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MATHEMATICAL SCIENCES

PHYSICAL REALITY OF IMAGINARY NUMBERS AND THEIR PHYSICAL ESSENCE!

Antonov A.

PhD, HonDSc, HProf.Sci

Independent researcher, Kiev, Ukraine
https://doi.org/10.5281/zen0d0.10491923

Abstract

In the article it is shown that the version of the special theory of relativity (STR), stated in all textbooks of
physics, is wrong as the relativistic formulas received in it are wrong, they are incorrectly with use of wrong
principle of non-exceeding of speed of light are explained and from them wrong conclusions about physical unre-
ality of imaginary numbers and also about existence in the nature of our only visible universe are made. This
generally recognized version of STR is refuted experimentally proved as a result of research of transient processes
in linear electric circuits by the general scientific principle of physical reality of imaginary numbers discovered
500 years ago. It is explained that imaginary numbers in astrophysics correspond to the world of invisible parallel
universes in other dimensions. Its cognition is the task of future science. However, the neighbouring universes can
be seen on the starry sky in portals now. The corrected relativistic formulas are obtained and the corrected version

of STR corresponding to them is created.

Keywords: imaginary numbers, special theory of relativity, invisible universes, hidden Multiverse, invisible

Hyperverse.

1. Introduction

Imaginary numbers were discovered 500 years
ago by Scipione Del Ferro, Niccolo Fontana Tartaglia,
Gerolamo Cardano, Lodovico Ferrari and Raphael
Bombelli [1]. And perhaps even earlier than them such
a scientific discovery was made by Paolo Valmes [2],
who was burned alive at the stake for this by the verdict
of the Spanish inquisitor Thomas de Torquemada. Even
Sir Isaac Newton? was forced to take into account the
opinion of the Inquisition about imaginary numbers,
who therefore preferred not to use them in his works.

However, their physical significance remains un-
known in science to this day. Indeed, everyone knows
what 7 seconds, 12 meters, or 19 grams are, but no one
knows what 7i seconds, 12i meters and 19i grams,

where | =/ — 1 are. We all know that 7, 12 and 19
are simply numbers having no physical significance
outside of their context. However, this knowledge was
not enough to understand the STR.

2. The Problem of Understanding Imaginary
Numbers

Works of famous mathematicians Abraham de
Moivre, Leonhard Euler, Jean le Rond d’Alembert,
Caspar Wessel, Pierre-Simon de Laplace, Jean-Robert
Argand, Johann Carl Friedrich Gauss, Augustin Louis
Cauchy, Karl Theodor Wilhelm Weierstrass, William
Rowan Hamilton, Pierre Alphonse Laurent, Georg
Friedrich Bernhard Riemann, Oliver Heaviside, Jan

Mikusinski and others contributed to creation of a per-
fect theory of functions of a complex variable. How-
ever, the theory neither proves physical reality of imag-
inary numbers nor explains their physical significances.

Imaginary numbers are now widely used in all ex-
act sciences, including radio engineering, electrical en-
gineering, optics, mechanics, acoustics, etc. But in
them also the physical reality of imaginary numbers is
not proved and their physical meaning is not ex-
plained*.

But in the generally accepted version of the special
theory of relativity (STR) [3]-[5], which is rightly con-
sidered one of the most outstanding theories created in
the 20th century and is therefore currently studied in all
physics textbooks, it is even denied, since its creators
were unable to explain the relativistic formulas ob-
tained therein.

mO
1-(%)’
At = At /1— (%)2 )
| =1\ 1= (V) @

where mo is the rest mass of a moving physical body;

m= 1)

! This is reprint of the article “Antonov A. A. Proving physical reality and explanation physical nature of imaginary numbers”.
Norwegian Journal of development of the International Science. 123”.

2 In the atmosphere of the omnipotence of the Inquisition and intolerance of dissent that existed at that time, Newton's friend
William Whiston was stripped of his professorship in 1710 for some of his careless statements and expelled from Cambridge
University.

3 Naturally, about physical reality and physical essence of imaginary numbers, as well as real numbers, we can speak only in
relation to named numbers, equipped with indications on the used units of measurement of corresponding parameters of phys-
ical objects and processes.

4 More precisely, in radio engineering and electrical engineering it is actually revealed in the process of their practical use, but
nothing is written about this in textbooks, so as not to refute physics.
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M s the relativistic mass of a moving physical body;
Ato is the rest time of a moving physical body;

At is the relativistic time of a moving physical body;

|0 is the rest length of a moving physical body;

| is the relativistic length of a moving physical body;
V s the velocity of a moving physical body;
C is the speed of light;

c il

Fig. 1. Graphs of functions m(v) , At(V) and | (V) corresponding to the existing and the corrected versions of
the STR in the subluminal V < C and superluminal V > C ranges

They could not explain physical significance of
these formulas for the superluminal velocity range,
where, according to these formulas, mass, time, and
distance were measured in imaginary numbers (see Fig.
1a, b, c). However, since a theory that could not be ex-
plained even by its creators would be useless to anyone,
in the STR had to introduce a postulate®, known as the
principle of light speed non-exceedance, the meaning
of which is clear from its name.

In relation, for example, to the Lorentz-Einstein
formula (1), it was explained as follows. The postulate

asserted that since the situation atV > C never oc-
curred anywhere in the early 20th century, it did not
need any explanation. Thus, imaginary numbers were
unnecessary. i.e. non-existent. Moreover, they were
even called imaginary
However, since the existing version of the STR
was based solely on a postulate, that is, an unproven
assumption, there was no complete certainty that it was
correct. Actually, it turned out to be incorrect, since in
2008-2010 (i.e., even before publication of results of
the unsuccessful OPERA experiment® conducted at the
Large Hadron Collider in 2011), it was experimentally
n n-1
a M+<’:1 d y

"t "t

5 Since it has never been proven theoretically or confirmed
experimentally by anyone.
6 Which was no longer needed

—+..+8,y=hb,

proven [6]-[10] that imaginary numbers are physically
real.

3. Proof of Physical Reality of Imaginary
Numbers

Thus in the 21st century, a Hamlet’s question has
arisen in physics — is the generally accepted version of
the STR correct or not correct? Consequently, does it
require correction or not? To address this, it was neces-
sary to answer another question — whether imaginary
numbers discovered 500 years ago are physically real
or not. And the response to this question required ex-
perimental confirmation, even though this issue falls
within the realm of mathematics. However, Oliver
Heaviside asserted on a similar issue, “Mathematics is
an experimental science.”

Let us further examine electromagnetic transient
processes in linear electrical circuits’ [10]-[15], which
allow us to answer this question conclusively using
simple experiments®. These experiments can be carried
out by any engineer in less than a day in any radio en-
gineering laboratory. Such processes in linear electrical
LCR circuits are described by linear differential equa-
tions (or systems of such equations)

d™x d™*x
m +bm—1 m-1
dt dt

+...+ by (4)

7 Unlike the extremely complex and expensive MINOS,
ORERA and ICARUS physics experiments, which were no
longer needed

8 In contrast to the extremely expensive physics experiments
MINOS, OPEPA and ICARUS, which were no longer needed
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where X(t) is the input action (or the input signal);

y(t) is the response (or the output signal);

a,,a, ;,..8,,0,,b, 4,
efficients;

n,n—1,..0,m,m—1,...0 is the order of deriva-
tives.

A solution to the equation (5) is known to equal
the sum of two components

y(t) = y(t) forc + y(t) free (5)
where y(t) ;.. Isthe free component of response,

..o, are the constant co-

corresponding to the transient process;
Y(t) o I8 the forced component of response.

They are found in different ways. We are only in-
terested in the free component of response.

Finding a specific type of a free component of re-
sponse begins with writing and solving the so-called
characteristic algebraic equation (usually of the second
order) corresponding to the original differential equa-
tion (4)

ap +a_p"t+..+3,=0 (6
where @,,d,_4,...d, are the constant coefficients

same as in the equation (4);

n,n—1,n-2,...1,0 are the degree indices, the
magnitude of which is equal to the order of the corre-
sponding derivatives in differential equation (4);

P is the variable, which is often called a complex

frequency, when it takes values in the form of complex
numbers.

Currently, two algorithms for solving algebraic
equations (4) are used in mathematics. According to the
first algorithm, solutions are found in the form of real
numbers known to everyone. The second algorithm
finds solutions to complex numbers that no one under-
stands.

Then, one might assume that no one needs com-
plex numbers because of their incomprehensibility.
But, actually, the use of complex numbers greatly sim-
plifies mathematical reasoning and many engineering
calculations. Thus, when solving algebraic equations of

power N according to the first algorithm, we would

receive either N roots or N —1 roots or N —2 roots
... or even no roots, depending on the value of coeffi-

cients. a,,d,,...d, And when using the second algo-
rithm to solve the same algebraic equations of power
N we would always receive I roots. Therefore, for

some combinations of coefficientsa,,a,_,,...a,, the

algebraic equation (6) might not have any solution

within the first algorithm, and would always have N
solutions within the second algorithm.

This definitely contradicts common sense and re-
quires an answer to the question — which of the algo-
rithms mentioned above provides the only correct solu-
tion in a particular situation? After all, two mutually ex-
clusive statements cannot be simultaneously true. In the
formal logics, the Latin aphorism ‘Tertium non datur’,
i.e. there is no gap between them that corresponds to
this situation.

However, the question is uneasy, otherwise, the
answer thereto would have been received long ago.
Since humans have a visual thinking, graphical solu-
tions to algebraic equations would be the most helpful
in explaining the situation.

For this purpose, we shall convert, for example,

the algebraic quadratic equation
a,p” +a,p+a, =0 as follows
y=2,p°+a,p+a, .
y=0
Then its solution (see Fig. 2) would correspond to
the intersection of the parabola

y:a2p2 +a,P+a; andtheline Y =0, ie. the

abscissa axis 9 .
As can be seen depending on the parabola posi-
tion relative to the axis p , which is determined by

values of coefficients d,,d,,d,, the parabola

2
y=a,p" +a,P+3a, cancutthe axis P either at
two or one or none of the points.

v

Fig. 2. Graphical solution to the quadratic equation in the set of real numbers, explaining that the equation can
have either or two or one or no solutions
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The result obtained is consistent with the corre-
sponding analytical solution to the quadratic equation.
Actually, if a discriminant of the equation

2
a,p° +a,p+a, =0 is positive, the equation has

two different real roots 0, =—0jand P, =—0,. If
2

a discriminant is equal to zero, i.e. & — 4aza0 =0 ,

the equation has one real root ) =—0}. And if a dis-

2
criminant is negative, i.e. 31 - 43-230 <0 , the equa-
tion does not have any real root.

The result is so simple and obvious that it would
seem to even serve as a proof of existence of the only
right solution according to the first algorithm using real
numbers. But this is not the case, since a no less clear
graphical solution to the quadratic equation can also be
obtained within the second algorithm. It looks to be im-
possible at first sight, since the graph of function ,
where and are the complex quantities, should be four-
dimensional. Humans can neither imagine nor depict
four-dimensional graphs. Really, try to imagine and
draw, for example, a four-dimensional cube (also re-
ferred to as a tesseract or octachoron). But mathemati-
cians can do this.

Fig. 3. Graphical solution to the quadratic equation in the set of complex numbers, explaining that the equation
can have two solutions or one double solution

However, the problem becomes quite solvable if a
four-dimensional graph of the function of complex var-

iable Y = f(X) is replaced by a three-dimensional

graph of functionM :‘ f (X)‘ :‘ f (O"l'ia))‘. Thus, within

the second solution algorithm, the quadratic equation
can be converted into a system of equations, corre-
sponding to the Fig. 3.

\y\:‘a2(0+ia))2 +a1(a+ia))+a0‘
y]=0 y

Herewith, Fig. 3a would correspond to the case
when a solution to the quadratic equation for

)

2
a - 43.23-0 >0 has two real roots of different val-

ues P, =—0; and P, =—0,. In this case, the sur-

face |Y| = | f (X)| would contact the plane of the com-

plex variable X = o+1w at two different points
P, =—03and P, =—0, on the axis of real num-
bers O .

Fig. 3b would correspond to the case when a solu-

2
tion to the quadratic equation for d; —4aza0 =0

% For example, for the equation (x+ 0, )2 =0

has one double®real root p,, =—0,-In this case, the

surface |Y| = | f (X)| would contact the plane of the

complex variable X=0+ l® at one
p,, = —0o, on the axis of real numbers O .

point

Fig. 3c would correspond to the case when a solu-

2
tion to the quadratic equation for d; —43230 <0
has two complex conjugate roots p,, =—o £ iw.

In this case, the surface |Y| = | f (X)| would contact

the plane of the complex variable X = O + 1@ at two
points that are not on the axis of real numbers O .
Algebraic equations of the third and higher de-
grees can be solved graphically in a similar way. Fig. 4
gives an example of a graphical solution to the alge-

3 2
braic cubic equation ;P +d,p" +a P+a,= 0,
which in the set of real numbers is converted as follows
3 2
y=a;p +a,p +a,p+a,

9
y=0 ©)
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Fig.4. Graphical solution to the cubic equation in the set of real numbers, explaining that this equation can have
either one or two or three solutions

Apparently, depending on the position of the curve
y= f (X) relative to the abscissa axis (i.e. depending
on the value of coefficients a, a,,a,,a,). the cubic

equation can have either one or two or three real solu-
tions within the first algorithm (see Fig. 4a,b). Fig.

5a,b,c,d,e shows graphical solutions to the cubic equa-

AT RV .
tion 8(0+10) +3,(0+i0) +a(0+im)+a,=0 in the
set of complex numbers for the same combinations of
coefficients a; a,,a,,8,. as in Fig. 4, equivalent to
the system of equations

Y| =[ay(o+i0) +a, (o +iw) +a (0 +im)+3

NEL

As can be seen, a solution to the equation

d, p3 +4, pz +a,p+2a,=0 has always three

roots when using the second algorithm. But some roots
can be double as in Fig. 4a, 5b, 5d, and even triple!® as
in Fig. 4b and 5f. In the latter case, in Fig. 3b, the graph
is somewhat different, looking like a tangentoid (or co-
tangentoid).

And while the points of intersection of the curve

3 2
y=a,p" +a,P" +a,p+a, and the abscissa axis

P correspond to solutions to the equation

a,p’+a,p* + a,p+a, =0 in Fig. 4, the points

of contact of the surface |y|=‘a3(0'+ia))3+

(10)

a2(0+ia))2+a1(a+ia))+a0\ of the complex plane
X=0+iw correspond to solutions to the same equa-

tion 3,P° +8,p° +a, P+ a, =0 inFig.5. More-
over, both figures show the same particular cases of the
situations mentioned. Consequently, equally convinc-
ing graphical solutions can also be proposed to the cu-
bic equations (and equations of higher degrees) in the
set of both real (Fig. 4) and complex (Fig. 5) numbers.
Thus, purely mathematical reasoning above do not
allow us to make an indisputable conclusion about the
truth of one and the falsity of another algorithm for
solving algebraic equations; or, in other words, to draw
a conclusion about physical reality or unreality of their
solution expressed in the form of complex numbers.

Fig. 5. Graphical solution to the cubic equation in the set of complex numbers, explaining that in this case it has
either three solutions or two solutions, one of which is double, or one triple solution, i.e. having always three
solutions

10 For example, for the equation (X + o, )3 =0
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It is clear that then the choice from the mentioned
two algorithms for solving algebraic methods could be
made differently - in accordance with the general sci-
entific criterion called “Occam’s razor” 1. According
to this criterion, the theory that has the simpler expla-
nation'? must be accepted as true. And in accordance
with this criterion, in all likelihood, sooner or later the
second recognized algorithm would be true.

But the trouble is that this choice would require
explaining physical significance of complex numbers.
Physicists do not have an explanation. And, what is
worse, instead of admitting this, they state without evi-
dence that imaginary (and, consequently, complex and
hyper-complex) numbers have no physical content, re-
ferring to the principle of light speed non-exceedance.
Authority of the STR actually hinders the study of this
important problem. Such a point of view turned out to
be even terminologically®® fixed in science, since one
of components of complex numbers is called imagi-
nary, i.e. supposedly non-existent, numbers.

That is why mathematics still uses both algorithms
for solving algebraic equations, even despite the fact
that

e solutions there often mutually exclude each
other;

e the STR considers one of these solutions (in
the form of complex numbers) to be physically non-ex-
istent4,

So what is the answer to the question whether so-
lutions to algebraic equations physically exist in the
form of complex numbers? Since, as has just been
shown, the use of purely mathematical®® means cannot
answer the question, let us try to figure it out relying
solely on common sense.

For this purpose we try to understand what mean-
ing the words ‘solution exists’ or ‘solution does not ex-
ist” should have. Where does it exist? On paper? In
computer? On a blackboard in a university classroom?
We could say so, but “in nature, in the physical world
we live in” would apparently be more correct answer.

Therefore, we should talk about existence of a so-
lution as a physical reality. And it would be logical to
conclude that answering the question requires physical
experiments. What kind of experiments are these? And
it turns out that such experiments have been done for a
long time by both humans and nature. We meet them
everywhere. They are well known to everyone. These
are shock oscillations. In any form. In the form of sound
of a piano or a tuning fork, in the form of tsunami or
‘Indian summer’, in the form of children’s swing'®
rocking after being pushed by parents, etc.

1 ¢Occam’s Razor’ is a principle formulated in the 14th cen-
tury by the English monk William of Ockham: “More things
should not be used than are necessary”.

2 As, for example, in astronomy the Copernican heliocentric
system was recognized as true and the Ptolemaic geocentric
system was recognized as false.

13 Actually, long before the STR was created.

14 Consequently, mathematicians have not recognized the
principle of light speed non-exceedance postulated in the STR
as scientifically sound.

15 But we must not forget that names such as mathematics,
physics, radio electronics, etc. were given by people special-

In this regard, let us recall that only solutions in
the form of complex numbers are always used in solv-
ing characteristic algebraic equations (6) while study-
ing transient processes (for example, in electrical cir-
cuits). The first algorithm for solving algebraic equa-
tions using real numbers is never applied in relation to
characteristic equations.

