering (1),
we obtain the ratio for @,. In the same way, we obtain the ratios for the fluxes @,
@32
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here ¢, ¢q» are the parameters, which depend on geometry and material of the
poles:

/u m lg max lg max (6)

Provided that the components of the forces are directed horizontally, magnetic
flux @, makes the force F,. ., which accelerates the rotor pole, whereas the flux @,
brakes it with the force Fj. .. Thus, the total force Fx is the difference between
accelerating and braking forces:

FE = F:zc_x - E)r_x’ (7)

The total torque Ms developed by the motor is calculated as a product of the
total force and a radius R of the rotor:

M, =F,R.

The total current /s of the stator pole winding can be calculated as follows:

(8)

IZZIac+ Ibr+ [leak’ (9)

here I,., I, are the currents inducing the accelerating force F,. . and the braking
force F, x respectively, L 1s the current inducing the stray flux.

The forces F,. » and F},. . are the functions of the distance between the stator
pole and a corresponding rotor pole, and can be expressed in terms of the generalized
force F:

F, ., =F(1-x);F,

ac_x

, = F().

(10)

The generalized force F is calculated as follows:
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Py 1 _[I(x*)L(x*) :

s, ¥ j =k(I(x")L(x))

(1)

here L(x") is the generalized inductance, which is associated with one of the
fluxes, k is the coefficient, which depends on the pole parameters.
The generalized inductance is calculated by the formula:

N*u4,S: 4,
NZIUOSglum — lgmaxtum — Cl
[+ xu (lm/(ﬂmlgmax)+x*) c+x

gmax

L(x)=

5

(12)

According to the total force expression, we can plot the stator pole attraction
force (total force) versus rotor pole normalized distance x* (Fig. 6).

1
Fx
0.5 / leatt
// E— lleak2
0 Liears
0.25 0.5 075 XxX¥ 1 e
0.5 / learr<liear2<liears
1

Figure 6 — The total force over the normalized distance x* plot

We can distinguish three different intervals on the plot.

x*>0,5:

In this interval, the rotor pole conducting magnetic flux @; is closer to the active
stator pole than the pole conducting the flux @,. This provides a positive total force
in the direction of the rotor movement, £y >0

x*<0,5:

In this interval, the rotor pole conducting magnetic flux @; is further from the
active stator pole than the pole conducting the flux @,. This provides a negative total

force in the direction of the rotor movement, £y <0
x*=0,5:
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In this point, the magnetic fluxes through the both rotor poles are equal, @,=®;,

whereas the stray flux @; is maximal. So that, the total force is zero, by =0

It is also important to pay attention to the dependence of the total force on the
distance /..« between the teeth of the stator pole. Thus, the smaller distance the
smaller value of the total force we have, which is logical considering the increase of
the stray flux @;. Therefore, the condition /i.ax >> [, should be kept during the entire
operating time to provide efficient motor operation.

Obviously, another important condition for ensuring high efficiency of SRM
operation, as well as minimal torque pulsations under minimal total current of the
stator pole winding is the tendency of the braking force F}, to zero. This requires the
working rotor pole to be as close as possible to corresponding stator pole when
activating it during rotor rotation. Thus, the topology of the SRM, namely the number
of stator and rotor poles and their ratio, plays a crucial role.

To evaluate the efficiency of the SRM, let's use the ratio kr of braking and
accelerating forces affecting the working rotor pole:

kr=1—Fy ./ Fo s (13)

The values of k7 can vary in the range [0; 1] for x* > 0.5, where the zero value
corresponds to complete inefficiency and the value 1 corresponds to the maximum
efficiency.

It is important to note that the possibility of creating torque is provided when the
number of stator poles & exceeds the number of rotor poles m, k> m. The maximum
efficiency of SRM, kr = 1, i1s achieved by increasing k£ and m to infinity, which is
practically unattainable. Therefore, it is advisable to maximize the efficiency of the
motor at a fixed number of stator and rotor poles.

Let’s consider and analyze several possible topologies of SRM. The topologies
with stator/rotor poles combinations (n+1)/n, (2n+1)/n, (2n+2)/n for n = 4 are shown
in Fig. 7 (a), (b), (c) respectively.