Why? The answer to this question is extremely im-
portant. Therefore, let us consider in more detail how
this question is covered, for example, in the electrical
circuit theory. It states that if a characteristic algebraic
equation of the second degree has two different real

roots [); =—0;and P, =—0,, then an aperiodic

transient process exists in an electrical circuit and is de-
scribed by the time function

y(t) .. = A" +Be™ 11)

If roots of a characteristic equation of the second
degree are real and multiple of p, , = —o,, then the

so-called critical transient process exists in an electrical
circuit and is described by the time function

y(t) .. =(A+Bt)e™ (12)

And, finally, if roots of a characteristic equation of
the second power are complex conjugate numbers
p,=—0% i, then an oscillatory transient process

corresponding to them exists in an electrical circuit, and
the quantities [);and P, are the complex frequencies

of free oscillations. This transient process is described
by the time function

Y(t) s =€ *[AcoS(et) + Bsin(at)] @)

Herewith, integration constants Aand B are de-

termined from the initial conditions y(O) and y’(O)

in all particular cases.

Solutions to characteristic algebraic equations of
higher powers can include aperiodic, critical and oscil-
latory components. This is covered in detail in text-
books. However, they neither explain nor substantiate
why characteristic equations are solved only using the
second algorithm, which allows finding their roots in
the form of complex numbers And, it turns out, because
only in such a case the transient can also exist in the
form of shock oscillations (13). The use of the first al-
gorithm would necessitate arguing that shock oscilla-
tions should not have existed. However, they do exist.

Thus, the point is that oscillatory transition pro-
cesses exist in nature. And they can exist only if the

izing in some narrow research area subject to their limited in-
tellectual capabilities. However, when it comes to Nature, all
these names are replaced by the only name of Science.

161t is interesting to note that children’s swing, on which chil-
dren are rocking without the help of their parents, refutes an-
other scientific misconception, which, according to infor-
mation on the Internet, is shared by many authoritative scien-
tists. The misconception suggests that unsupported motion
devices, the so-called inertioids, cannot exist, and their exist-
ence is therefore denied by modern science, as it contradicts
the law of conservation of momentum.
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characteristic algebraic equations corresponding to
them have solutions in the form of complex numbers.
And only for this reason the unsolvable in pure mathe-
matics question about which of the two mutually exclu-
sive algorithms of solving algebraic equations is cor-
rect, turned out to be quite solvable with the help of
simple physical experiments. And common sense.

It follows from the above that it is necessary to
recognise solutions of algebraic equations'’ using com-
plex numbers as the only correct and corresponding to
physically real existing processes in the world around
us. Therefore, complex frequencies P, = —otiw

of free oscillations are physically real, including their
imaginary components. And not only complex frequen-
cies, but also any other imaginary and complex num-
bers. And as this statement is true for transients not only
in the theory of linear electric circuits, but also for tran-
sients studied by all other sciences, i.e. it is general sci-
entific, so we will call it the principle of physical reality
of imaginary numbers.

And this experimentally provable principle of the
physical reality of imaginary numbers naturally refutes
the postulated principle of non-exceeding the speed of
light, asserting from the unreality,

4. Explanation of Physical Essence of Imagi-
nary Numbers

Hence, for relativistic formulas of STR (1)-(3) the
results of calculations on them not only in the form of
real, but also in the form of imaginary numbers should
be explainable. Nevertheless, these formulas still can-
not be explained for one more reason - as can be seen
(see Fig. 1a,b,c) their graphs in sub light and hyper light
ranges have essentially different form. Moreover, they
correspond to physically unstable processes, which
cannot exist in Nature. Therefore relativistic formulas
(1)-(3) are still incorrect.

And so that the same patterns took place in nature

in the subluminal V << C and superluminal V > C
speed ranges, and, therefore, formulas describing the
corresponding processes could be explained, the graphs

m(v), At(v) and |(v) should be as depicted in Fig.

1d,e,f. For this purpose, the function i should be intro-
duced into the corrected relativistic formulas of the
STR corresponding to them.

myi* _ myi°
A R U B
A(E) = AL 1 (Y -0 = A4 - (%)) a9
@) =1i" 1 (% -0 =k fL- (%)) o

where Q(V) = I_V/ CJ is the “floor” discrete func-

m(q) =

tion of the argument V/C :

7 And not only characteristic ones.

W=V—(c is the local velocity of each universe.

This is the function convenient for explaining, as
for integer values of the argument 0,7,2,3,4,5, ... it takes
the required alternating values +1,+i,-1,-i,+1,+i,... cor-
responding to four types of universes alternating in
space. Herewith local velocity W=V—(c (Fig. 1d,e,f)
of each universe takes finite values only in the range

0<w<e .

But it’s not hard to notice that Euler’s formula
takes the same values +1, +i, -1, -i, +1, +i..., corre-
sponding to the integer values 0, 1, 2, 3, 4, 5,... of the
argument (. And the right side of Euler’s formula al-
lows determining the values of this function also for
non-integer values of the argument (. Therefore, con-
sidering this circumstance, we can conclude that the

function- I' takes the form

i* =cos(qr/2)+isin(qz/2) (17) for both
integer and non-integer values of the argument (.

The new formula thus obtained has an important
advantage - it introduces into the mathematics of com-
plex and hyper complex numbers the mathematical op-
eration of raising imaginary numbers to a non-integer
degree, which has been absent in it until now. In astro-
physics, it therefore allows us to assert that the integer
values of the quantity in formula (17) correspond to
mutually invisible parallel universes®®, since they are
relative to each other beyond the event horizon, and its
non-integer values correspond to portals between such
neighbouring universes. And the invisible Multiverse
containing these parallel universes has a spiral struc-
ture.

In other cases, described by other mathematical
formulas containing imaginary numbers, other objects
of the invisible world will correspond to them, Deter-
mining the specific nature of these objects will require
further specialized research. The research will signifi-
cantly define the content of future science.

5. Conclusion

In the article by simple researches of transients in
linear electric circuits, carried out before publication of
results of extremely difficult and expensive, but unsuc-
cessful experiment OPERA, the physical reality of im-
aginary numbers is proved and, consequently, the fun-
damental principle of non-exceeding the speed of light
in the generally recognised version of STR is refuted.
And therefore it is asserted that the version of STR
stated in all physics textbooks used in the educational
process of even the most prestigious universities is in-
correct [16]-[72].

The existence of physically real imaginary num-
bers, discovered 500 years ago, shows that besides our
visible world there is also a bigger, but invisible and
unknown to us world. And cognition of physical es-
sence of this invisible world will become the main
problem of science of the future [73]-[96]. Moreover
this problem is now in relativistic physics astrophysics,
overcoming the resistance of opponents, is already

18 Since, despite their boundlessness, they do not overlap an-
ywhere, but they do dip slightly into each other in many
places, forming portals.



10

International independent scientific journal Ne58/2024

solved. And that's fine. One of the most authoritative
philosophers of science of the 20th century Sir Karl
Raimund Popper [97] wrote on this occasion that "...the
struggle of opinions in scientific theories is inevitable
and is a necessary condition for the development of sci-
ence". l.e., the development of science is possible only
as a result of identifying incorrect statements in existing
theories and their subsequent refutations [98]-[104].

This article identifies such false statements and
demonstrates how the incorrect (due to the use of the
erroneous postulate of light speed non-exceedance)
version of the STR can be corrected.
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The use of intraosseous dental implants is one of the most distinctive features of modern dentistry. The designs
of dentures on implants are more physiological compared to traditional prosthetic methods because transfer the
chewing load directly to the bone of the alveolar process of the jaw, in addition, they do not require preparation

of adjacent teeth.

Management of patients using dental implantation methods requires the use of temporary prostheses at al-
most all clinical stages, starting from the moment of tooth extraction, the period of osseointegration, and up to the

manufacture of permanent prostheses

Keywords: intraosseous implants, temporary prostheses.

Temporary dentures are used to clarify the final
shape of the future permanent denture structure, correct
occlusal relationships, and the vertical size (height) of
fixed dentures. On temporary dentures, progressive
loading of the bone tissue in the implantation area is
carried out, soft tissues are formed, including interden-
tal papillae. [2]

In our work, we did not conduct studies regarding
temporary prostheses supported by permanent implants
(immediate loading).

In the literature studied, there is a small amount of
data on the optimal placement of temporary (transit)
implants as supports for temporary structures of fixed
dentures, which led to our study.

Removal of temporary implants is carried out, as
a rule, after the completion of the process of osseointe-
gration of permanent implants (after 3-6 months) at the
second surgical stage. In some cases, at this stage, it is
possible to leave temporary implants and transitional
dentures after their preliminary correction in the area of
installation of the gum formers and remove them in par-
allel with the installation of abutments and fixation of
new temporary dentures on them. However, in most
cases, temporary implants interfere with the installation
of healing abutments. Thus, due to the loss of supports
during the period of gum formation, a period of two
weeks without any prostheses begins. This problem has
been highlighted by some authors who have said that
the ability to maintain fixed temporary prostheses
throughout all stages of implant treatment is a very dif-
ficult task.[1]

However, in some cases, despite the wishes of the
doctor and the patient, temporary rehabilitation can be
only partial due to insufficient bone tissue to install the
required number of temporary implants. Providing tem-
porary rehabilitation in such cases is crucial, because
the presence of a prosthesis in the frontal area not only
relieves psycho-emotional stress in the patient, but also
ensures relative chewing function. The need for tempo-
rary rehabilitation may also exist when replacing one to

three teeth, and the methods for solving it with the help
of temporary implants depend on the volume of bone
tissue after the installation of permanent implants or
preserving the bone septum of the socket of an ex-
tracted tooth during bone grafting without implanta-
tion.[4]

With significant atrophy of the jaw bone tissue and
unfavorable anatomical conditions, such cases cur-
rently most often cannot be considered as contraindica-
tions to implantation. Modern methods and means of
reconstructive surgery used in dental implantology
make it possible to carry out implantation under almost
any clinical conditions. Therefore, the question of the
possibility or impossibility of implantation when there
is insufficient bone volume is more of a professional
problem than a contraindication.[3]

Thus, the use of temporary (transit) implants cre-
ates the opportunity to avoid the problem of a long pe-
riod of lack of aesthetic, phonetic and masticatory func-
tion of lost teeth from the moment of removal, bone
grafting, osseointegration of permanent implants until
the final fixation of a permanent fixed dental prosthesis;
neutralize the risk of excessive transmucosal influence
by abandoning removable dentures and increase the
level of patient comfort, which, according to some for-
eign authors, determines the quality of life during the
treatment period.[5]

In connection with the above, we set the following
objectives in our study: 1) to study the possibilities of
the combined use of temporary and two-stage dental
implantation techniques, using the principles of com-
puter design and computed tomography data to plan the
rehabilitation of patients with dentition defects; 2) sys-
tematize the indications for the use of temporary fixed
dentures supported by temporary dental implants for
the period of osseointegration of two-stage intraosseous
implants; 3) using mathematical modeling and, of
course, elemental analysis, theoretically substantiate
the possibility of using temporary fixed dentures sup-
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ported by temporary implants; 4) analyze existing op-
tions for fixed denture structures for temporary replace-
ment of a dentition defect with a length of 3 teeth and
develop an improved design and method for manufac-
turing a temporary denture supported by temporary
dental implants.

In the course of our research, we found that the
influence of the vertical (occlusal) force acting on a
temporary implant on the field of deformation in the
bone is quite limited. At the same time, the action of the
load in the bucco-lingual direction, as well as the action
of the moment in the mesiodistal direction, causes de-
formations affecting the areas of bone tissue located di-
rectly next to the permanent implants. Minimizing the
moment acting on each temporary implant can be
achieved by shifting the axes of the temporary implants
relative to the central axis of the alveolar process. Such
displacements have limitations associated with the an-
atomical characteristics of the jaw of each patient. We
have developed several options that display possible in-
stallation schemes for temporary implants with dis-
placement in the bucco-lingual direction, which allows
you to create a certain shoulder for forces in the occlu-
sal direction and with their help minimize moments in
the mesiodistal direction.

To study the effectiveness of moment perception
in the mesiodistal direction, two options for displace-
ment of temporary implants have been proposed - stag-
gered displacement and U-shaped displacement of im-
plants.

Based on the analysis of the results of calculating
the stress-strain state of the bridge-temporary implants-
bone tissue structure, the optimal scheme for installing
temporary implants was determined.

The total height of the structure of a temporary
fixed dental prosthesis on an implant should not exceed
its length.

The proposed method, with known data on the
strength properties of certain standard sizes of implants,
makes it easier for orthopedic dentists to make in-
formed decisions about the choice and implementation
of a particular prosthesis design in a specific clinical
situation. The clinical situation refers to the anatomical

features of the patient: first of all, the topography and
extent of the defect, the height of the artificial crown in
the prosthesis replacing the dentition defect, the condi-
tion of the antagonist teeth and masticatory muscles,
age, etc.

Temporary dental implants are subject to large
complex loads of varying magnitude, duration and di-
rection. The action of the prosthesis is closely related to
the transfer of load on the surface of the dental implant
and between the components of the implant-temporary
prosthesis system.

The results of this study make it possible to in-
crease the effectiveness of orthopedic treatment of pa-
tients using dental implants through a scientifically
based choice of the design of a temporary fixed denture
installed on temporary implants.

The created temporary fixed denture design sup-
ported by temporary implants that replace the defect in
the dentition located in the projection of installed two-
stage dental implants eliminates the load in this area
and promotes effective osseointegration of the main
dental implants.
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The effectiveness of orthopedic treatment of patients using fixed prosthetic structures depends on their high-
quality fixation on the supporting teeth. In order to improve the adhesion of the material to the tooth tissues, in
recent years, special attention has been paid to adhesive fixation systems that improve the fixation of dentures not
only to enamel, but also to dentin. Adhesion of dental materials to dentin is difficult due to its heterogeneity. With
the development of adhesive dentistry, all-ceramic restorations have become more widely used. The development
and introduction into practice of composite cements has led to a change in the technique of fixing ceramic resto-
rations using adhesive systems. Thus, the problem of choosing a material for fixing all-ceramic prostheses remains
relevant. Clinical practice dictates the need for a clear differentiated approach when using modern composite

cements, depending on the type of restoration.

Keywords: zirconium prostheses, adhesion of composite cements, glass ionomer and composite cements.

In recent years, patients' demands for the aesthet-
ics of dental structures have increased significantly,
which was one of the reasons for the widespread use of
metal-free prostheses based on zirconium dioxide (zir-
conia), which has high mechanical and optical proper-
ties and low thermal conductivity. Due to the high re-
sistance of the material to fracture and its chemical in-
ertness, the use of these dentures is extremely
promising in dental practice. Over time, such designs,
apparently, can constitute an alternative to metal-ce-
ramic products.[1/3]

One of the most common complications, accord-
ing to domestic and foreign authors, is a violation of the
fixation of structures made of zirconium dioxide, there-
fore one of the most important in dental practice is the
issue of choosing optimal fixing materials, which will
help increase the effectiveness of orthopedic dental
treatment.[2.4]

The purpose of the study is a primary analysis of
the results of using certain cements for fixation of struc-
tures based on zirconium dioxide.

Material and methods.

An experimental study was carried out on the ad-
hesion strength of materials based on phosphate and
glass ionomer cement with zirconium dioxide samples
under conditions identical to those in the oral cavity. 16
standard templates based on dioxide and 5 standard
samples of fixing materials based on phosphate
(visphate, viscin) and glass ionomer cements used to fix
the templates were used. The samples were incubated
in a humid environment simulating oral conditions for
three days. The bond strength of the zirconia-based
structure and fixing materials was tested in a universal
testing machine. The rupture zone of a metal-free struc-
ture based on zirconium dioxide and a fixing material
was tested using a light-optical microscope.

Results.

Two series of experimental studies of the adhesion
strength of twenty standard templates based on zirco-
nium dioxide were carried out using standard samples
of fixing materials based on phosphate and glass iono-
mer cements used for fixing templates. The time for
complete hardening of the cements was determined.
For zinc-phosphate cement visphate it was 6.13+0.35
minutes; for zinc-phosphate cement viscin it was
6.43+£0.41 minutes. For glass ionomer cements fuji-1
and fuji-2, the curing time was 5.83 +0.94 min and 6.05
+ 0.82 min, respectively, however, for the final “ripen-
ing” of the cements, the samples were kept for 24 hours
before testing. The ranges of indicators in general cor-
responded to the literature data.

When studying the adhesion strength when using
zinc phosphate cement for fixation of both samples, it
was shown that minimal force is required to break the
bonds between the fixing material and zirconium diox-
ide. To destroy the adhesive strength when using both
samples of glass ionomer cements in the “fixing mate-
rial—zirconium dioxide” system, the required force
was less than 1.0 N/mmz2.

Conclusion.

An experimental study showed the insufficient
strength of the fixing bonds of standard templates based
on zirconium dioxide when using fixing materials
based on phosphate and glass ionomer cements. Ce-
ments used without adhesive systems cause the for-
mation of localized stress concentration points along
the surface of the treatment at the moment the load is
applied. The use of zinc phosphate or glass ionomer ce-
ment samples for fixation of structures based on zirco-
nium dioxide under prolonged exposure to a humid en-
vironment leads to the formation of weak adhesion,
which is insufficient for practical use. The results of the
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study indicate the need to continue studying the
strength of the fixing bonds of zirconium dioxide with
samples of other fixing materials. It is expected that,
based on the research carried out, the choice of materi-
als for fixing metal-free structures based on zirconium
dioxide will be scientifically justified.
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Periodontitis is a common chronic inflammatory disease characterized by the destruction of the tissues that
contain the teeth. According to epidemiological studies, moderate periodontitis affects 40-60% of the adult pop-
ulation, while severe disease affects up to 10-15% [3]. The mutual influence between somatic diseases and dental
pathology is associated with hemodynamic, metabolic, immunological and neurohumoral disorders in the body
[4, 5, 6, 7]. A disease that directly affects the condition of periodontal tissues is diabetes mellitus (DM), which is

one of the pressing problems of modern medicine.

Keywords: generalized periodontitis, diabetes mellitus, endothelial dysfunction.

This is explained by its significant prevalence, the
severity of its course, and the seriousness of complica-
tions arising from it. As of 2016, the prevalence of dia-
betes mellitus in Ukraine averaged 9.1% (men — 8.3%,
women — 9.7%) [8]. The prevalence of severe periodon-
titis is significantly higher in adults with HbAlc levels
>9% compared to people without diabetes [11]. There
is also a relationship between the degree of hypergly-
cemia and the severity of periodontitis. One of the
early, frequent and prognostically unfavorable manifes-
tations of diabetes is diabetic angiopathy, which devel-
ops as a result of long-term relative or absolute defi-
ciency of insulin in the body [6, 14]. The most common
idea is that periodontal pathology in patients with dia-
betes is a local manifestation of microangiopathy spe-
cific to diabetes. An important achievement in solving
the pathogenesis of generalized periodontitis (GP)
against the background of CD was the study of endo-
thelial dysfunction (ED). Endothelial dysfunction is
characterized by an imbalance between vasocon-
striction and vasodilation factors in blood vessels and
plays an important role in pathogenesis. is a 21-amino
acid peptide that is a powerful vasoconstrictor pro-
duced by endothelial cells. It plays a role in the devel-
opment of diseases such as hypertension and athero-
sclerosis. Preliminary studies identified ET-1 in gingi-
val tissues of patients with HP [15]. Increased levels of
circulating endothelin-1 (ET-1) have been identified in
patients with diabetes, and a positive correlation has
been demonstrated between plasma ET-1 levels and
microangiopathy in patients with type Il diabetes. en-
velope effect on nitric oxide (NO). Vascular DE may
precede insulin resistance, although features of the in-
sulin resistance syndrome include factors that have a
negative impact on endothelial function. In addition,
ET-1 induces a decrease in insulin sensitivity and may

be involved in the development of metabolic syndrome
[16]. Animportant fact is that signs of DE increase with
increasing duration of diabetes, which manifests itself
in debilitation. reducing the dilating properties of the
endothelium. Despite the variety of studies of endothe-
lial functions in recent years, the mechanisms of devel-
opment of DE in HP against the background of diabetes
have not been sufficiently studied [12, 17]. The purpose
of the study was to study the correlation between the
clinical manifestations of HP, functional changes in its
vascular system in patients with diabetes mellitus Il and
the severity of the disease.

Material and methods

A clinical and laboratory study was carried out on
34 patients with type Il diabetes aged 40-65 years and
10 people without somatic pathology with clinically in-
tact periodontium (comparison group). According to
the taxonomy of periodontal diseases and M.F.
Danilevsky, 16 patients were diagnosed with GP of in-
itial and 1st degree, 11 patients — GP of 2nd degree, 7
people — GP of 3rd degree. Depending on the course of
HP, 15 patients with chronic HP were examined, in
whom diabetes was in the stage of compensation, and
19 patients with HP in the acute stage, in whom diabe-
tes was in the stage of decompensation. The duration of
diabetes averaged 12.5+2.42 years. Decompensation of
diabetes was diagnosed in 19 (58.9%) patients, sub-
compensation in 15 (41.1%) patients. During diagnosis,
generally accepted clinical methods were used, taking
into account the results of the examination, in particular
the presence of dental plaque, determination of the
depth of periodontal pockets, the degree of recession,
pathological mobility of teeth and traumatic occlusion.

To assess the prevalence and intensity of perio-
dontal inflammatory processes, the PMA index (C.
Parma, 1960), the dental plaque registration index
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(O'Leary T., Drake R., Naylor J., 1972), as well as the
BOP bleeding index (Ainamo, Bay) were used , 1975).
graphy and intraoral contact radiography. The object of
immunological studies was rotovaridine (RR). Oral
fluid was collected in the morning on an empty stomach
by spitting into sterile tubes. The resulting substrates
were centrifuged at 3000 rpm. within 15 min. For the
studies, we used the supernatant liquid, which was
stored in a freezer at -70°C. Supernatants were exam-
ined after thawing using STAT FAX 303 plus enzyme
immunoassay analyzers. The concentration of ET-1
was determined using the Endothelin-1 ELISA sys-tem
reagent kit produced by Biomedica (Austria). Patients
with decompensated diabetes were treated as inpatients
in the endocrinology departments of the 1st and 4th
clinical hospitals in Lvov. Disorders of carbohydrate
metabolism were determined by the level of fasting gly-
cemia. The diagnosis of diabetes is considered estab-
lished if the level of fasting glucose in the blood plasma
increases by more than 7.0 mmol/l, and in the capillary
blood plasma by more than 6.1 mmol/I[12]. Diabetes
compensation was considered good when fasting gly-
cemia was up to 9.0 mmol/l, subcompensation —at 9.0-
12.0 mmol/l, decompensation —more than 12.0 mmol/l.
The stability of long-term compensation of diabetes
was assessed by the content of glycosylated hemoglo-
bin (HbALc). Its value in healthy individuals is 4-6%
of total hemoglobin [12]. When HbAlc was 4-6%,
compensation was considered good, 6-8.9% — subcom-
pensation, 9% and above — decompensation. Statistical
processing of the results was carried out using the Mi-
crosoft OfficeExel application package. The probabil-
ity indicator was assessed using Student's t-test

Research results

The results of a clinical instrumental examination
of 34 patients with HP against the background of dia-
betes revealed significant changes in the indicators of
the index assessment of the condition of periodontal tis-
sues, which correlated with the severity, course of HD
and greater HD and compensation of stage I. develop-
ment up to 2.9+0.06 mm, with stage II GP. up to
4.6+0.05 mm, with stage III GP. — 7.2+0.06 mm, most
often with serous-purulent exudate. RMA index for HP
and st. was 50.3£2.5%, with stage II HP. 56.34+3.1%,
with stage 11l HP. —67.7+2.9%. Dental plaque index
(O'Leary et al., 1972) for stage | HP. development up
to 34.9+4.2%, with stage II HP. up to 59.844.5%, with
stage 111 GP. — 90.3+7.2%. Bleeding index BOP in HP
and art. development up to 41.5+£3.8%, with stage II
HP. up to 62.7+£6.1%, with stage 111 HP. — 88.3+5.5%.
X-rays revealed osteoporosis and destruction of inter-
dental membranes, a decrease in their height, and a
mixed type of resorption predominated. tissues. An in-
crease in the level of ET-1 in the examined patients in-
dicates increased vasoconstriction, which is caused by
increased secretion of endothelial-dependent constric-
tor factors. times higher than its level compared to the
control group (0.42 + 0.03; p < 0.001). Thus, a direct
correlation is revealed between the level of ET-1, the
severity of HP (Table 1) and the degree of compensa-
tion for diabetes (Table 2). Conclusion 1. In case of HP
against the background of diabetes, a disturbance of en-

dothelium-dependent vascular relaxation and an in-
crease in endothelial adhesiveness are observed in per-
iodontal vessels. This encourages the development of
severe vasoconstriction and a decrease in the intensity
of local blood flow, which can cause increased platelet
aggregation. The increase in the severity of the process
in periodontal tissues during exacerbation of HP in pa-
tients with diabetes is accompanied by the development
of DE, which is manifested by increased synthesis and
release of the powerful vasoconstrictor ET-1 by the
mendothelium. ah periodontal. Determining the level of
ET-1, a marker of endothelial dysfunction, can serve as
a diagnostic test for the course of the pathological pro-
cess and assess the effectiveness of treatment in pa-
tients with HP.2. As a result of the studies, the hygienic
condition of the oral cavity in patients with type 2 dia-
betes corresponds to an unsatisfactory assessment,
which contributes to the development of pathogenic
microflora of the oral cavity and support of the inflam-
matory process. Therefore, all patients need effective
prevention and treatment

Conclusions.

Determining the level of endothelin-1 in oral fluid
can be a diagnostically significant factor for establish-
ing the severity of the pathological process and the ef-
fectiveness of treatment in patients with generalized
periodontitis against the background of diabetes melli-
tus.
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Abstract

A literature review was conducted on the study of quality of life in patients with hepatitis C in global clinical
practice based on data published to date. Viral hepatitis C is a serious global health problem that affects millions
of people worldwide. In addition to physical symptoms, the disease can significantly affect the overall well-being
and quality of life of patients. A number of studies are now available to shed light on various aspects of hepatitis
C patients’ lives that affect their physical health, psychological well-being and life satisfaction. The key point
emphasized by most researchers is the need for a comprehensive approach to the treatment of patients, focusing
not only on virus elimination, physical aspects of the disease, but also on adequate emotional support, disease
awareness and the possibility of social integration to mitigate the negative impact on people’s quality of life.
Therefore, assessment of long-term quality of life in patients with hepatitis C at different stages of treatment and

after virus elimination remains relevant at present.

Keywords: quality of life, viral hepatitis C, interferon-free therapy.

Introduction

According to the World Health Organization
(WHO), today one third of the world’s population is in-
fected with hepatitis viruses [1].

Hepatitis C, along with HIV infection, tuberculo-
sis, hepatitis B and a number of other infectious dis-
eases, is a global medical and social problem [2].

The number of patients with chronic hepatitis C
worldwide is about 58 million. About 1.5 million new
cases of infection are reported annually. According to
the WHO estimates, in 2019, approximately 290 000
people died from liver cirrhosis and hepatocellular car-
cinoma as a result of hepatitis C virus infection [1, 3].

The all-round spread of infection and the uneven
territorial distribution of morbidity, the latent course of
the infectious process and the high frequency of its
chronicity, as well as the active involvement of persons
of reproductive and working age in the epidemic pro-
cess determine the high socio-economic significance of
hepatitis C [4, 5].

Over the last 5-6 years, serious progress has been
made in the treatment of chronic hepatitis C, the main
goal of which is to eliminate the virus. Today, accord-
ing to various estimates, the effectiveness of therapy for
chronic viral hepatitis C is 95-97%. However, taking
into account the long-term chronic course of viral liver
damage, combined with the negative impact of numer-
ous psychological and social aspects, the study of the
quality of life in this category of patients in the long
term remains relevant at the present stage [6, 7, 8].

Purpose of the study

Analysis of literature data on the influence of
modern methods of antiviral therapy for chronic hepa-
titis C on the quality of life of patients.

Materials and methods

A literature search was conducted in the electronic
databases of PubMed, The Cichrane Library, Scopus.
Inclusion criteria: reports on randomized and cohort
studies, meta-analyses and systematic reviews; articles
in the English and Russian languages. Exclusion crite-
ria: materials with no evidence base, newspaper arti-
cles.

Results and discussions

Studying the quality of life in various diseases al-
lows us to evaluate ongoing treatment and rehabilita-
tion measures from the patient’s perspective. Accord-
ing to WHO experts, quality of life is “an individual
ratio of one’s position in the life of society in the con-
text of the culture and value systems of this society to
the goals of a given individual, his plans, capabilities
and the degree of general disorder” [1]. According to
other definitions, quality of life is “a subjective indica-
tor of the satisfaction of human needs, the degree of
comfort of a person both within himself and within his
society” [9].

Outpatient care for patients with hepatitis C affects
various aspects of life, which determines the relevance
of studying the quality of life in this category of patients
[10]. To assess the impact of CHC (chronic hepatitis C)
on QL (quality of life) and related socially significant
problems, general tools and methods specific to this
disease are used: the short form health survey 36 (SF-
36); the European quality of life - 5 dimensions (EQ-
5D-5L); the liver disease life quality assessment tool
(LDQOL), etc. [11]. New approaches to measure fa-
tigue as one of the main symptoms of manifestation of
viral hepatitis C were described in their study by Gerber
L.H. and his colleagues (2019). This group studying


https://doi.org/10.5281/zenodo.10492302

22

International independent scientific journal Ne58/2024

chronic liver disease concluded that a number of ques-
tionnaires could be used to assess quality of life, such
as: Chronic Liver Disease Questionnaire (CLDQ), SF-
36, Fatigue Assessment Scale (FAS) [12].

According to numerous studies, it has been shown
that the quality of life of patients with chronic viral hep-
atitis is significantly reduced in terms of physical and
psychological components of health [13-16]. The same
conclusion was reached by the authors of the study of
quality of life of patients with chronic hepatitis using
the EQ-5D-5L questionnaire. In the course of data col-
lection and processing involving 100 patients on the ba-
sis of 2 polyclinics in Moscow and Tula with a con-
firmed diagnosis of CHC, Maksimova L.V. and Voro-
byeva P.A. (2013) concluded that the majority of
respondents (79%) have health disorders, with moder-
ate pain or discomfort, mild anxiety or depression being
the most common [17].

Honrubia Lépez R. and colleagues (2020), evalu-
ating the QL in 86 asymptomatic CHC patients and the
control group, found no statistically significant differ-
ences in physical and psychological state as measured
by the EQ-5D-5L (Table 1). Itis worth noting that there
was a positive dynamics in all the questionnaire indica-
tors at the stages of treatment in the group of studied
patients with CHC [18].

Using a similar questionnaire EQ-5D-5L (Table 1)
and VAS (visual analogue scale), Spanish scientists Sil-
via Goni-Esarte and his colleagues (2019) assessed the
quality of life of 199 patients with CHC at weeks 12
and 48 after achieving sustained virological response
(SVR) [19]. Analyzing the results, the researchers
noted a gradual improvement in the quality of life in
patients receiving interferon-free therapy. Thus, there
was an improvement in 4 of 5 indicators of quality of
life (mobility, daily activities, pain/discomfort, anxi-
ety/depression) at week 48, in contrast to small changes
in 3 indicators after week 12, which indicates the need
for longer follow-up of patients with CHC. Improve-
ments were more often observed in patients under 48
years of age, with fibrosis levels F2-F4, supporting the
view that patients with FO-F1 have better QL data at
baseline and require longer follow-up, as shown in sev-
eral other studies [20, 21].

At the same time, the results of the study con-
ducted by Canadian scientists (2023) show improve-
ment in all EQ-5D-5L indicators (Table 1) between
baseline, during the treatment phase (6 weeks from the
start of therapy) and 12, 48 weeks after the completion
of the course of direct-acting antiviral drugs in patients
without cirrhosis (n=161). In the cohort of patients with
cirrhosis (n=48), there were no statistically significant
changes between baseline (pre-treatment) and 1 year
after the antiviral therapy [22].

Table 1.
Descriptive results of the EQ-5D-5L questionnaire at different therapy stages
QL Number of
ques- Authors/year patients / Indicator Before After
tion- average treatment | treatment
naire age
0,
mobility o 33/0002) 21%
0,
daily activities | 3(%01) 11%
GoiiiEsarte S., Juanbeltz R., Mar- 199 P 60'%
g tinez-Baz 1., Castilla J., San Miguel (52.3 (9) pain/discomfort (p < 0.001) 35%
% R., Herrero J.1., Zozaya J.M., 2019 daily activities 1% 50
2 ~ . . 57% .
sz anxiety/depression (p < 0.001) 35%
29 :
=5 VAS 70% 90%
= - 9
; f_§ mobility ® 7:7;'0/25) 86.1%
= o o e . o 73.8% 0
= Honrubia Lopez R., Madejon Seiz daily activities (p=0.61) 83.3%
= = A., Romero Portales M., Garcia 86 56 6%
£ g Sanchez A., Castillo Grau P., pain/discomfort i 80.6%
55 . . , (57.24 (p =0.19)
s 5 Erdozain Sosa J.C., Olveira Martin (11.52)) 738%
o w A., Robles A., Garcia-Samaniego ' daily activities - 0 66 83.3%
= Rey J., 2020 (p58 3% )
=5 anxiety/depression N 77.1%
2% yldep (p=0.35)
3 VAS 72.4% 82,7%
o Wong W.W.L., Wong J., Bremner Cohort without
W K.E., Saeed Y., Mason K., Phoon cirrhosis (n=161) 0.79£0.17 | 0.84£0.15
N 209
A., Martel-Laferriére V., Bruneau (53.4+
J., Feld J.J., Feng Z., Baguley E., ’ Cohort with cir-
Lee S.S., Powis J., Krahn M.D., 11.6) rhosis (n=48) 0.69+0.28 | 0.71£0.23
2023
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One of the first studies to assess quality of life in
the long term (more than 6 months after treatment) is
“Direct antiviral agents for chronic hepatitis C virus in-
fection improve health-related quality of life signifi-
cantly in the long term” (2021). In their work,
Mahmoud Atamla, Johad Khoury [24], studied the
quality of life of hepatitis C patients using “The Liver
Disease Symptom Index 2.0” (LDSI) life quality index
questionnaire [25] in the period from January 2015 to
August 2018 with more than 100 patients. The authors
concluded that 7 of 9 parameters assessed, including
itching, right upper abdominal pain, sleepiness during
the day, anxiety about marital status, decreased appe-
tite, depression, and anxiety about complications of
liver disease showed significant improvement in the
long term. The 2 assessed indicators such as joint pain
and jaundice remained unchanged (Table 2).

Using a similar questionnaire, Egyptian scientists
Youssef N.F., El Kassas M., Farag A., Shepherd A.
(2017), assessed the quality of life in patients with
CHC, having previously divided them into 2 identical
groups with different therapy regimens (1 - sofosbuvir
400 mg + ribavirin 1000 mg /1200 mg, 2 - with the ad-
dition of peg-IFN for 24 weeks). There was a decrease
in the QL indicators at the treatment stage in the group
receiving triple therapy, which was probably due to the
effect of the drug (peg-IFN), in contrast to the group
with a dual treatment regimen, where positive dynam-
ics was observed (Table 2). However, after the therapy
completion, all indicators returned to the baseline level
and no significant differences between the two groups
were found [26].

Table 2.
LDSI 2.0 guestionnaire results
SeLs- Number of pa- After
a! Authors/year tients / average Before treatment
tion- a0e treatment
naire g
@ Mahmoud  Atamla, Johad
S Khoury, Ihab Dabbah, Rimma 100
29S| Kramsky, Afif Yaacob, EllaVe- | (58.1+13.3) 1.22+0.95 0.29+0.47
= % | itsmanand Tarek Saadi, 2021
=5 Dual therapy n=31(sofos-
g: 1000 mg a0 mg) | 26601701
S8 Youssef N.F., El Kassas M., 62 32 sgi 2123 g
o > Farag A., Shepherd A., 2017 (54.06 £10.41) Triple therapy n=31
& (+peg-1FN) 37.53 + 20.47
- 30.74 + 17.67

Kaminskaya S.N. (2014) in her study came to the
conclusion that despite the fact that CHC is character-
ized by a low-symptom but progressive course, mani-
festations from the psycho-emotional sphere often be-
come leading in the clinical picture. In her work, the
author demonstrated various methods of psychological
testing, depression assessment scales, as well as quality
of life. Changes in the psycho-emotional sphere and a
decrease in life quality (Table 3) were more pro-
nounced in patients infected with 1B virus genotype.
However, the use of modern combined antiviral therapy
as part of the general complex treatment of CHC pa-
tients significantly reduced the identified psychopatho-
logical manifestations and improved the quality of life
of this category of individuals [23].