L=J L]
COE R
Y S e

(b) (c)
Figure 7 — SRM topologies: (a) (n+1)/n, (b) 2n+1)/n, (¢c) 2n+2)/n

As we can see from Fig. 7, in the topologies (b) and (c) the number of the stator
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poles is significantly higher than the number of the rotor poles. This determines
remote location of adjacent rotor poles relative to the active pair of rotor and stator
poles, and obviously provides less braking force than the one in the topology (a).
However, the topology (a) has a higher density of the rotor poles' location relative to
the stator ones, which makes it possible to obtain a higher accelerating force, so, this
topology is more preferable in practice.

It should be noted that the dimensional parameters of the stator and rotor poles
should be chosen to provide the same cross sections of their teeth and the same
distances between the teeth, because the magnetic fluxes passing through them are
equal, so they have the same saturation conditions. The shape of the rotor poles is not
so important and can be chosen based on the configuration of the SRM internal space.
For example, in Fig. 7 (a) the shape of the rotor poles is triangular.

As mentioned earlier, it is possible to apply different control algorithms to SRM
poles by activating one or more stator poles simultaneously or in certain sequences.
Based on the fact that only one rotor pole can be located maximally close to the
working stator pole at each time, it is obvious that the highest efficiency can be
achieved if you activate exactly one rotor pole at each time point. When controlling
several poles at the same time, it is possible to develop more force, but in this case
the poles switch at the moments of less efficiency.

Fig. 8 shows the dependence of the force ratio k» on the number of poles for the
SRM topology (n+1)/n with two control options: (a) one pole activation, (b)
simultaneous activation of [n/2] poles, where the result is rounded off to the nearest
integer number. As can be seen from the figure, for the option of one pole activation,
the increase of the number n causes significant increase of the ratio kr, and at n = 10
kr approximates 1. When simultaneously activating [n/2] poles, the ratio kr decreases
if the number of poles increases due to shortening the distance difference between the
accelerating and braking poles. It should be noted that in the last case, the even value
of n provides higher efficiency because more stator poles can operate simultaneously.

one pole activated [n/2] poles activated
1.0 ——— 1.0
kg kg
0.6 0.6
0.4 0.4
0.2 0.2 i 1 I
0234567n+110 023456739101112n+115
(a) (b)

Figure 8 — Dependence of SRM force ratio £r on the number of poles:
(a) one pole activation, (b) simultaneous activation of [n / 2] poles

The total force relation on n values for the defined motor dimensions (length /
= 860 mm, diameter D = 520 mm) for one pole operation and [n/2] pole operation
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were evaluated and presented in Fig. 9 (a) and (b) respectively.

Fy,N one pole activated Fy,N [n/2] poles activated

3-10* 3-10*

2-10* 2-10*

i

4 5 6 7 8 9 10 11 12 ntl 15 4 5 6 7 8 9 10 11 12 ntl 15
(a) (b)
Figure 9 — Dependence of SRM total force on the number of poles:
(a) one pole activation, (b) simultaneous activation of [n/2] poles

As can be seen from the figure, if one pole activation is used, the maximum
value of the force decreases with increasing the number of the poles. It can be
explained by increasing the stray flux due to decreasing the pole dimensions. When
using [n/2] poles, the maximum force is achieved at some value of n (here at n = 7),
that should be taken into account in designing the motor.

In order to verify the theoretical positions, a motor with U-shaped poles located
by (n+1)/n topology at n = 7 (when maximum force achieved Fy) and with the
simultaneous control of three poles was developed and calculated. The SRM was
placed in the standard motor case with the following dimensions: length / = 860 mm,
diameter D = 520 mm. As a material for magnetic circuit, alsifer was chosen due to
its high magnetic saturation and good frequency characteristics. The volume of the
motor was reduced by 2.75 times and the power was increased by 6 times. Thus, the
developed motor with the dimensions / = 313 mm, D = 520 mm provides a torque
1150 N/m and has a maximum speed 9375 rpm. The losses on the magnetic circuit
magnetization reversal at the maximum operating frequency amounted to 8%.