A study aimed at assessing the long-term impact
(1 year after the sustained virological response) of di-
rect-acting antiviral drugs in the treatment of HCV on
the quality of life of patients was conducted by Japa-
nese scientists Akio Miyasaka, Yuichi Yoshida, Akiko

Suzuki, Yasuhiro Takikawa (2021). The instrument for
studying QL in patients after HCV treatment was the
short form eight-item questionnaire (SF-8). As a result
of a survey of 109 patients with CHC, none of the SF-
8 indicators differed significantly between baseline and
1 year after SVR24 (Table 3). Regarding age, sex, liver
status and treatment regimen, only age influenced SF-8
scores 1 year after SVR24. In multivariable analysis,
only age > 65 years was significantly associated with
physical component effects 1 year after SVR24. How-
ever, no significant factors were identified for assessing
the mental component [27].

Similar studies using a different questionnaire
(Short-Form-36) were conducted by Silvia Nardelli,
Oliviero Riggio, Davide Rosati, Stefania Gioia (2019)
and concluded that symptoms of depression and anxi-
ety had a negative impact on the quality of life in pa-
tients with CHCV (Table 3). Treatment with direct-act-
ing antiviral drugs to eradicate hepatitis C virus signif-
icantly improved neuropsychological symptoms [28].
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Table 3.
Scores of patients with CHC according to the SF-36, SF-8 questionnaires.
Baseline QL data and those after achieving SVR
QL Number Physical Psychological
ques- Authors/year of patients component component
tion- [ average
naire age Before After Before After
62
. 69.2 + 83.7+ 50.6 + 56.4 +
Kaminskaya S.N., 2014 (19-59 28 47 12 14
years)
Wong W.W.L., Wong J., Bremner K.E., 209
Saeed Y:,‘Mason K., Phoon A., Martel- (53.4+ 4590 + 48.35 1612+ | 49.66 +
= Laferriere V., Bruneau J., Feld J.J., 116 10.54 + 12.82 1158
™ Feng Z., Baguley E., Lee S.S., Powis J., ea'rs) ' 10.32 ' '
£ Krahn M.D., 2023 Y
& i 113 47.77 48.27
= Fagundes R.N., Ferreira L.E.V.V.C., . .
2 Pace F.H.L., 2020 Cosn | @=0000) | *10 | (p=004 | 04
P Silvia Nardelli, Oliviero Riggio, Davide 39
=] 1 [l
% Rosati, Stefania Gioia, Alessio (59.8 £ 622'28; 721'16; 53'18; 711981i
a Farcomeni, Lorenzo Ridola, 2019 14.2) ' ' ' '
g Ng X., Nwankwo C., Arduino J.M.,
= Corman S., Lasch K.E., Lustrino J.M., 255 (48) 5334+ 43.01
@] Patel S., Platt H.L., Qiu J., Sperl J., 7.39 8.61
s 2018
g Siqueira F.M., Ferreira V.L., Borba (533 n 56 71.7 59.9 67.1
< H.H.L., Pontarolo R., 2018 11'4) (£66.4) | (£28.7) | (£24.5) (x22.1)
E Ohlendorf V., Schifer A., Christensen
m -
S., Heyne R.,.Naumann u., I:mk R., 1180 48 40
Herold C., Schiffelholz W., Glinther R., (53.4) (p<0.001) 50 (p<0.001) 45
Cornberg M., Serfert Y., Maasoumy B., ' <" <.
Wedemeyer H., Kraus M.R., 2021
Kracht PAM, Lieveld F.I., Amelung 68 (57) 432+ 44.7 + 49.2 + 49.9 +
L.M., 2018 11.9 10.9 11.9 12.6
D Akio Miyasaka, Yuichi Yoshida, Akiko 109 (67) 47.31 + 4636 4943+ | 49.72 +
& Suzuki, Yasuhiro Takikawa, 2021 7.94 831 6.88 6.29

Several studies have examined QL in patients
treated with direct-acting antiviral drugs and interferon-
based regimens [29-31]. In particular, a study con-
ducted by Ng X. et al. (2018) [32] demonstrated that
interferon-free treatment regimens (elbasvir/grazo-
previr) for CHC resulted in a significant improvement
in QL indicators (Table 3) according to the question-
naire (SF-36), compared with the sofosbuvir/peg-
IFN/ribavirin regimen.

A Brazilian study by Antoher (2018) assessed
changes in QL using the SF-36 and CLDQ in a cohort
of 56 patients with CHC treated exclusively with direct-
acting antiviral drugs and found significant improve-
ment in both tests after viral eradication [33].

At the same time, scientists Fagundes R.N., Fer-
reiraL.E.V.V.C., Pace F.H.L. (2020) conducted a study
to assess quality of life in 113 patients with CHC at dif-
ferent stages of therapy (Table 3). Results obtained 12
weeks after treatment were significantly better com-
pared to baseline, weeks 6 and 12 of treatment. Among
the 6 CLDQ domains assessed, 5 showed statistically
significant increases: abdominal symptoms (p = 0.02),
fatigue (p < 0.001), systemic symptoms (p < 0.001), ac-
tivity (p < 0.001), and anxiety (p < 0.001) (Table 4).
The emotional function did not reveal a significant dif-
ference (p>0.05) [34].
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A study of quality of life in 854 patients with liver
cirrhosis as a result of CHC (730 - compensated, 124 -
decompensated), conducted by Zobair M. Younoss and
his colleagues (2021) for 3.5 years, shows improve-
ment in all indicators according to CLDQ and SF- 36
scores (Table 3, 4), with the exception of the psycho-
logical component in decompensated patients after the
antiviral therapy. The gains in QL indicators were
largely maintained at later time points in patients with
compensated cirrhosis; however, starting at week 120,
a decreasing trend was observed in the decompensated
group. In addition, QL scores remained consistently
lower in patients with decompensated cirrhosis com-
pared to the compensated patients group [35].

Jean-Michel Pawlotsky, Christian B. Ramers
(2020) used the same tool to assess the quality of life in
patients with hepatitis C in their study, where they stud-
ied the effect of treatment on the improvement of pa-
tients’ mental state before treatment and on average six
months after. The results of the study prove that after
successful treatment with direct-acting antiviral drugs,
emotional well-being improved by 14%, while physical
well-being did not change [36].

The results of the study conducted in a real cohort
of patients (more than 1000) suffering not only from
CHC infection (HIV co-infection, hepatocellular carci-
noma (HCC), active injecting drug users, cardiovascu-
lar diseases, depression, etc.) were ambiguous. In their
work Ohlendorf V., Schifer A., Christensen S. “Only
partial improvement in health-related quality of life af-
ter treatment of chronic hepatitis C virus infection with
direct acting antivirals in areal-world setting-results
from the German Hepatitis C-Registry (DHC-R)”
(2021) studied the impact of modern treatment regi-
mens on clinically important aspects of quality of life
and confirmed that direct-acting antiviral drugs therapy
leads to an overall improvement in quality of life in pa-
tients infected with hepatitis C. However, half of the
patients did not achieve clinically significant improve-
ment, and some of them even experienced a significant
decrease in quality of life. In particular, the benefit of
CHC treatment was particularly high in patients with
initially critical life quality indicators (Table 3). The re-
sults may also indicate a greater impact of CHC treat-
ment on mental health than on physical health. As an
explanation, the authors suggest that the diagnosis of
CHC itself leads to the development of mental health
disorders due to stigmatization, isolation and discrimi-
nation, or the need to combat a potentially fatal infec-
tious disease, uncertainty about the future. When the in-
fection is cured, these concerns may disappear, which
is likely to lead to an improvement in the mental aspect
of QL [37, 38].

Authors from the Netherlands (2018) came to sim-
ilar conclusions in their work, assessing the quality of
life of 68 patients with HCV who underwent direct-act-
ing antiviral drugs therapy immediately after treatment
and 12 weeks after, and confirming that one of the pre-
dictors of a decrease in the mental aspect of QL (Table
3) is the use of different treatment regimens (ribavirin),
obesity [39].

Thus, quality of life is a multidimensional con-
cept; therefore, when identifying a decrease in QL, ad-
ditional causes should be taken into account (chronic
viral hepatitis B, D, HIV co-infection, alcoholic liver
disease, etc.), possible therapeutic concepts and the
level of QL before treatment. Direct-acting antivirals
have revolutionized treatment with high rates of viral
elimination and reduced health outcomes. A number of
authors believe that further studies with longer follow-
up are needed to optimize the quality of life of patients,
which can contribute to increase their responsibility for
their own health and the health of others, adequate per-
ception of their own disease and optimal coexistence
with it, prevention of social isolation and the best adap-
tation of patients in the conditions of modern society.

Conclusions

1. Analysis of the literature shows that viral hepa-
titis C has a significant impact on the quality of life of
patients, including physical, psychological and social
spheres. Changes in the psycho-emotional sphere and a
decrease in quality of life were more pronounced in pa-
tients infected with 1B virus genotype.

2. Direct-acting antiviral drugs have revolution-
ized treatment by providing high rates of virus elimina-
tion and reducing health outcomes.

3. Improvement in indicators was more often ob-
served in patients under 48 years of age, with fibrosis
level of F2-F4, confirming the opinion that patients
with FO-F1 initially have better QL data. The gains in
QL were largely maintained at later time points in pa-
tients with compensated cirrhosis; however, starting at
week 120, there was a decreasing trend in the decom-
pensated group.

4. A number of authors believe that further studies
with longer follow-up are needed to optimize the qual-
ity of life of patients, which can contribute to increasing
their responsibility for their own health and the health
of others, adequate perception of their own disease and
optimal coexistence with it, prevention of social isola-
tion and the best adaptation of patients in the conditions
of modern society.
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Abstract

The article provides a review of experimental work on the production of graphene by processing graphite
and a review of mathematical models for the splitting of layered structures. Next, the surface layer of graphite,
from where the splitting of layered materials begins, is examined for the first time. The graphite layer, which we
denote as R(l), its thickness according to our model is R(I)a= 1.07 nm and R(I)c = 2.92 nm, that is, it is a nanostruc-
ture. This layer contains 4 sheets of graphene. This means that the R(l) layer will more easily move along the
cleavage plane. Moreover, at the stages of easy sliding, linear and parabolic strain hardening, as well as at the
stage of preliminary destruction, the observed localization patterns are different types of wave processes. At the
boundary of the R(l) layer with the bulk phase, internal stresses arise due to relaxation or reconstruction of the
surface. Next, we will build a theoretical model of graphite, presenting it in the form of a cylinder of finite dimen-
sions, and use our modified work, supplementing it with homogeneous boundary conditions. The model we ob-
tained for the splitting of graphite mathematically coincides with Stefan’s fourth problem, where the freezing of
ice is considered, and the movement of phase boundaries A(t) = foVt is called the self-similar law of motion. We
have shown that to split graphite into graphene sheets, it is necessary to expend work that exceeds the adhesion
energy of the R(I) layer from the rest of the volume. It has also been shown that it is much easier to obtain graphene
mechanically (including ultrasonic splitting) than by changing the temperature gradient. However, graphene-like

structures can be obtained using a pulsed picosecond laser for heating.

Keywords: graphite, graphene, surface layer, nanostructure, Stefan problem, surface, splitting, delamination,

crystal.

Introduction

Graphene is a two-dimensional single-layer sheet
of sp?-hybridized carbon atoms arranged in hexagonal
shapes. The presence of strong covalent C-C c-bonds
in the plane of the graphene sheet in combination with
n-electrons outside it determines the unique physical
and chemical properties of graphene, such as a large
theoretical specific surface area (~ 2600 m?/g) [1], high
mobility of charge carriers (~ 200000 cm?/V s) [2], high
Young's modulus (~ 1000 GPa) [3], thermal conductiv-
ity (~ 5000 W/m K) [4], optical transparency (~ 97.7%)
[5], mechanical strength, chemical stability, etc. To ob-
tain graphene from graphite, there are several methods,
which we will briefly review below.

The purpose of this article is a theoretical model
of the splitting of graphite, with the aim of obtaining
graphene and graphene-like structures from it.

Methods for obtaining graphene structures

Mechanical splitting. This is the first method for
synthesizing graphene, a method in which longitudinal
or transverse stress is created on the surface of materi-

als with a layered structure. Graphite is a layered mate-
rial consisting of many layers of graphene, which are
interconnected by relatively weak van der Waals forces
(VDVs). Therefore, if you apply longitudinal or trans-
verse stress to it, thereby breaking weak airborne
forces, you can obtain individual sheets or stacks of
graphene-like structures (Figure 1a). Highly oriented
pyrolytic graphite, single-crystalline graphite or natural
graphite are used as the starting material in this method
[6-8]. Cleavage can be performed using various means,
such as the Scotch-tape method [9], ultrasonic treat-
ment [10], electrochemical synthesis [11], transfer
printing method [12] and many others.

Thermal splitting. Thermal decomposition also
makes it possible to obtain few-layer graphene struc-
tures (MLS). The process is carried out at high (more
than 1000 °C) and low (about 100 °C) temperatures, at
different heating rates, in the environment of various
gases (hydrogen, argon, etc.) and in vacuum, using
graphite or its derivatives, thereby obtaining most gra-
phene structures of various shapes and sizes.
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Figure 1. Scheme for obtaining graphene samples by micromechanical splitting (a);
device for thermal splitting (see text) (b).

The device (Figure 1b) is illustrated by a circuit
diagram from the Patent [13]. Control panel 1 includes
controls and devices for monitoring the operating mode
of the device. The splitting unit 2 contains three reactor
pipes 3. To supply electrical supply voltage to the end
sections of the reactor pipes 3, copper water-cooled cur-
rent leads 4 are used. The TRG entering the cavity of
the heaters 3 in the ascending air flow through three
pipelines 5 settles in the receiving hopper 6. To ensure
For water cooling of the reactor pipes of the device, a
ballast tank 7 with water is used, from which coolant is
circulated through valve 8 by means of pump 9. The
three-phase power supply unitl0 contains three step-
down furnace transformers and three groups of thyris-
tors with fuses and RC filters. At the bottom of the split-
ting unit 2 there is a centrifugal fan 11 for air supply.
Continuous supply of initial oxidized graphite is carried
out by block 12 of three parallel screw feeders driven
through gear 13 by an electric motor 14. Oxidized
graphite powder is periodically added by the operator
to the supply hopper 15. To smoothly regulate air flow,
three ball valves 16 are used. For example, when using

2

) —y

o
]
o
1

high-temperature splitting processes can occur in sec-
onds [14]. Graphite oxide or intercalated graphite com-
pounds are used as starting materials for thermal de-
composition instead of pure graphite.

Ultrasonic splitting. The first successful decom-
position of graphite by ultrasonic treatment was
achieved in the organic solvent N-methylpyrrolidone
[15]. The exfoliation of graphite by ultrasonic treatment
in the presence of surfactants has also been proposed.
This was first reported in [16], in which dodecylben-
zenesulfonate was used as a surfactant. Works [17, 18]
show that graphene structures obtained by ultrasonic
processing of graphite and its derivatives contain a lot
of oxygen. In [19], multilayer graphene was obtained
by ultrasonic splitting of graphite microparticles in a
surface-active solvent, a mixture of nonane and water,
and a surface-active surfactant was selected that en-
sures the dispersion of graphene in hydrophilic sys-
tems. In [20], a technology was developed for produc-
ing polymers modified with graphene structures using
ultrasonic dispersion (Fig. 2).

b)
Figure 2. Diagram (a) and appearance (b) of the ultrasonic unit of the installation for liquid-phase stratification
of graphite [20]: 1 — ultrasonic generator; 2 — magnetostrictive transducer; 3 — waveguide;
4 — pressure gauge; 5 — cavitometer; 6 — drain hole; 7 — overpressure valve; 8 — sealing gasket;
9 —finely dispersed graphite; 10 — solvent; 11 — pressure chamber.
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Chemical degradation. Chemical digestion is a multi-step process. At the first stage, intercalated graphite

compounds are obtained [21].

Graphite

Graphene

Expanded
graphite

Carbon
nanotubes

® — Graphite oxide —»

>

Figure 3. Routes to obtain graphene through the cleavage of various precursors

The Hummers method [22] involves the oxidation
of graphite powder with strong oxidizing agents such
as KMnO4 and NaNOs into H.SO4 or HsPO4 [22, 23].
This leads to oxidation of the internal layers of graphite
and, as a consequence, to an increase in the interlayer
distance in the crystal and, accordingly, to a decrease in
the interaction energy between the layers. The chemical
method implies several possible options for preparing

carbon-containing
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.
. . ’-
i; .
LIS >

metal
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very rapid
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dissolution
of carbon

at high

temperature

——-

graphene-containing suspensions (Fig. 3). At the sec-
ond stage, the resulting graphene oxide is reduced to
obtain MGS [24].

Chemical vapor deposition (CVD). Already in
1976, it was known about the synthesis of graphite on
nickel. It was shown that at a temperature of 900 °C on
a metal substrate it is possible to form a graphite film
with a thickness of 400 A [25-30]. The mechanism of
formation of a graphite-like film is very simple (Fig. 4).

“rapid
cooling

slow
cooling

Figure 4. Scheme of the formation of a graphene film on the surface of nickel or copper using the chemical
vapor deposition method.
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In a mixture of carbon-containing gas, hydrogen
and argon at various pressures (from several fractions
of a millitorr to atmospheric pressure), upon heating,
decomposition into carbon and components occurs at
temperatures below 400 °C. Further, as the temperature
increases, carbon atoms are deposited onto the nickel
substrate, starting at 650 °C. At temperatures above 800
°C they begin to diffuse into the bulk of nickel. Heating
stops at temperatures of 950-1000 °C, and then, when
the sample is cooled to room temperature, the crystal
lattice of the metal (due to thermal compression)
squeezes carbon atoms onto the surface, where they
form a graphite-like structure, since the lattice constant
of nickel is very close to the lattice constant of graphite
. By selecting certain synthesis parameters, such as the
thickness of the nickel film, the maximum synthesis
temperature, the synthesis time and the cooling rate of
the sample, it is possible to achieve the formation of a
thin graphene film - up to obtaining a graphene mono-
layer.
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Epitaxial growth. Epitaxial growth of graphene
on metal surfaces of crystals such as ruthenium, irid-
ium, platinum, palladium, nickel, etc. [31-33]. This
method is based on the increasing nature of the temper-
ature dependence of carbon solubility in transition met-
als. At temperatures exceeding 1000 °C, in the presence
of any carbon source, metal saturation occurs as a result
of chemical deposition of carbon from the gas phase.
Further, in a high or ultra-high vacuum at a pressure of
10-10 millibars and a decrease in the substrate temper-
ature, the solubility of carbon in the metal drops signif-
icantly, and due to thermal compression of the crystal
lattice, carbon comes to the surface, forming graphene
domains of a large area (Fig. 5a). Sublimation of silicon
from a SiC substrate at high temperature (~1000 °C),
leading to graphitization of the silicon carbide surface
(Fig. 5b), is also one of the promising methods for ob-
taining high-quality graphene samples (from single-
layer graphene to graphene containing several layers)
with a size of ~100 mm (with a crystallite size of up to
50 um) [34, 35].

b)

Figure 5. Schematic representation of the main processes occurring during the epitaxial growth of graphene
from hydrocarbon molecules E. They are deposited on the surface, undergoing decomposition through a series
of dehydrogenation reactions leading to different types of CxHy, shown as E and H atoms. New species diffuse
through the surface. The smaller forms of carbon M and D do not diffuse, but stick together into larger clusters
of C atoms. The H atoms of the parent molecule migrate from the surface and form a hydrogen molecule, which

evaporates from the surface. And finally, some of the forms such as M and D, or even their large clusters C, may

attach to the island of G at its edge (a); A type of epitaxial growth of graphene is the thermal decomposition of

silicon carbide. When SiC is heated to 1300 °C in an ultra-high vacuum, silicon sublimation occurs, resulting in
the formation of graphene layers on the surface of the crystal (b).