In general, SRM with the proposed topology provides the same values of torque
and its pulsation, as classical SRM. To improve these characteristics, it is advisable to
analyze the pole shape and to choose the optimal one, as well as to apply the specific
regulation of the current in the stator windings. So, further, let's consider certain ways
to increase the torque and to decrease its pulsation.

9.3. Optimal pole profile of U-shaped pole switched reluctance motors

As mentioned earlier, the relatively low specific torque, as well as its significant
ripple are the main disadvantages of SRM, caused by regular changes in the position
of stator and rotor poles and, accordingly, by constant change in torque. Let's analyze
the factors affecting these parameters.

To simplify the analysis, let's consider a model of a system consisting of three
U-shaped poles — two rotor poles, 1-r and 2-r, and one stator pole 1-s with a winding
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1-w (Fig. 10).
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I-w

Fbi
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F‘(I(' \ F
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Figure 10 — The system of three U-shaped poles

The color gradient in Fig. 10 shows the change in the induction value B in the
poles. As can be seen from the figure, a magnetic flux is induced in the stator pole,
and is distributed between the two rotor poles. The magnetic flux closing through the
rotor pole 1-r produces a force F,, a component of which F,. , creates a torque,
whose vector is co-directed with the velocity v vector. In the same time, the magnetic
flux closing through the pole 2-r creates an oppositely directed braking force Fj, ..
However, given the relative position of the poles, the force F. . is bigger than the
force Fj, ., the values of which are inversely proportional to the distance between the
poles, so the rotor rotates in the positive direction. The force components F,. , and
Fy, , attract the stator and rotor poles to each other and do not perform useful work.

Theoretically possible force Fx, which is determined by the magnetic induction
B and the cross-sectional area of the pole Sg [11]:

2
_S,B

F - 9
24, (14)

z

It is convenient to introduce the factor of electromagnetic energy use of SRM
kf*i

k;:FZx :F;C_F;W‘
F F (15)
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It becomes obvious from (15) that the factor & is low, which explains the low
specific torque of SRM. It should be noted that the real value of the factor &/ is even
lower, because the following phenomena are not taken into account in (15): stray flux
formed in the stator pole, saturation of the magnetic circuit and the energy loss in the
pole winding. In addition, the factor k7 depends on the relative position of the poles,
which is determined by the parameter x,, k& = f (x,), so at a constant current of the
stator pole windings for certain values of x, the factor of electromagnetic energy use
is critically low, which causes significant pulsation of the motor torque.

One of the ways to increase the torque and reduce the ripple is to optimize the
shape of the poles, which is proposed in a number of studies [12, 13]. An alternative
to this is the formation of stator winding current by a special law [14]. Next, the
implementation of these two approaches is investigated.

When using the poles with a rectangular profile, there is a significant uneven
distribution of the magnetic flux as well as the torque decrease caused by high
concentration of the magnetic field at the pole edges (Fig. 11) producing the pole
material saturation in these places, and consequently a decrease in the torque and the
factor of electromagnetic energy use kr. Additionally, the factor &/ decreases if the
distance between the poles x, (Fig. 10) does not exceed the width of the pole tooth d,
because in this case the force component F, acting along the x-axis and performing
the useful work, is much smaller than the force component F, (Fy << F}).

Figure 11 — The field concentrated at the edges of the poles with a rectangular
profile

To eliminate this disadvantage in SRMs of classical topology, a more complex
pole shape, often trapezoidal one with an extended profile (Fig. 12 (a)), is proposed to
use in a number of studies. Such a pole shape really provides to develop a significant
torque in a larger part of the rotation sector due to increasing the inductance of the
system "stator pole - rotor pole". However, it has the following disadvantages: reduce
of the factor of electromagnetic energy use & at the intersections of the poles caused
by a significant increase in the force component F, comparing to the component Fy
(Fy<<F}), as well as the pole material saturation at the edges (Fig. 11).
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For the proposed SRM structure consisting of U-shaped poles, this approach has
the additional disadvantage. A substantial increase in the stray flux of the stator field
caused by a significant reduction in the distance between the pole teeth at their
expansion places makes it impossible to use this pole shape, in fact. Therefore, it is
also advisable to analyze the trapezoidal pole with a narrowed profile, shown in Fig.
12 (b).