Other methods for producing graphene. Let's
list some of them. In [36], the possibility of electro-
chemical intercalation of the tetrafluoroborate anion
into graphite from a supercritical electrolyte based on
carbon dioxide, acetonitrile as a cosolvent, and tetrabu-
tylammonium tetrafluoroborate salt was shown for the
first time.

In [37], the task was set: to develop a technology
for producing graphene films using the method of dis-
sociative evaporation (sublimation) of the SiC surface
and to study the possibility of instrumental applications
of the resulting structures.

In [38], the task was set: to develop a method of
plasma-electrochemical splitting of graphite to obtain
nanocomposites, which are few-layer graphene struc-
tures doped with nitrogen atoms and decorated with
transition metal oxides, which have a set of necessary
characteristics for their use as effective platinum-free

catalysts for the reduction of oxygen in fuel cathodes
elements.

As a result: the synthesis of graphene and gra-
phene-like materials is based on increasing the inter-
planar distance, weakening the van der Waals interac-
tion forces between graphene layers with subsequent
delamination of graphite.

Theory of splitting or delamination of layered
structures

Classification of layered inorganic compounds
[39].

The layered structure of the substance is charac-
terized by strong interactions in two orthogonal direc-
tions and several orders of magnitude weaker interac-
tions in the third orthogonal direction. The most famous
example of substances with a layered structure is graph-
ite (see above), in which layers formed by covalently
bonded carbon atoms in sp2 hybridization (with a bind-
ing energy of = 524 kJ/mol) are connected by van der
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Waals forces (with a binding energy of ~ 7 kJ/mol)
[26]. Table 1 shows the classification of layered mate-
rials according to the presence and absence of charge in
their constituent layers.

Layered materials can be classified by comparing
the forces that hold the layers together. These are, first
of all, electrostatic, hydrogen and van der Waals inter-
actions.

Table 1.
Classification of layered inorganic materials by type of layers [39].
Uncharged layers Chemical composition
Non-conducting layers (dielectrics)
clay
kaolinite A|zsizo5(OH)4
serpentine MgsSi2Os(OH)
Nickel cyanide Ni(CN)2
hexagonal boron nitride h-BN
Electrically conductive layers
graphite C
o . . MX, (M = Ti, Zr, Hf, V, Nb, Ta, Bi, Mo, W;
transition metal dichalcogenides X =S, Se, Te)

Metal carbides and nitrides,
MAX and MXene phases

Mi+1(A)mXn (n=1-3; m=0,1; M — Ti, Zr, Hf, V, Nb,
Ta, Bi, Mo, W; A -Si, Ge, Al, S, Sn;
X-C,N)

metal oxyphosphates

MOPO, (M = V, Nb, Ta)

Charged layers

Negatively charged layers
clay
montmorillonite Nax(Al2-xMgyx)(Sis010)(OH):
saponite Cax2Mgs(AlxSis-xO10)(OH)
vermiculite (Na,Ca)x(Mgs-xLixSis010)(OH):
muscovite KAI(AlSizO10)(OH):
B—alumina NaAI11017

complex oxides of transition
and alkali metals

M'XO, (M' — alkali metal;
X =Ti, V, Cr, Mn, Co, Ni)

layered perovskites
Ruddlesden—Popper phases

Min+1XnOzn+1 (M - elements I-111 rpyn;
X — transition elements)

Dion-Jacobson phases

M'LNp-1XnOsn+1 (M' - alkali metal;
Ln=P33; X =Nb, Ta)

Aurivillius phases

(Bi202)Mn.11X1nO3n+1 (M — elements I-111;
X — transition elements)

Positively charged layers

layered double hydroxides

[M2+1-XM3+><(O H)Z]An-x/n-mHZO

layered transition hydroxides

M2(OH)sX (M" = Co, Cu, Ni, Mn, Zn u

metals X" = NO%*, CH3COy, CI)
layered REE hydroxides Lnz(OH)s(A™)ym nH20 (Ln = REE,
class LREH-I A =anion, n=1-2)
class LREH-II Ln(OH)2(A™)ym nH20 (n = 0-2)
class LREH-III Ln2(OH)sx(A™)2+xym' nH20 (n = 0-2; 0<x<1)
boehmite AIOOH

antimony oxohydroxide

[Sb404(0OH)2](0sSCH.CH>S03)-H.0

The layered structure is characteristic not only of
inorganic substances (Table 1), but also of many other
materials. Laminated rods and slabs are essential ele-
ments of many modern structures. They play one of the
leading roles in rocket, space and aviation technology,
automobile and shipbuilding, chemical and power en-
gineering, industrial and housing construction [40]. De-
formable layered structures made of polymer compo-
site materials are widely used in technology as elements
of load-bearing structures [41].

Mathematical models of splitting layered struc-
tures. In [40, 42], a new method was developed for
solving problems in the spatial theory of elasticity in
the Saint-Venant formulation - the asymptotic splitting

method. The application of the asymptotic splitting
method to problems of longitudinal-transverse bending
of layered slabs with an arbitrary arrangement and
number of layers is substantiated. It has been estab-
lished that for surface loads that are m-harmonic func-
tions, the method provides an exact analytical solution.
The application of the asymptotic splitting method to
the study of the edge effect in layered orthotropic com-
posites is justified. Moreover, previously known ana-
Iytical solutions for homogeneous single-layer struc-
tures, obtained either using Airy functions or the sym-
bolic Lurie method, are also obtained using the
asymptotic splitting method. In terms of historical con-
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tinuity, the method of asymptotic splitting is a develop-
ment of the ideas laid down by Navier, Poisson, Cauchy
and Saint-Venant, and then by Mitchell and Almanzi.

In [41, 43], a method of regularization of the in-
correct according to A.N. Tikhonov problem on the de-
formation of a volumetric incompressible medium, in
which the limit of the solution of the regularized prob-
lem is explicitly calculated. A mathematical model of
static deformation of axisymmetric layered structures
containing elastic orthotropic and elastic volumetri-
cally incompressible layers has been constructed using
a developed regularization method. The sensitivity of
the numerical solution to changes in the initial value of
Poisson's ratio and the dimensions of the finite elements
has been studied. It is shown that with the same number
of iterations and with sequential refinement of the
mesh, the solution converges faster to the analytical one
when choosing the initial Poisson's ratio in the range of
0.3-0.35 than with values close to 0.5. The following
characteristics of graphite are given in [44]: apparent
density 1860-1960 kg/m3, tensile strength 14.7 MPa,
compressive strength 67 MPa, elastic modulus 8.8 GPa,
thermal conductivity 130 W/(m K) at 20 °C, LTLE 6.6
10 1/K, electrical resistivity 5-8 uOhm m, emissivity
at 2300 °C 0.85. Poisson's ratio p = 14.7/67 = 0.22.

In [38], for the first time, in a one-stage process
with a bipolar supply of potential, various nanocompo-
sites of few-layer graphene structures with transition
metal oxides were simultaneously obtained in two elec-
trochemical reactors isolated from each other. For
pulsed action, a phenomenological model of one-stage
plasma-electrochemical splitting of graphite with the
formation of few-layer graphene structures was pro-
posed for the first time. In [38, 40, 41], a detailed liter-
ature review of mathematical models of splitting lay-
ered structures was carried out, but we will limit our-
selves only to work [45].

The scientific value of the work [45] lies in the
construction of methods for mathematical modeling of
the process of chemical pressing of oxidized graphite,
the development and testing of methods for solving
emerging boundary value problems with a moving in-
terface between regions (Stefan type problems). Nu-
merical experiments show the influence of the thermo-
physical parameters of thermally expanded graphite on
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the characteristics of the foaming process, such as the
process time and the propagation of phase interfaces
over time - a typical Stefan problem. Let us note the
following: from a mathematical point of view, Stefan
boundary value problems are fundamentally different
from classical problems of heat conduction or diffu-
sion. Due to the time dependence of the size of the flow
transfer region, the classical methods of separation of
variables and integral Fourier transforms are not appli-
cable to this type of problem, since, while remaining
within the framework of the methods of mathematical
physics, it is not possible to coordinate the solution of
the heat equation with the motion of the phase bound-
ary. Stefan's problem has been treated both analytically
and numerically since the end of the 19th century. A
review of these works can be found in monographs [46—
52], and especially in [53].
Our model of graphite splitting

Let us consider the surface layer of graphite, from
where the splitting of layered materials begins. In gen-
eral, there are two approaches: the Gibbs approach [54],
in which the surface layer is conventionally considered
as a geometric surface without thickness; the approach
of Van der Wals, Guggenheim, Rusanov, in which the
surface layer is considered as a layer of finite thickness
[55]. According to modern concepts [56, 57], the sur-
face phase y1 is understood as an ultrathin film (surface
layer) that is in equilibrium with the crystalline base,
the properties and structure of which are different from
the bulk properties of y2. However, the question of the
theoretical “thickness” of this surface layer for various
substances remained open until 2018. Only after our
work [58-60] it became clear how the thickness of the
surface layer, which plays a big role in nanotechnology,
can be theoretically determined [61]. Thus, the surface
layer, which we denote as R(l), its thickness is equal
according to our model [58-60]:
R(1)=0,17-10°v=0,17-10°-i/ p(m). ()

Equation (1) shows that the layer R(l) is deter-
mined by the parameter — the molar (atomic) volume of
the metal (v = M/p, M — molar mass, p — density).

Its diagram is shown in Fig. 6a, and in Fig. 6b
shows table D.l. Mendeleev with a periodic depend-
ence of volume v on Z.

Molar volume, sm*> mol
o
>

Figure 6. Schematic representation of the surface layer (a),
periodic change in the atomic volume of elements (b)
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From Fig. 6b carbon is at the beginning of the periodic table next to boron. Using formula (1), we calculate
R(I) (Table 2) for graphite parallel to the plane (where the carbon hexagon lies) x = a = b and perpendicular to this

plane x =c.
Table 2.
Graphite parameters.
Graphite p, g/sm® Tm, K R(1)a, Nm R(l)c, nm Ya, MJ/M? Ye, MI/M?
C 191 3970 K 1,07 (4) 2,92 (4) 2779 591

The anisotropy of graphite was determined using
our formula [60]:

R(1)=0,17-107°-1/ p,

R(1),_, =0,4-10™-6(a)°,

R(I),, =0,4-10™y(b)?,

R(I),.. =0,4-10™"*-z(c)?, @)
v, =0,7-10"°-0, -R(I), /R(l),

v, =0,7-10%-0, -R(I),/R(I),

v.=0,7-102-0O,, -R(I),/R(I).
In formula (2), v is the surface energy of graphite

faces, which is equal, according to the empirical for-
mula [62]:

y=0,70-10"°-T_ [J/m?], ©)

In Table 2, the number in brackets n = R(I)/a,c is
equal to the number of graphene layers, and, c is the
lattice constant along and across the graphite plane.

To split graphite over a layer of thickness R(l), it

is necessary to expend energy, which is called adhesion
energy and is determined by the Dupre formula [63]:

W, =7 +7, =Y. = Y1 +72, 4)

where v1, y2 and y12 are the surface energy of the
R(I) layer, bulk phase and transition layer, which is
negligible.

In [64], we showed that y1 ~ 0.3 2, i.e. the surface
energy of the R(1) layer is three times less than the bulk
phase. This means that the R(I) layer will more easily
move along the cleavage plane. At the boundary of the

R(I) layer with the bulk phase, internal stresses arise
due to relaxation or reconstruction of the surface [56].
These stresses lead to the formation of nanocracks with
dimensions R(l) = Lam [64]. This fact was noticed 100
years ago. In the 20s of the twentieth century, academi-
cian A.F. loffe conducted a series of experiments with
a NaCl crystal and he obtained a fracture of this salt in
the amount of 0.4 g/mm? instead of 200 g/mm? accord-
ing to Max Born’s quatomechanical theory. A.F. loffe
related this to the existence of microcracks in the sur-
face layer. Then he dipped a NaCl crystal into water
and measured the hardness of its surface, which in-
creased as the surface dissolved, approaching the theo-
retical value [65]. This experiment was called the “Toffe
effect” [66]. Thus, for a NaCl crystal, according to our
model, R(l) = 4.6 nm (which is typical for nanostruc-
tures) and the number of monolayers n = R(I)/a =8 (a
is the lattice constant). It is not difficult to wash off 8
monolayers of NaCl with water to obtain the loffe ef-
fect. In the same years, Griffiths examined the change
in the energy of a body with a crack L(G) under loading
and obtained an energy criterion for destruction, ac-
cording to which a crack acquires the ability to propa-
gate only when the rate of release of elastic energy ois
during growth becomes equal to or exceeds the energy
of the newly formed surface.

Internal voltages ois between phases y; and y, can
be calculated using the formula [19]:

Gis =/ Wa A/R(I)’ (5)

where E is Young's modulus of elasticity.
Using equations (1) — (5), we calculate the elastic
parameters for graphite.

Table 3.
Elastic parameters of graphite
Graphite Waa, J/m? Wae, J/m? Gisa, MPa Gise, MPa E., GPa E., GPa
C(p=2,26) 3,613 1,323 5740 1370 7,59 3,48
E
Next, we will build a theoretical model of graph- 2G=—-, )
ite, representing it in the form of a cylinder of finite di- 1+p

mensions, and use our modified work [68, 69], supple-
menting it with homogeneous boundary conditions. In
this case, we will calculate the stress gradient in the
layer R(l) using standard expressions [70].

The components of thermoelastic stress along the
radius r - or and along the z axis — oz — of the layer R(l)
will be assessed using the well-known equations [70]:

5, =-262" ©)
ror
c,=-2G ﬁ (7
1574

Here the shear modulus G is determined by the
expression:

where E is Young's modulus, p is Poisson's ratio.

For graphite E = 8.8 GPa, p = 0.22, which means
2G =7.21 GPa.

From equations (6) and (7) we need to determine
temperature gradients. To calculate the stress in the
layer R(I), when the process of graphite splitting is in
progress, we come to a problem with a moving phase
boundary, which is called the Stefan problem [45-53]
(see above).

In this case, the nonstationary heat equation in a
moving cylindrical coordinate system moving accord-
ing to the law B(t) has the form:



36 International independent scientific journal Ne58/2024

2
a_T:A 6_T+1£ ra_T , (9) I’Zt ZTk Zt (10)
ot oz ror\ or
where D is the thermal diffusivity coefficient. where ok are the roots of the equation
We choose the initial and boundary conditions in l,(4,,R)=0
general form: and lo(Aok R) is the zeroth order Bessel function
T(r, Z, t)|t:0= (p(r, Z), satisfying the equation:
_ 1d| di{Agr
T(r, 2, )], = =7(z t) —d—{r (d—(’k)} 1,0 1) =0, (1)
T(I’, Z, t)lz:o: 'Yl(r’ t)’ rar '
R
T, 2, )] =12(1, 1) Tu(z,t)= J'Tk (r,z,t),(Lor)rdr.  (12)
The functions B(t), ¢(z, t), y(z, t), y1(r, 1), y2(r, t)
will be considered continuous. We look for a solution The final solution to this problem looks like this:

to the problem in the form:

{ 1 (z=¢)
rzt J A= e 4 dtx
Z {zzz@ >

X£j¢(r’§)|o(1okr)rerd§+ RI AOkR 't[ J'?’(f ,7) ~Ate 4 t — d§+

0 0

ZZ )P

4\/E J. Alt—1) ]3/2 K, (c)de + 4\/E I 3/2 R Kz(T)dT] - (13

To use equations (6)-(8), we simplify the general problem (13) by taklng homogeneous boundary conditions.
In this case:

oT 4+ 0°T 10( oT
—=A =+ (14)
ot oz° ror{ or
T(r,z,t)|,=0;
T(r,z,t)|,_r=T, =const;
nz,0)]e=T s)
T(r,z,t)|,_ 0=T = const;
T(r,z,t)|,_5y=T, = const

where Ty is the temperature value on the surface of the cyllnder and on the moving interface. Then the general
solution to the problem will take the form:

oAt RILL(LR)F T K,
Te20- 346 ){{ R N,

0 0
[z t 7 _ 2
~At, 4A(t-1) 4A(t-1)
xe e dé+ — e K, (t)dt+ (16)
4ﬁjAhﬂm :
[z
Z— B(T) e T 4A(t-7)
4\/Ej 3/2 K (T)dT -
Limiting ourselves to the first term in sum (16), for stationary temperature we have the following
expression:
N eZJO(ZRrj u{gj
T(r,z,t)=0,J ( j B S~ ZiInt+————ZeMIn(t-1)+

R
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When deriving (17), we took into account that the
equation lo(hor)=0 implies Ao=2r/R and 11(2)=1. In equa-
tion (17): D = MC, p - thermal diffusivity coefficient, A
- thermal conductivity, C, - specific heat capacity, p -
density. For graphite at T = 300 K: = 195 W/m K; C,
=710 J/kg K; p - 1910 kg/m3; D = 1.44 10-4 m?/s;

If the time t is very large, then as a result we get:

3/2 A~
.z, t)—A O (er t
B(t)
Let us use the asymptotlc representation of the
Bessel functions [71], then we obtain:

D3’2 o \ﬁ t
T(r,z,t)= —. ,
(r,z,t) . T (19)

The radial and axial components of the tempera-
ture gradient will be equal:

oT _2AY.0,-vr-R 't
2B(t)

= 20
or 7’ (20)

Jo(x)
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We will analyze only the radial component from
equation (6), since it leads to a shift of graphite layers
and its splitting:

o AAT-OGIR
f 2 ZB(t)

(22)

n-r
Let us take r — R, z = f(t), then we get:

py=2A" -JB-\/GEW=BOW- (23)

Equation (23) mathematically coincides with
Stefan’s fourth problem, where the freezing of ice is
considered, and the movement of phase boundaries p(t)
= BoVt is called the self-similar law of motion. This is-
sue is discussed in detail in the work of Lyubov B.M.
[47].

Solutions (18) will look as shown in Fig. 7a.

A

A

b)

Figure 7. Graphs of Bessel functions (a) and deformation of highly compressed metals (b).

In Fig. 7b shows [72] that a comparison of longi-
tudinal and transverse deformations of highly com-
pressed metals also showed their periodic nature. The
experimental and theoretical results we obtained fit into
the model of macroscopic localization of plastic flow
developed in [73]. This work shows that the localiza-
tion of plastic flow in solids has a pronounced wave
character. Moreover, at the stages of easy sliding, linear
and parabolic strain hardening, as well as at the stage
of preliminary destruction, the observed localization
patterns are different types of wave processes. Analysis
of the wave characteristics of such processes made it
possible to measure the speed of their propagation (~
10-4 m/s), wavelength (~ 10-2 m) and establish that the
dispersion relation for such waves is quadratic.

Now let's turn to equation (23), where B(t) = Bo Vt,
Bo=0.23 VT.

The components of thermoelastic stresses along
the radius r - or will have the form:

L AR 0-G-Vr-R t
' T ZP(t)
Let us take r — R, z = (1), then we get:

(24)

AA?.0.G- t 80A%*2.G
0, = 2 ez 2
T B(t) T

Components of thermoelastic stresses for graphite
or = 0.24 MPa, which are formed at the interphase
boundary separating the R(l) layer from the rest of the
volume and associated with relaxation or reconstruc-
tion of the graphite surface during its formation. If we
compare of with elastic stresses sisc from table. 3, then
their difference is visible by almost three orders of mag-
nitude. This means that it is much easier to obtain gra-
phene mechanically (including ultrasonic splitting, see
above) than by changing the temperature gradient.

The components of thermoelastic stresses at the
interface are quite difficult to determine. In [74], ther-
moelastic stresses were calculated in a profiled sap-
phire single crystal, having the shape of a round rod
with a diameter of 10 mm, a length of 100 mm (small
parameter £ = 0.05) and grown from a melt using the
Stepanov method. Since the given formulas are approx-
imate, the maximum value of this component is or =
1.42 MPa, which is higher than that of graphite. This is
due to the fact that graphite's Young's modulus is two
orders of magnitude lower than that of sapphire.

~8AY.G.(25)
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According to the principles of thermoelasticity
[75], thermoelastic stresses at the interface can be de-
termined by the formula: o = o Ec AT, o = const. The
constant a has not been defined anywhere, so we will
determine it using the data from table. 3 and the above
value of or. As a result we get:

c,=107p%- A, - AO,

where B is the linear expansion coefficient.

Equation (26) shows that it is possible to split
graphite using a pulsed picosecond laser (B, ~ 10?) of
the Nd-YAG type for heating. In [76], researchers from
the Univ. of Nebraska (USA), together with Chinese
scientists, have developed a new approach to producing
graphene, based on the exfoliation of crystalline graph-
ite when exposed to laser radiation. A crystal of highly
ordered pyrolytic graphite (HOPG) was used as a tar-
get, which was placed on a silicon substrate. Graphene
synthesis was carried out in an argon atmosphere at a
pressure of about 1 Torr. A commercial pulsed
Nd:YAG laser with a wavelength of 532 nm, a pulse
duration of 7 ns, and a pulse repetition rate of 1 Hz was
used as the irradiation source. Laser irradiation pro-
vided an energy density on the target in the range from
0.8 to 20 J/cm?. Carbon particles formed as a result of
laser ablation of the graphite surface fell on the Si sub-
strate. When the laser radiation energy density on the
target was from 1 to 10 J/cm?, thin flakes appeared on
the HOPG surface, which spontaneously separated
from the surface and fell on the surface of the substrate.
The resulting graphene samples on a silicon substrate
were examined using a scanning electron microscope
(SEM), a high-resolution transmission electron micro-
scope (HRTEM), an atomic force microscope (AFM),
and a micron-resolution Raman spectrometer (laser
wavelength 514 nm). Analysis of Raman spectra indi-
cates that graphene samples consist of several (up to 10)
layers. Measurements performed using AFM showed
that the thickness of the graphene film is 3.9 nm. TEM
images of a graphene film several microns in size indi-
cate its wavy structure (see Fig. 7) and the presence of
numerous bends.

In order to study the mechanism of formation of
graphene sheets under the action of laser radiation,
graphite tablets were used as a target along with HOPG
samples. It turned out that irradiation of such tablets at
an energy density of 0.8 to 20 J/cm? does not lead to the
formation of graphene films, but is accompanied by the
appearance of nanometer-sized amorphous carbon par-
ticles.

In [77], the structural properties and composition
of carbon films obtained using pulsed laser evaporation
of sublimated carbon tapes were studied. Studies have
shown that the resulting films have a graphite-like
structure with a low sp3 phase content and can be clas-
sified as nanocrystalline defective turbostratic graphite
or graphene.

In [78], a study of the process of formation of ex-
tended graphitized microstructures in the volume of di-
amond under the influence of ultrashort and short laser
pulses was carried out, as well as a study of the proper-
ties, internal structure and prospects for the practical
application of these microstructures. Unique features of

(26)

local laser-induced graphitization, occurring at a con-
siderable distance from the surface of the diamond
crystal, have been revealed, which sharply limits the
possibility of relaxation of the resulting mechanical
stresses (see Table 3) and determines the emergence of
a conductive nanostructured heterophase composite,
which has also never been observed before. The re-
search carried out laid the scientific foundations for the
rapid development of promising technology for laser
microstructuring of the volume of diamond crystals.
Conclusion

To split graphite over a layer of thickness R(), it
is necessary to expend energy, which is called adhesion
energy and is determined by the Dupre formula. We
have shown that y1 = 0.3 y, i.e. the surface energy of
the R(I) layer is three times less than the bulk phase.
This means that the R(I) layer will more easily move
along the cleavage plane. Using equations (1) — (5), we
calculated the elastic parameters for graphite. To calcu-
late the stress in the layer R(I), when the process of
graphite splitting occurs, we come to a problem with a
moving phase boundary, which is called the Stefan
problem. Our experimental and theoretical results fit
into the model of macroscopic localization of plastic
flow. The localization of plastic flow in solids has a
pronounced wave character. Moreover, at the stages of
easy sliding, linear and parabolic strain hardening, as
well as at the stage of preliminary destruction, the ob-
served localization patterns are different types of wave
processes. Analysis of the wave characteristics of such
processes made it possible to measure the speed of their
propagation (~ 10 m/s), wavelength (~ 10 m) and es-
tablish that the dispersion relation for such waves is
quadratic. According to our proposed model, the com-
ponents of thermoelastic stresses for graphite are or =
0.24 MPa, which are formed at the interphase boundary
separating the R(l) layer from the rest of the volume
and are associated with relaxation or reconstruction of
the graphite surface during its formation. If we compare
or with elastic stresses cisc from table. 3, then their dif-
ference is visible by almost three orders of magnitude.
This means that it is much easier to obtain graphene
mechanically (including ultrasonic splitting) than by
changing the temperature gradient.

This scientific article was published as part of
grant funding for 2024-2026, IRN No. AR32488258
“Development of innovative technology for producing
graphene by intercalating graphite with microcluster
water and modifying HTSC ceramics with graphene”
(the research is funded by the Science Committee of the
Ministry of Science and Higher Education of the Re-
public of Kazakhstan).
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Abstract

In this article, we examined the SW defect in graphene and, after a brief review of previous studies, proposed
a model for its origin. This model is based on the thickness of the surface layer R(l) of graphene, equal to the
length of the nanocrack L. Based on this model, elastic parameters for graphite and graphene are calculated. It
is shown that large internal stresses between the graphene plane and the air gap lead to warping of the graphene
surface, detected experimentally and theoretically. These internal stresses arise due to the relaxation of the gra-
phene surface. For the same reason, SW defects and other defects arise in graphene through the Frank-Read
model. We considered the SW defect from the standpoint of: birth — migration — annihilation — destruction of
a graphene sheet. We have already considered the birth of the SW defect. This dislocation (nanocrack) has an
autowave character. The maximum speed of movement (migration) of a dislocation (hanocrack) for graphene is
Vmax = 10* m/s. The brake on the movement of dislocations in pure graphene can be the Peierls—Nabarro barrier
and internal friction. The Peierls—Nabarro barrier is significantly less than the energy of motion of the dislocation
F(Dupn L << m VZnax/2. The brake on the movement of SW dislocations is terahertz oscillations or plasmons in
graphene. Annihilation of edge dislocations of opposite signs occurs with the dipole arm in the range | > 11.5 —
16 A. We have presented all the parameters of graphene for calculating the force, deformation and energy criteria

for destruction.

Keywords: graphene, defect, surface layer, nanocrack, dislocation, birth, migration, annihilation, destruction

of a graphene sheet.

Introduction

In quasi -alarm solids there are topological defects
that arise as a result of regrouping of intermediary ties
[1]. In Grafen [2] - a crystal with a hexagonal grate - a
simple defect of this type is a defect of Stone -Wels
(SW) [3]. It is formed when one of the bonds of C-C in
the plane of the monofry at an angle of 90° (transfor-
mation of Stone -Wels [1]), which leads to the appear-
ance of two seven -angles and two pentagons.

In addition to graphene, graphan [4], graphin [5],
graphdin [6], diaman on the SiC (0001), fluorine dia-
mond (F-diaman) on the CuNI substrate (111) [8], as
well as quasi-alarmed were synthesized. Composite of
polyanilin and oxide graphene [9]. Theoretically pro-
posed a number of stable two-dimensional allotles of

Eiinges

pristine strcuture (a) S-W1 defect

carbon: metal R-10 graphene [10]; carbon monoxide
123-E8Y24-1 [11], two sp?+sp® hybridized structures
[12]; PHH-graphite [13]. Most recently, theoretically
predicted thermodynamically stable single -layer struc-
tures - azuratial [14] and Stone - Wales graphene
(SWG) [15]. Stone - Wales graphene, in his two-layer
modification, was considered in the work [16].

In this article, we will consider SW - defect in gra-
phene, after a brief review of previous studies, from the
standpoint of the causes of its origin.

Structure and properties SW - defect

In [17], two types of SW defects are proposed,
namely S-W1 and S-W2, which are caused by a rotation
of 90° C-C connections in different directions, as
shown in Fig. 1.

Bt

pristine strcuture S-W2 defect

Figure 1. Two types of defects of Stone-Wales: (a) Blue connection CC rotates 90° to the defect S-W1; (b) the
red bond CC is rotated 90 ° to the defect of the S-W2 [17].

At the stress of deformation for the graphene sheet
¢ = 0.0125, the energy barrier for the S-W1 defect is
53.9 EV, which is slightly lower than for the S-W2 61.1
EV defect (Fig. 2). In Fig. 3a shows a change in energy

barriers. For the formation of defects S-W1 and S-W2
with an increase in mechanical deformation. Regard-
less of the level of deformation, the barrier for the S-
W1 defect is constantly lower than for S-W2,
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Figure 2. The minimum energy path (MEP) of the emergence of the defect S-W1 (A) and the origin of the defect
S-W2 (b) during stretching deformation ¢ = 0.0125 [17].

This indicates that the S-W1 defect is kinetically
more profitable than the S-W2. Obviously, the required
energy decreases with an increase in deformation. En-
ergy barriers for generating S-W1 and S-W2 are 16.8
EV and 28.9 EV, respectively. In Fig. 3b shows that the
strength of the break is reduced with an increase in tem-
perature. The loss of strength of the S-W2 defect is
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greater than the S-W1 defect due to its lower energy
barrier. In a recent review article [18], it is believed that
using the DFT methods, the energy barrier is about 10
EV (compared with work [17]). About the defect of
Stone-Weyl (SW), see Fig. 4.

---2'1'-\’\‘l defect
- -S-Wz defect

pristine graphene

Fracture Strength (GPa)

4 1 1 L 1 1
200 400 500 600 700 800 200
Temperature (K)

Figure 3. Energy barriers S-W1 (squares) and S-W2 (triangles) depending on the deformation of stretching; The
strength for the destruction of the original graphene (green), the defective graphene S-W1 (blue) and defective
graphene S-W2 (red) depending on the temperature [17].

Rapid cooling from high temperatures or irradia-
tion with an electron beam can cause SW defects. These
results are obtained within the framework of the theory
of density functionality using the method of nonequi-
librium green functions and in the approximation of lo-
cal density with various configurations of single -wall
graphene nanotubes with SW defects. In this work, the
evolution of the passage spectrum with an increase in
displacement voltage, states density, voltamper charac-
teristics and the differential conductivity of the puppies

under consideration are calculated. Features of the den-
sity of electronic states of defective carbon nanotubes
were found with energies of ~ 0.5 eV and -1.92 eV
above the level of Fermi. It is shown that the nature of
the current flowing through defective graphene nano-
tubes depends on the length of the defects of the SW. It
was revealed that the graphene nanotubes with two se-
quentially connected SW defects with a displacement
voltage of + 2.6 V has a negative differential conduc-
tivity -170 pS.
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Figure 4. Stone-Wales defect: (a) experimental TEM image; (b) DFT calculated image; (c) energy barrier for
bond rotation calculated by DFT; (d) Image of sine and cosine-like configurations calculated by DFT [18].

Molecular dynamics (MD) simulations showed
that SW defects significantly reduced the strain failure
and intrinsic strength of monolayer graphene sheet. SW
defects in graphene can alter its physical properties and
alter its chemical properties by acting as active sites for
the adsorption of other atoms and molecules, increasing
local chemical reactivity. In [19], the formation and

2 o o o

movement of SW dislocations in graphene was studied
in real time using high-resolution transmission electron
microscopy (Fig. 5). SW dislocations move by sliding
or crawling at a speed of ~ 0.1 nm/min. Each disloca-
tion creates a deformation field in its vicinity, which
extends over a length of ~1 nm.

o Pl Q o]

Figure 5. (A) Stone-Wales defect in graphene. (B) Dislocations in graphene. Thin arrows are Burgers vectors.
Thick arrows show the directions of displacement of atoms when a dislocation glides to the right. (C) Atomic
configuration resulting from sliding. If an electron beam knocks out two labeled atoms, then the dislocation
creeps down. (D) Atomic configuration after crawling [19].

Ourmodel of SW — defect (dislocation)

As stated above, SW - defect is formed during
rapid cooling from high temperatures or during irradia-
tion with an electron beam. This is not entirely true. In
the 20s of the twentieth century, academician A.F. loffe
conducted a series of experiments with a NaCl crystal
and he obtained a fracture of this salt in the amount of
0.4 g/mm2 instead of 200 g/mm2 according to the
qguantum mechanical theory of Max Born [20]. A.F.
loffe related this to the existence of microcracks in the
surface layer. Then he dipped a NaCl crystal into water
and measured the hardness of its surface, which in-
creased as the surface layer dissolved, approaching the
theoretical value. This experiment was called the “Toffe
effect” [21]. Only in 2018 did it become clear to us how
theoretically it is possible to determine the thickness of
the surface layer (see below), where defects are mainly
formed [22]. Thus, for a NaCl crystal, according to our
model, R(l) = 4.6 nm (which is typical for nanostruc-
tures) and the number of monolayers n = R(l)/a =8 (a
is the lattice constant). It is not difficult to wash off 8

monolayers of NaCl with water to obtain the loffe ef-
fect.

Griffiths [23] in the same 20s of the twentieth cen-
tury examined the change in the energy of a body with
a crack under loading and obtained an energy criterion
for destruction, according to which a crack acquires the
ability to propagate only when the rate of release of
elastic energy during growth becomes equal to or ex-
ceeds the energy of the newly formed surfaces.

Frenkel [24] and Schottky [25] proposed their
models of defects in solids (Fig. 6). A Frenkel defect is
formed when an atom (ion) moves from a crystal lattice
site to an interstitial site. A Schottky defect is formed
when individual atoms located near the surface, as a re-
sult of thermal motion, leave the bulk to the surface,
and the resulting vacancy then migrates deep into the
crystal [26]. These models laid the foundation for the
physics of real crystals.

The fact that defects are formed first in the surface
layer (loffe effect) is due to the fact that atoms (ions)
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on the surface have a different environment than the at-
oms inside the crystal. The possibility of the appear-
ance of surface states was first predicted by Tamm [27].
Such surface states subsequently became known as
Tamm states.

Currently, there are two approaches: the Gibbs ap-
proach [28], in which the surface layer is convention-
ally considered as a geometric surface without thick-
ness; the approach of Van der Wals [29], Guggenheim

.

5c\\ot?ky

135

¢

o, ®

[30], Rusanov [31], in which the surface layer is con-
sidered as a layer of finite thickness. According to mod-
ern concepts [32], the surface phase is understood as an
ultrathin film (surface layer) that is in equilibrium with
a crystalline base (substrate), the properties and struc-
ture of which are different from the bulk properties.
However, the question of the theoretical “thickness” of
this surface layer for various substances remained open
until 2018.

Figure 6. Defects according to Frenkel and Schottky [26].

Only after our work [22, 33] did it become clear
how the thickness of the surface layer of a solid, which
plays a big role in nanotechnology and mesomechanics,
can be theoretically determined [34]. We will consider
the thickness of the surface layer of graphite and gra-
phene. The works [22, 33] generalize our proposed

T (1) =T, () @=RQ)r)
T (1) =Ty (20) - (0= ROVR(1)+ ),

Here the first formula coincides with the formula
of R. Tolman [35], where R(I) = 28, & is the Tolman
parameter, which is not determined experimentally.
The second formula is further defined in the region R(0)
<r < (R(D), so that at r = 0 the first formula does not go
to infinity. The parameter R(l) is related to the surface
energy vy by the formula [22]:

R(I) =2yu/RT. )

Here vy is the surface energy of the massive sample;
v — volume of one mole; R — gas constant; T — temper-

ature. In [36] it is shown that, with an accuracy of up to
3%,:

y=0,70-10"°-T_ [J/m?], (3)

where T, is the melting temperature of the solid

(K). The relationship holds for all metals and for other
crystalline compounds. At T = T, from (2) we obtain:

model of the surface layer of atomically smooth metals.
To determine the thickness of the surface layer of vari-
ous compounds, the size dependence of the melting
temperature Tr(r) was used:

r >> R(l),
R(0) <r <R(D).