The pole faces should be formed at an angle of 45° with a length equaling to a
half the pole width d/2. Then the induction density on the pole face will be almost
even, because of the equidistance of the faces of the two poles. However, it should be
noted that when using a trapezoidal pole with a narrowed profile, the effective gap
width increases.

—
B

F,<<F,

(a) (b)

Figure 12 — Pole profiles: (a) trapezoidal pole with an extended profile,
(b) trapezoidal pole with a narrowed profile

Therefore, we can see, that the choice of the pole shape, providing the highest
value of the factor &7 and torque, as well as minimal ripple, is a complicated task. So,
it is convenient to use a mathematical model of SRM stator and rotor poles to
evaluate the electromagnetic processes. The software environment of Comsol
Multiphysics is considered as the most suitable for creating and studying such a
model. In particular, the simulation software is used to analyze the induction
distribution in the magnetic core and the rotational force formation.

The total force Fy that can be formed in the stator pole is calculated by the
formula (14). Since the induction B in the core is a function of three spatial
coordinates, B = f(x, y, z), the formula (14) will be transformed as follows:

”B(x,y,zo)zdxdy
S

b

2, (16)

F=

here § is a level surface at z = zj intersecting the stator pole in the plane of the
highest induction density, as shown in Fig. 13.

MONOGRAPH 144 ISBN 978-3-949059-44-5



Prospektive globale wissenschaftliche Trends ‘ 2021

Figure 13 — Illustration to the choice of induction integration surface

First, we analyze the dependence of the factor of electromagnetic energy use k"
and the rotational force F, on the width d of the teeth of U-shaped poles and on their
mutual displacement x, (Fig. 13). To do this, let's introduce the normalized offset
parameter x *:

! (17)

here / is the pole base length.

The dependences Fx(x") and ks (x") are obtained for the interval x* €[0; 0.5)
where the rotational force Fy, is directed positively, and the pole tooth width d
specifies as 2//15, 41/15, 5I/15, 6l/15, the pole base length / = 15 mm, the pole
thickness w = 1 mm, the tooth height #; = 15 mm, the pole base width /4, = 4.5 mm.
The dependences Fx.(x") and k7 (x”) at a constant current of the stator pole winding
are shown in Fig. 14.

Fig. 14 (a) shows that a gradual increase in the pole tooth width d gives a
positive effect on the initial stage — the interval Ax~ ,within which the force Fs, is
large than 70 % of its maximum value, increases as well as the force absolute value.
However, when the pole tooth width d exceeds the value of one third of the pole base
length / (d =5 mm), a further increase in the parameter d, although leads to an
increase in Ax”, causes a significant decrease in the absolute values of the torque and
the factor of energy use k. Therefore, when using rectangular poles, the effective
control range of Ax" is narrow and does not exceed 20% of the pole base length /.
Further increase of the control range Ax” is possible with a significant decrease in the
factor of energy use ;.

Fig. 14 shows a comparison of the rotational force Fy, and the factor of energy
use k7 depending on the coordinate x for a pole with a rectangular profile (curve 1), a
trapezoidal pole with an extended profile (curve 2) and a trapezoidal pole with a
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narrowed profile (curve 3).
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Figure 14 — The dependences for the pole with rectangular profile: (a) Fx.(x"),

(b) k' (x")

Analyzing Fig. 15, we can conclude that the use of the poles with a rectangular
profile is more advisable for the proposed SRM design, as it provides the highest
values of the rotational force and the factor of energy use. It should be noted that the
decrease in the rotational force when using the trapezoidal pole with a narrowed
profile is associated with an increase in the effective width of the air gap, whereas
when using the trapezoidal pole with an extended profile it is associated with an
increase in stray flux.
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Figure 15 — A comparison of the dependencies for different pole shapes: (a)
Frx'), (b) kr (x7)

9.4. Minimizing the torque ripple of electric drive for switched reluctance
motors

To increase the factor of energy use and to reduce the ripple of the torque, it is
advisable to control the force Fy by changing the stator pole winding current
according to a special law. Since the value of induction is proportional to the winding
current, the force Fx is proportional to the square of the current (see (14)). Thus, to
ensure the constant torque generated by the pole in a certain sector, it is necessary to
form a special shape of the pole winding current. Because of that, the electric drive
for the proposed SRM topology should meet the following requirements: the ability
to regulate the output current shape, the ability to form steep edges of the current
pulse, and the high efficiency.