R(D=L,, =0,17-10"-a-v (M). (@)

Here we took into account that, according to our
work [37], the thickness of the surface layer is equal to
the length of the nanocrack, i.e. R(I) = Lym, and o = 1
m2, so that the dimensionality of the quantities is re-
spected.

This model is shown schematically in Fig. 7a.
Equation (4) shows that the thickness of the surface
layer R(I) and the length of nanocracks Lnm are deter-
mined by one parameter - the molar (atomic) volume of
the element (v = M/p, M is the molar mass (kg/mol), p
is the density (kg /m3)), which periodically changes in
accordance with table D.I. Mendeleev (Fig. 7b). From
Fig. 7b shows that carbon is at the beginning of the pe-
riodic table next to boron and beryllium. Using equa-
tions (1) — (4) we calculate the surface layer R(I) for
graphite and graphene.

@)

Table 1.
Parameters of graphite and grapheme
Carbon p, g/sm? Tm, K R(1)a=Lnma, NM R(1)c=Lnme, NM Ya, MJ/m? Yo, MJ/m?
Graphite 2,26 3970 0,90 (3) 2,46 (3) 2779 591
Graphene 2,26 4510 0,246 (1) - 3157 -
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Figure 7. Schematic representation of the surface layer (a), periodic change
atomic volume of elements (b).

Graphite [38] is a thermodynamically stable allo-
tropic modification of carbon - an element of the 4th
group of the main subgroup of the 2nd period of the
periodic system, serial number 6, atomic mass of a nat-
ural mixture of isotopes 12.0107 g/mol. The theoretical
density of 2.26 g/cm3 is achieved only in natural graph-
ite. The thickness of the surface layer and the length of
graphite nanocracks in the longitudinal direction is
R(1)a = Lama = 0.90 nm, and in the perpendicular direc-
tion R(1)¢ = Lame = 2.46 nm, which is a nanostructure
according to Gleiter [39]. The number of graphite mon-
olayers is n = R(l)/a = 3, which makes it easy to obtain

)

Cs
G

Molar volume, sm®> mol

V][RR LA L) ] |

b)

graphene from it, even mechanically [2]. Graphene is a
two-dimensional allotropic modification of carbon,
formed by a layer of carbon atoms one atom thick (R(I)
=a = 0.246 nm - lattice constant), which are in a state
of sp2 hybridization [2]. Carbon atoms in graphene lay-
ers are in a three-coordinated state, i.e. each of them
forms covalent bonds with three neighbors. As a result,
a network of hexagons is formed, the vertices of which
are carbon atoms, carbon-carbon bonds form the corre-
sponding sides. The melting point of graphene is Ty =
4510 K [40]. In the surface layer R(l), relaxation or re-
construction [32] of atomic monolayers occurs (Fig. 8).
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Figure 8. — Transformation of the crystal surface

Size effects in the R(1) layer are determined by the
entire collective of atoms in the system (collective pro-
cesses). Such “quasi-classical” size effects are ob-
served only in nanoparticles and nanostructures [41].
Experimentally, R(l) can be observed on very pure sin-
gle crystals in high vacuum with grazing incidence of
X-ray radiation, when the angle of incidence is equal to
or less than the critical angle of total internal reflection
[32]. When the angle of incidence becomes less than
the critical one, the refracted wave decays exponen-
tially in the volume at a characteristic depth of the order
of several nanometers (for example, for silicon this
depth is R(I) = 3.2 nm, and for gold R(I) = 1.2 nm) [
32].

To separate the R(I) layer from the rest of the crys-
tal, it is necessary to expend energy, which is called ad-
hesion energy [42]:
W, =71 +72 Y12 ®Y1+7, =13y, (5

where y12 is the surface energy at the phase inter-
face, which is negligible due to a second-order phase
transition.

Internal voltages cis between phases y1 and y, can
be calculated using the formula [42]:

Gis :‘VWa A/R(I)!

where E is Young's modulus of elasticity.
Using equations (5) — (6), we calculate the elastic
parameters for graphite and graphene.

(6)
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Table 2.
Elastic parameters of graphite and grapheme
Carbon Wa, J/m? Wo, J/m? Gisay GPa Gise, GPa E., GPa E., GPa
Graphite 3,613 1,323 5,74 1,37 7,59 3,48
Graphene 4,100 - 130,4 - 1020 -

Large internal stresses cis between the graphene
plane and the air gap lead to warping of the graphene
surface, which was discovered experimentally and the-
oretically in [43, 44]. According to the authors of [17,
19, 45], a SW defect can be considered as a dislocation
dipole (DD), in which two edge dislocations with op-
posite signs (see Fig. 1) of the Burgers vector are
shifted by one lattice period. As a rule, the presence of
DD leads to warping of graphene [43, 44].

For SW dislocations to move in graphene, they
need to overcome a potential barrier. Today, there are
several mechanisms of dislocation braking, which can
be divided into two groups. The first group discusses
the inhibition of dislocations due to the presence of po-
tential barriers in crystals caused by various structural
defects, including the Peierls—Nabarro barrier. The sec-
ond group discusses the inhibition of dislocations due
to the presence of dynamic interaction in crystals. This
includes interaction with electrons, phonons, excitons,
magnons and other elementary excitations of the crystal
lattice. The role of the latter excitations is insignificant
for most crystals, but the interaction with phonons is

most significant. The Peierls—Nabarro barrier always
exists, since it is equal to the force of interatomic inter-
action in solids [46, 47]. In contrast to the Frenkel—
Kontorova model [48], as well as works [49, 50] and
others, we will propose a model that can be used to es-
timate the barrier F(I)p.n and o(l)p-n Peierls — Nabarro
stress [51]:

F(1)oy =7-R()/N=7-3,
ooy = F(1)p_y /S=7/a=E (1),

where n is the number of layers in layer R(l); a is
the lattice constant; S — barrier area (a%), o(1)p-n, — Pei-
erls—Nabarro stress; E — Young’s modulus; € represents
the relative elongation of the lattice parameter in the di-
rection of the external force F.

Relation (7) shows that the Peierls—Nabarro bar-
rier in the R(I) layer is completely determined by ex-
perimentally determined values and is presented in Ta-
ble. 3. You can add the term sin(2znz/a) to equation (7)
and show the relief of the Peierls—Nabarro barrier [49-
50] (see Fig. 4d).

U]

Table 3.
Barrier F(I) and o(I) Peierls — Nabarro stress of graphite and grapheme
Carbon Structure F(1)ap-n, 10° N F()e-n, 10°N o(1)apr-n, MPa o(1)ep-n, MPa
Graphite P6s/mmc 0,23 0,13 3783 294
Graphene hexagon. 0,26 - 4268 -

From the table Figure 3 shows that the barrier
value F(I) and the Peierls—Nabarro stress o(l) for graph-
ite and graphene in the longitudinal plane do not differ
much, since the thickness of the surface layer is three
graphene monolayers. It follows from this that the SW
defect is an edge dislocation in graphene that is capable
of moving (Fig. 5). More precisely, a SW defect can be
considered as a dislocation dipole (DD), in which two
edge dislocations with opposite signs (see Fig. 1) of the
Burgers vector are shifted by one lattice period [45].
The second conclusion that follows from table. 2 and 3,
is that the SW defect does not arise during the rapid
cooling of graphene or when it is irradiated with elec-
trons, but due to the formation of a surface and the ap-
pearance of internal stresses in it. The length of the edge
dislocation (nanocrack) of graphene is Loma = 0.246 nm
[52], which after its relaxation becomes equal to L,ma =
24.6 nm [53]. Let's look at the table. 2 and consider the
question: can internal stresses cis in the R(I) layer be-
come sources of dislocations? Let us consider the
Frank-Reed model for graphene, set out in [54]. Ac-
cording to this model, a dislocation behaves like an
elastic thread and bends due to internal stresses t =

Gb/L, where G is the shear modulus; b — Burgers vec-
tor; L — dislocation length. For graphene G = E/1+v =
1457 GPa [44], b = 0.24 nm [45], Lama = 0.246 nm [53].
As a result, T = 1421 GPa instead of ois = 130.4 GPa
from Table. 2, i.e. T > ois and this means that the Frank-
Reed model can be a source of dislocations for gra-
phene. The dislocation density is pnm = (Lama b)* [55]
and for graphene pnm = 4.2 10 cm. At such a dislo-
cation density, it turns into a nanocrack [19, 56, 57].

Let us now consider the speed of movement of the
nanocrack. The maximum crack propagation speed ac-
cording to Griffiths theory is [58]:

Ve =BV, - @—v, /W,)"? ®)
and is about 1/3 of the speed of sound V in the
material.

After Griffiths, a significant number of works
were published in which various models of crack de-
velopment were analyzed, but we make a choice in
work [59], where it became possible to calculate the
maximum crack propagation speed Vmax in solid ma-
terials for which the main mechanical characteristics
are known (E — Young's modulus, v - Poisson's ratio, p
- material density):
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Using the values from table. 1 and 2, we calculate
Vmax for graphene: Vimax = 10* m/s. The calculated speed
of sound in graphene was 50334 m/s, which is much
higher than the experimental values for graphite (1470
m/s), diamond (12000 - 18350 m/s), single-walled car-
bon nanotubes (31470 m/s) and graphene (13600 -
21300 m/s) [60-63]. The average value of 1/3 of the
speed of sound in graphene is 1.2 10* m/s (from exper-
iment), which almost coincides with the Vmax value
we calculated using formula (9). This means that the
Griffiths formula for the maximum speed of crack
propagation is also valid. However, calculating this
speed using formula (8) is much more difficult (B, y,
W) than using formula (9) - (E, p).

Let us summarize the above and imagine the SW
defect from the standpoint of: birth — migration — an-
nihilation — destruction of a graphene sheet.

Birth (creation) of SW — dislocations (hanocracks) in
graphene

SW — dislocation in graphene occurs due to the

formation of a surface and the appearance of internal

stresses in it. The length of the edge dislocation (nanoc-

rack) of graphene is ana =0. 246 nm [52] WhICh after
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its relaxation becomes equal to Lyma = 24.6 nm [53]. It
was shown above that the Frank-Reed model can be a
source of dislocations for graphene. The birth of a dis-
location dipole in graphene is taken from [57] and
shown in Fig. 9, however, the interpretation of the re-
sults in this work is different from that proposed by us.
This dislocation (nanocrack) has an autowave charac-
ter, shown in Fig. 4d and here's why? In open systems
of inanimate nature, which constantly receive negative
entropy and matter from the external environment, sta-
tionary nonequilibrium states with a high degree of or-
der can arise [64, 65]. The processes in which self-or-
ganization phenomena occur include autowave pro-
cesses (AWP) [66-70]. AWP is usually understood as a
self-sustaining wave process (including stationary
structures) in an active nonlinear medium, which main-
tains its characteristics constant due to an energy source
distributed in the medium [71-73].

These characteristics - period, wavelength (or
pulse), propagation speed, amplitude and shape - in a
steady state depend only on the local properties of the
medium and do not depend on the initial ones, but ra-
ther far from the boundaries of the medium and from
the boundary condltlons

Figure 9. Birth of a dislocation dlpole in graphene. The top panels show the orlglnal AC HRTEM images with
low-pass Fourier filtering applied, while the bottom panels show frames with maximum filtering applied for
better visibility. In panel a, two atoms have been removed, forming a divacancy. In each subsequent panel b—e,
two more atoms were removed and the defect underwent significant reorganization. In panel e, after ten missing
atoms, the defect structure has reorganized into a dislocation dipole with two edge dislocations at its ends
pointing away from each other. The scale bar is 1 nm [57].

Migration of SW — dislocations (hanocracks) in gra-
phene

We showed above that the maximum speed of
movement (migration) of a dislocation (nanocrack) for
graphene is Vmax = 104 m/s. The brake on the move-
ment of dislocations in pure graphene can be the Pei-
erls—Nabarro barrier and internal friction. The Peierls—
Nabarro barrier is significantly less than the energy of
motion of the dislocation F(I)ap-n L << m VZpa/2.

A measure of internal friction is the inverse quality
factor Q%, which is equal according to Debye [74]:

2nft
Q t= 2 mlax—z’
1+ (2=nfr)

where f is the vibration frequency of the sample, t
is the relaxation time.

The maximum value of internal friction is
achieved at 2zft = 1. The relaxation time t can be de-
termined for the layer R(l), knowing the speed of sound
in graphene - 1 = R(I)/v: T = 0.246 10%/13600 = 1.8
10%s, f=0.3 1014 = 30 10*2 Hz = 30 THz. This means
that a terahertz oscillation (radiation) is observed for
the R(I) layer in graphene (Fig. 10) [75]. In graphene,

(10)
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the maximum frequency f of low-amplitude phonon vi-
brations is 46 THz [76, 77], which is in good agreement

with our value. This means that the brake on the move-
ment of SW dislocations is terahertz vibrations or plas-
mons in graphene.

THz “dip”
radio frecuency millimeter visible X-ray
microwave IR uv
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Figure 10. Spectrum of electromagnetic waves and terahertz “dip”.

In recent years, a number of both theoretical [78—
80] and experimental [81-83] works have appeared de-
voted to the study of plasmons in graphene. The use of
graphene plasmons makes it possible to obtain signifi-
cantly stronger nonlinear effects in the THz frequency
range compared to THz photons. This occurs due to the
fact that the group velocity of plasmons in graphene is
two to three orders of magnitude lower than the speed
of light in vacuum and the plasmon field is highly lo-
calized near the graphene layer. This, in turn, leads to
significant inhibition of the movement of dislocations.

Annihilation of SW — dislocations (nanocracks) in
graphene
The dynamics of SW dislocations and their anni-
hilation were carried out in a number of works [84-86].
These works described the annihilation of a pair of dis-
locations using a combined DFT and MD method. We

A dislocation pair structure

Annlhllatlon of dlslocatlons

will take the most recent work on the motion of dislo-
cations and their annihilation [45, 87-89]. In [87], the
time evolution of a pair of dislocations in graphene is
studied by performing molecular dynamics simulations
on a subnanosecond scale based on the tight coupling
density functional method. The simulation shows self-
healing of the graphene lattice, leading to complete an-
nihilation of dislocations, that is, to the formation of the
pristine graphene structure. Unusual local bond states
arise mainly due to the geometric features of the out-of-
plane deformation of dislocation structures. Dislocation
annihilation was studied by DFTB/MD simulation of
graphene containing dislocations on a subnanosecond
scale. To approximate the local heating caused by elec-
tron beam irradiation and induce structural changes
within the available simulation time, the system tem-
perature was between 3000 and 3500 K. In Fig. 11 com-
pares DFTB results with DFT results for paired dislo-
cation structures.

Wiberg bond index map
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Figure 11. Comparison of DFTB results (left) with DFT results (right) [87].

It was shown in [88] that an arm length of 9.3 A is
close to the equilibrium value at which dislocation an-
nihilation is not observed, and annihilation occurs at an
arm length 1 >11.5 A. It was established in [89] that an-
nihilation is possible for dislocation dipoles with arm
length 1 >16 A. Annihilation can easily occur at high
temperatures.

Let us turn to the data obtained within the frame-
work of our model. The increase in dislocation density
during deformation is caused by the intersection of
newly generated and existing dislocations. The average

path length of dislocations L with the Burgers vector b
and their density p depend on the degree of deformation
e as [90]:
€nm = Pom D Ly (11)
For graphene pnm = 4.2 10®¥ m2 b =0.24 10° m
Lnma = 0.246 10° m, then it turns out that enm = 0.248.
In [45], at T = 300 K for dislocations in graphene with
a dipole arm 1 = 15 A, the value sr = 0.24 was obtained.
This result was obtained by the MD method and differs
slightly from our value of em. The internal stresses can
be estimated in the form [90]:
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c=N-G-b-p"? (12)

where C; is a constant of the order of 0.2 and G is
the shear modulus.

For graphene pnm = 4.2 108 m2 b = 0.24 10° m,
Ci1 = 0.2, G = 1457 10° Pa, then it turns out that ¢ =
139.8 GPa, instead of o = 130.4 GPa (Table 2). The
given examples show the consistency of our model.

Let us now estimate the dipole arm in our model
for graphene. Annihilation of edge dislocations of op-
posite signs in the same slip plane can occur even at low
temperatures, reducing the dislocation density (Fig.
11). The distance between edge dislocations of opposite
signs is equal to I, = 1/p*?, where p is the dislocation
density, which is related to the dislocation shoulder by
the expression:

l=o-1 =al/p'?~3/p"?, (13)

where a = 3, taken from our work [53], where a =
voly1 = 3.

For graphene p = 4.2 10*® m and according to our
model 1 = 14.6 A. Annihilation of edge dislocations of
opposite signs occurs according to the data of [88, 89]
with a dipole shoulder in the range | > 11.5 — 16 A,
which agrees well with our data.

Lo = Ly =107 L, »L=10°-L,,, =0,17-10°-M/p..

Tables 1-3 show all graphene parameters for cal-
culating force, deformation and energy failure criteria.

Conclusions

The topological Stone—Wales defect we consid-
ered is the most important defect in graphene, to which
a large number of theoretical and experimental works
are devoted and which continue to this day. In this
study, we also proposed our own model of a SW defect
from the standpoint of: birth — migration — annihila-
tion — destruction of a graphene sheet. In the future,
we plan to experimentally test some of the results of the
proposed model.

This scientific article was published as part of
grant funding for 2024-2026, IRN No. AR32488258
“Development of innovative technology for producing
graphene by intercalating graphite with microcluster
water and modifying HTSC ceramics with graphene”
(the research is funded by the Science Committee of the
Ministry of Science and Higher Education of the Re-
public of Kazakhstan).
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Abstract

Our research established that during the study of 254 sheep, 142 were affected by parasitosis (EI was
55.91%), and 112 were free from parasitosis, which was 44.09%. According to the morphological characteristics
of eggs isolated from the feces of sick animals, eggs of the order Strongylida, Trichurida, Rhabditida, as well as
oocysts of protozoa belonging to the order Sossidiida were found. It was recorded that most often (36.62%) the
causative agents of strongyloidosis of the alimentary canal were registered, to a somewhat lesser extent - the
causative agents of trichurosis (26.76%), and the least affected by Strongyloides (17.61%) and oocysts of protozoa
(19.01%).