Typically, SRMs are supplied with asymmetrical half-bridge converters [15].
Besides, shared topologies are used for more effective utilization of transistor
switches [16, 17]. In order to improve converter efficiency, a soft switching control
strategy and full-bridge topologies that allow synchronous rectifying [18] are used. In
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the simplest case of SRM operation, the converter generates the constant current
pulse in predefined stator pole winding based on the current chopping control that
causes a significant torque pulsation. Some more advanced methods, for instance
direct torque control [19] or use of torque sharing function [20] are able to reduce
torque pulsation, however they involve the intersection of the currents of different
poles of the stator that reduces SRM efficiency (Fig. 16).

The proposed control algorithm allows both to provide constant torque and to
eliminate current intersection in SRM stator pole windings. The necessity of forming
the sharp rising edge of winding current (Fig. 16, curve 3) makes it inappropriate to
use the common asymmetrical half bridge converter because of its high operation
frequency and thereby low efficiency. More attractive solution can be implemented in
modular SRMs consisting of an even number of rotor and stator sections.

A

i

b)

Figure 16 — Winding current shape in first pole (a) and second pole (b) of SRM:
1 —direct torque control, 2 — current chopping control, 3 — proposed control.

Let’s consider a case of two-sectioned SRM. In such a motor, the total force Fx
1s a sum of the forces of the two sections, Fy; and Fs»:

F2:F21+F22. (18)

As it was noted, the force F' is proportional to second power of the winding
current I, F' ~ I?. So, if we define the currents of the stator sections Isy; and Isy, as
follows:
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Ly (1) = Iy (t)cos(ar); (19)
I, (t)=1(¢)sin(wt). 20)

Then the total force Fx is proportional to the square of the total current:
FENISWl(t)2+ISW2(t)2:IZ(t)za (21)

and therefore it doesn’t have pulsation as it’s shown in Fig. 17.

t

Figure 17 — The total force control in two-sectioned SRM

In conventional converter topologies, the regulation of the winding current
amplitude in a wide range in accordance with a given shape of the total current /x(¢)
through harmonic currents as shown in formulas (22) and (23), requires more
complex solutions, for example, two-stage conversion [21]. In single-stage
converters, which are more efficient, it is advisable to regulate magnetic flux with
additional stator winding. In this case, a total magnetic flux @gsp;) of one SRM
section 1s formed with two winding currents sy and Ispy:

CDSW(i)(t) ~ ]SW(i) (t) = [SW(z')l(t) + ]SW(i)Z (t) (22)

If the current Igyy 1s equal to Asin(w?) and the current sy, has the same
amplitude 4 but is shifted the angle ¢, Ispu = Asin(wf + @), the section total flux
Dgpy;) 1s calculated as follows:

Dy () ~2A4sin(wt + ¢ / 2)cos(p/ 2) =
= A sin(wt + @/ 2). (23)

Therefore, it is possible to regulate the amplitude 4 in the range [0; 24] through
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changing the angle .

The proposed way of the total force control has the following advantages:

- a possibility to form sharp rising edge of the current and subsequently of the
total force;

- a high efficiency of motor drive due to transistor soft switching at current zero
crossing time intervals.

As a basic topology providing the quasi-harmonic current shape given by
formulas (19) and (20), a resonant bridge converter [22] shown in Fig. 18 can be
used.

+ o
S S5
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Figure 18 — Resonant bridge converter

The converter resonant circuit consists of a resonant capacitor C and a variable
inductance of SRM stator pole winding L. The transistors S1-S4 are switched with
the frequency

JLC’ (24)

at zero current.

The electric drive for one two-sectioned stator pole includes four identical
resonant converters as shown in Fig. 19.

Such a modular drive structure additionally distributes the power among the
converters [24].

As mentioned above, the stator poles operate one by one, therefore only one
stator electric drive section can be used simultaneously. So, it may be connected to
each stator pole via bidirectional switches Sy11- Sy, and Syai- Swa, as shown in Fig.
20.
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Figure 19 — Electric drive for one two-sectioned stator pole
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Figure 20 — Proposed SRM electric drive structure

SRM electric drive model is designed in MATLAB Simulink®. One converter
model is shown in Fig. 21 (a) and a full SRM drive model is shown in Fig. 21 (b).

The following values of the parameters of the resonant elements are used in the
simulation: variable winding inductance L = 10...10 H, capacitance of the resonant
capacitor C=10"*F.

The diagrams of the section winding currents and the section forces over time
are shown in Fig. 22 (a) and (b) respectively.
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Figure 21 — SRM model: (a) one converter model, (b) full SRM drive model
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Figure 22 — The diagrams over time: (a) section currents, (b) SRM forces

As we can see in Fig. 22 (a), the phase shift control of two section currents
Lsway and sy, of the stator pole makes it possible to regulate the amplitude of the
equivalent current Igp() that allows to obtain the total force Fy without pulsation as
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considered in the theory.
Conclusions

1. Although the brushless synchronous DC motors with permanent magnets are
a kind of standard in electric cars today, the steady development of technologies and
design ideas as well as the changes in the market conditions for motor components of
electric vehicles lead to the fact of rising the interest to other decisions. So that,
simple and cheap switched reluctance motors are considered now as promising
alternative, that makes the studies directed to enhancing their characteristics highly
relevant.

2. The disadvantages of classical switched reluctance motors, such as low
specific torque and its significant ripple, caused by their design features and operation
principles can be eliminated by forming a special current shape in the stator windings
and by improving the motor topology through optimizing the shape of the poles and
their ratio.

3. A new represented topology of SRM has U-shaped stator and rotor poles. It
characterized by reducing the magnetic material and the total weight of the motor.
The modular structure of the stator and rotor poles makes it possible to produce them
separately by cheaper technology comparing to a classical SRM topology. To provide
the higher density of the poles and so prevent the reduction of the specific torque, it is
proposed to use paired windings for the stator poles.

4. It was defined that to ensure efficient motor operation the condition /e >> I,
(where /..« and [, are the air gap between the stator pole teeth and the stator and rotor
poles’ gap respectively) should be kept during the entire operating time. Another
important condition is the tendency of the braking force F}, to zero, which requires
the working rotor pole to be as close as possible to corresponding stator pole when
activating it during rotor rotation.

5. The SRM topology with U-shaped poles placed in accordance with (n+1)/n
ratio, where numerator is the stator pole number and the denominator is the rotor pole
number, provides a higher density of the rotor poles' location relative to the stator
ones, which makes it possible to obtain a higher accelerating force, so, this topology
is considered as more preferable in practice.

6. In order to verify the theoretical positions, a motor with U-shaped poles
located by (n+1)/n topology at n = 7 and with the simultaneous control of three poles
was developed and calculated. As a result, the developed motor with the dimensions /
=313 mm, D = 520 mm provides a torque 1150 N/m and has a maximum speed 9375
rpm. The losses on the magnetic circuit magnetization reversal at the maximum
operating frequency amounted to 8%.

7. The analysis of the simulation results showed that the use of the poles with a
rectangular profile is more advisable for the proposed U-shaped pole SRM design, as
it provides the highest values of the rotational force and the factor of energy use.

8. The electric drive for the proposed SRM topology with U-shaped poles
should meet the following requirements: the ability to regulate the output current
shape, the ability to form steep edges of the current pulse, and the high efficiency. A
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resonant bridge converter is chosen as an effective basic circuit providing the needed
quasi-harmonic current shape of the stator pole winding.

9. The use of modular SRM topology consisting of an even number of rotor and
stator sections makes it possible to implement the effective phase shift control
method providing the formation of sharp rising edge of the current and subsequently
of the motor total force, a stability of the motor total force without pulsation, and a
high efficiency of motor drive due to transistor soft switching at current zero crossing
time intervals.
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