Ovoscopic studies showed that parasitosis of the alimentary canal of sheep in farm conditions occurred both
as part of mixed invasions (81.69%) and as monoinvasions (18.31%). In sheep, the associated course of parasitosis
of the digestive tract was most often recorded. Thus, two- and three-component mixed infections were observed in
76.09 and 21.74%, respectively. To a lesser extent (2.17%) combinations of parasitosis with four types of parasites
were recorded.

Anomauin

Hawumu docniosicennsmu écmanosneno, wo npu 00ciioxncenni 254 2onieé oseyv napasumosamu 6yno ypa-
arceno 142 2onoeu (EI cxnana 55,91 %), a sinvrux 6i0 napazumo3sis 6yno 112 2onis, wo cmanosuno 44,09 %. 3a
Moponociunumu 03HaKamu se€yb 6UOLIeHUX 13 hexanitl xeopux meapun, oynu euseieHi auys psaoy Strongylida,
Trichurida, Rhabditida, a maxosc ooyucmu natinpocmiwux, sxi sionocunucs 0o psoy Coccidiida. 3apeccmpo-
6ano, wo Hauuacmiwe (36,62 %) peecmpysanu 30yOHUKI6 CMPOHIINIO03I68 MPAGHO2O KAHANLY, O€uj0 MEHULOH
Mipoio — 30yOnuKie mpuxypo3sy (26,76 %), a navimenuioro giomivanu ypasicenicmos cmponeinoioecamu (17,61 %)
ma ooyucmamu Havunpocmiwux (19,01 %).

080cKoniuHi 00CIONHCEHHA NOKA3AAU, WO NAPA3UMO3U MPABHO20 KAHATLY 08eYb 8 YMOBAX 20CN00apCmed ne-
pebicanu ax y cknadi mikcmineasiti (81,69 %) max i y euenadi monoingasii (18,31 %). V oseyv naiiuacmiwe
peecmpyeanu acoyiniosanuti nepebie napaszumosie mpasrnozo mpaxkmy. Tax, 080- i MPUKOMNOHEHMHI MIKCMIHBA3IT
cnocmepizanu 'y 76,09 ma 21,74 % 6ionogiono. Menwioro mipoio (2,17 %) peccmpysanu kombinayii napazumo3sie

3 Yyomupma eu0amu napasumis.

Keywords: sheep, Strongyloides, strongylids, Trichuris, Eimeria oocysts, extensiveness of invasion, ,

monoinvasion, polyinvasion.

Kniouosi cnosa: sisyi, cmponeinoioecu, cmpoueiniou, mpuxypucu, 00yucmu emepit, eKCmeHCUgHiCmy iH-

8a3ii, , MOHOIHBA3IA, NONIIHEA3IA.

AKTyaabpHicTh TeMH. BiB4apcTBO 5K Taxy3b TBa-
PUHHHULTBA 3aliMalOTh Ba)KJIMBE Miclle B HapOJHOMY
rOCIo/IapCcTBi KpaiHu. MOJIOKO Ta M’SICO Bijl OBELb €
JOJATKOBUM JDKEPEJIOM IIPOJOBOJBCTBA. Benmke
HapOJIHOTOCIO/IapChKe 3HAYECHHS Mae€ BOBHA, IIyX,
HIKYpH OBelb. J{pyropsiiHa mpoayKilisi BIBYUapCTBa Mae
3aCTOCYBaHHs. 3 POTriB BUPOOJSIOTH IpeOiHKK 1 iHII
BUPOOH, 3 PaTHILb BapsTh KJIEH, KUIIKH BUKOPHUCTOBY-
FOTBCsI B KOBOacHOMY BupoOHHUITEI [1, 2, 3].

[Mopsi 3 NO3UTUBHUMHU MOMEHTaMHU y BEJICHI BiB-
4apcTBa, MOSBUIINCH i HETaTHBHI — 3aXBOPIOBAHHS He-
3apa3Hoi, iIHPeKIiiHHoI i mapa3uTapHoi eTioxorii. Ocob-
JIUBOI yBard 3aciIyroBylOTh IapasuTapHi XBOpoOW
OBCIIb, YaCTHHA i3 SIKAX MAalOTh IPUXOBaHHUU Tepeoir,
Taki K HEMaTOJI03H TPaBHOTO KaHay [4, 5].

B unciienHuX myOTiKamisx MpUBOAIATHCS JaHi PO
BUAOBUI CKiTa] 30yJHHKIB HEMAaroI03iB B OpraHax
TPaBHOTO KaHally OBelb K B YKpaiHi, TaKk 1 pi3HHX

KpaiHax CBITy 1 TIpeAacTaBleHHH 30yIHUKAMHU
CTPOHTUIATO3IB, TPUXYPO3y, CTPOHTLNOINO3Y 1 Karsi-
nspiosy [6].

B.C. I1llexoBHOB MpOBOISYH JOCTIIKCHHS B
XapkiBcbkiit, KipoBorpaacekiii, [TontaBebkiii, Xepco-
HCBKiH, XMeNbHUIBKIH, JIbBIBCHKil 00/1aCcTIX i1eHTH-
¢ixysas 12 BuaiB Hemaroy crpoHrir [7]. O.0. boiiko
[8] moBimomutsie, mo Ha Tepurtopii JHIMPONeTPOBCHKOT
o6JacTi BCTaHOBIJICHO 30yJHUKN CTPOHTI 3 POJUHU
Trichostrongylidae: Nematodirus sp. Ta Haemonchus
contortus, cepen AKWX AoMmiHyBaB Bua H. contortus.
0O.A. Brnacenko, B.B. Ctubens [9] moBiZOMISIOTE, 10

y CyMchpKill 0o0nacTi 3rilHO Mapa3UTOJOTiYHOTO I0-
CITiPKEHHS OBEIlb BUSABJIICHO 30YIHUKIB CTPOHTLIIIIO31B
TpaBHOTO KaHaiy 7 pomiB, a came: Trichostrongylus,
Nematodirus, Ostertagia, Chabertia,
Oesophagostomum, Bunostomum.

B.O. €scrad’eBa, A.O I'pumxo, O.B. IlepeOuii-
Hic [ 10] moBinomisitoTh, 1o y [TonraBekkiit obnacri 3a-
pEECTPOBAaHO  HasBHICTH  Hemarox  Nematodirus
spathiger.

TakuM YMHOM MOYKHa 3pOOMTH BUCHOBOK, 1110 TIPH
aHawi3i JITepaTypHUX JDKEpPEeNl OCHOBOK IIPOTHO-
3yBaHHS HEOIAromoiayddsi OBeNb II0JI0 XBOpoO mapa-
3UTapHOI €TiONOTIi € JOCIIKEHHS Ta BUBYSHHS BHJIO-
BOT'O CKJIaJly TeIbMIHTIB.

Mera pocaimkennsi. MeToro poOoTH Oyio BHB-
YHUTH TIOIIMPEHHS Ta BUJOBUH CKJIa]] Hapa3uTO3iB TPaB-
HOT'O KaHajly OBEIlb B YMOBaX HayKOBO-BUPOOHHYOIO
uentpy (HBII) BimonepkiBChKOro HaIliOHAJIBHOTO ar-
papHoro yaiBepcutety (BHAY).

Matepian i wmeronm gociaigxenHs. [lo-
CITI/PKEHHS MPoBOIWIN Ha TpoTa3i 2023 poky Ha 6azi
HayKoBoI aboparopii kadenpu napasutosnorii ta dap-
maxkozorii BHAY, a Takox B ymoBax HBI[ BHAY. 3
LI€I0 METOI TPOBOMWIM BinOip mnpod dekaiit
IHIUBITyaTbHO 3 TPSAMOI KHIIKM TBapUH B PaHKOBHI
yac. JlociiJDkeHHS TPOBOAMIIN O/IMH pa3 Ha KBapTall Ha
BIBIISIX BIKOM BiJl 6 MiCAIiB 0 4 POKiB, CHOHTAHHO iH-
Ba30BaHUX Mapa3WTO3aMH TPABHOrO KaHaiy. Bcwboro
Oyno gociimkero 254 npobu dexaniii BiJ OBEIIb.
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OCHOBHHM KPHTEPIEM 3apaskeHOCTi OyJIM eKCTECH-
CUBHICTh Ta iHTeHCHBHICTD iHBa3il (EI, %; Ta II, kinb-
KicTb sienp y 1 T pexaniit, SAI'®D). Busnauenns BugoBoi
HAaJISKHOCTI SI€Ib TEJIbMIHTIB MPOBOAMIIN 32 aTilacaMu
mudepenmiinoi niarnoctuku B.B. MenbHuuyka [11],
B.®. I'anara Ta in. [12], O.®. Mamxoca Ta iH. [13].

lenpminTOOBOCKOMIIO — mpoO  dekamiit  mmo-
CJIIJPKYBAJIM 3 BUKOPUCTAHHAM JIYMIIBHOT KaMepH st
OBOCKOMIYHUX AociimpkeHs [14]. ExcnepumenTamsHa
YacTHHA POOOTH TMPOBOIWIACH 3 YPaxyBaHHIM ,,3a-
TaIFHUX €THYHHUX NPUHIHNIIB eKCIEPUMCEHTIB Ha TBa-
puHax”, cxBaJeHHMX Ha HamioHampHOMY KOHTpeci 3
Oioetmku [15] i3 HOTPUMAHHAM MDKXHAPOIHUX BHUMOT
€Bporneiicbkol KoHBeHIIT ,,[Ipo 3axuct xpedbeTHux TBa-
PHH, 1[0 BUKOPUCTOBYIOTHCS ISl TOCIITHUX Ta 1HIITHX
HayKOBUX ITieii” [16].

Pe3yabraTn mociaimkeHHsl. Y pe3ynbTari OBO-
CKOITIYHUX JIOCHTIPKEHb HAaMU BCTaHOBJICHO 3Ha4YHE
PO3IOBCIOKEHHS [Tapa3uTo3iB TpaBHOTO KaHay. Tak,

3 254 00CTeXEeHHUX TOJIB OBEIb Iapa3uTo3aMu Oyio
BpaxkeHo 142 ronoBu. EKCTEHCHBHICTD iHBa3ii cTaHO-
Buia 55,91 %. TBapuH BiNbHUX Bix mapasutosiB 112
roJiiB, 1m0 cranoBuiIo 44,09 %.

3a MOp(}OJIOriYHUMH O3HAKaMH SIELb TA OOLKCT
BUIIJICHUX 13 (peKaltiii XBOPUX TBApPHH, OyJIM BHUSBICHI
AL CTPOHT 1 THOTO TUILY, TPUXYPHCIB,
CTPOHTLIOI/IECiB, @ TAaKOX OOLMCTH HalnpocTimux. Ta-
KM YHHOM, Y OBELlb HAMH OYJIO BCTAaHOBJICHO Iapasu-
TYBaHHS HEMaTOJ, SIKi BIIHOCATHCS IO TPHOX DPAMIIB, a
came: Strongylida, Trichurida, Rhabditida ta oomuctu
HaWTIPOCTIMHX, sKi BimHOCATRCS 10 psiny Coccidiida.

Hamu 3apeectpoBano, mo Haifgacrimre (36,62 %)
y OBeLb TIOCIOAAPCTBA PEECTPYBaJIM 30YAHUKIB
CTPOHTUIATO31B TPABHOTO KaHany (Tabi. 1), nemo MeH-
100 Miporo — 30ymHUKa TpUXypo3y (26,76 %) i Haii-
MEHIIO — cTpoHTinoinosy (17,61 %) ta ypaxeHicTh
oonucramu Harmnpocrimux (19,01 %).

Taommms 1
IlomupeHHsi Napa3uTO3iB TPABHOI0 KaHAJY OBellb Y rOCNOAAPCTBI
KimpkicTh 00- L L B TOMY YHCIT
Kinekicts KinbkicTs ypaskeHux
CTE)XCHUX TBa- . . . ]
- BUTBHUX BiJ Mapa- | Tapa3uTaMu TBapyH, Stron- Trichu- Rhab- Cocci-
]:l)“OJ'I’ 3WTIB TBAPHUH, TOJI TOJ gylida rida ditida diida
254 112 142 52 38 25 27
100 44,09 55,91 36,62 26,76 17,61 19,01

['eTbMiHTOOBOCKOIIYHI JOCTIKSHHS IIOKa3aJIH, [0 apa3sUTO3H TPABHOTO KaHAy OBEIb B YMOBAaX rOCIIO-
JlapcTBa nepebdirany sik y ckiani Mikeringasii 116 romnis (81,69 %), tak i y Burisiai MoHoiHBasii 26 rouis (18,31

%) (Tadi. 2).

Tabmuug 2

Ilapa3uTo3u TPaBHOI0 KaHAJY Y CKJIajJi MOHOiHBa3ii Ta MikcTiHBa3il

Acomniaris KisnpkicTh ypaxxeHHX B mporenTrax 10 ypaxeHUX
napasmriB TBapUH, TOJIiB TBapuH
MoHoiHBa3is 26 81,69
MikcTinBasis 116 18,31
Berporo 142 100

Hammmu mocoti ke HHSAME TOBECHO, IO cepell MOHOIHBA3il B yMOBaX rOCIIOJapCTBa BiBIIi OUIHIIIO0 MipOIO
ypakeHi 30yJHMKaMH CTPOHTiNiI03iB TpaBHOTOo KaHamy — 50,00 % (tabm. 3). MeHmo Miporo y OBelb
peecTpyBalli CTPOHT1I01103 (26,76 %), a HaliMeHmIe Oyiu ypakeHi BiBli Tpuxypucamu (15,38 %) Ta oonmcramu

eitmepiii (7,69 %).

Taomuus 3
Ilapa3uTo3u TPaBHOI0 KAHAJY Y CKJIaai MOHOIHBa3ii
Buau KisnbkicTh ypaxxeHHx B npornienTax no
apasuTiB TBAp¥H, TOJIB YpaXEHHUX TBAPUH
Crponrimsitu (S) 13 50,00
Tpuxypucu (T) 4 15,38
Crponrinoinecu (R) 7 26,92
Eiitmepii (C) 2 7,69
Bcporo ypaxeHo TBapuH, TOJB 26 100

Cuiz 3BepHYTH yBary Ha TOH (akT, III0 Y OBEIlb HalfyacTile peecTpyBai acolliiioBaHMi mepedir mapa3uTosin
TpaBHOTO TPakTy (Tabi. 4). Takum YMHOM ABOKOMITOHEHTHY MIKCTiHBa3ito crioctepirany y 84 tBapus (76,09 ta
21,74 % BignoBimHo. Menmoro mipoto (2,17 %) y rocmogapcTBi peecTpyBain KOMOIHAIIT Tapa3uTo3iB 3 YOTHPMA
BUJIaMH NIapa3HTiB.



International independent scientific journal Ne58/2024 57
Tao6muus 4
IMomupeHHs: MAapa3uTOo3iB TPABHOT0 KAHAJY OBellb Y CKJIai MikcTiHBa3iii
Acomiamii YpaxkeHo TBapHH, v
apasuTiB TOJIiB MPOLIEHTaX
JIBOKOMIIOHEHTHI 84 72,41
TpuKOMIIOHEHTHI 24 20,69
YOoTHPUKOMITOHECHTHI 8 6,90
Bceworo 116 100

Bcroro HamMm Hamu 3adikcoBaHO 9  pi3HHX
KOMOiHaIiif 30yTHHUKIB MapasuTiB. I3 TBOKOMIIOHEHT-
HUX acolliaIliifi HaMu 3apeecTpOBaHO 5 pPI3HOBUIB
KOMOIHAIi. 3aramoM, i3 BUAUICHHX YOTHPHO3 BUJIIB
30yIHUKIB MIKCTiHBa3ilf B yMOBax BiBIIETOCIIOAapCTBA
30yIHUKIB iHBa3iifHUX 3aXBOPIOBaHb (84 BHIIAIKH Bif
3araybHOi KUTPKOCTI XBOPHX HAa MIKCTiHBa3ii OBEIIb).
Haii0inpin mommpeHoo BUSABWIIACSA acoIlialis mapa-
3UTIB, sIKa MpeICTaBiIeHa 30yAHUKAMHU CTPOHTLIAT Ta
TpUXypHCiB, 10 cknano 51,55 % Bix 3araibHOi Kilb-
KOCTI XBOpHX Ha JIBOKOMIIOHEHTHY acouiaito) (puc. 1,
puc. 2).

Acoiariii nmapa3uTiB, KOMIIOHCHTAMH SIKHUX OYJIH:
CTPOHTLUTI Y i cTpoHTinoinecu (5,95 %); cTpoHrimi U i
eiimepii (10,71 :’/o).“(pnc. 3); 1/;;:1/1 i

Puc. 1 — 3osniwumnii euéﬂ(): 1 — seyb cmponeinio, 2 — aecyb mpuxypucie

ctponrinoinecu (3,57 %); Tpuxypucu i eimepii (7,14
%) (puc. 4), a TakOX CTpOHTLIOINeCH U eiimepii (1,20
%).

TpUKOMIIOHEHTHI acoriamii Mapa3uTiB
peecTpyBad y MEHIIIH Mipi (24 BUIMagKy Bix 3araib-
HOI KiJIbKOCTI XBOPUX Ha MiKCTiHBa3ii TBapuH. 3adik-
coBaHO 4 pi3HOBUAM KOMOiHamii 30yxHuKiB. Ciig ak-
LEHTYBaTH, 110 HAHOIIBIINI MPOICHT YpaKeHUX TBa-
puH OyB KoMOiHati1
cTpoHTLTi Iu-+CcTpoHTioinecu+eimepii (puc. 5) (12,50
%).

MapasuTiB

YOTUPUKOMIIOHEHTHY  acolliamilo

(cTpOHTUII N, TPUXYPHUCH, CTPOHTIIOIAECH Ta OOLUCTH
eiiMepiil) peectpyBann y oxaHiei TBapuHH (puc. 6) i
cknagano 2,17 %.

awy e 4 \1,,.
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=

Puc. 2 — 3osniwmnin suenad: 1 —aeyb cmponeinio, 2 — acyb mpuxypucie.

Puc. 3 — 3oeniwmnin euensio: 1 — scyb cmponeinio, 2 — ooyucm HaunpoCmiuiux.

Puc. 4 — 3osniwnin suenso: 1 — seyb mpuxypucie, 2 — ooyucm HAUNPOCMiuiux
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2
1
3
Puc. 5 — 3osniwmnii suenao: 1 — aeysb cmponeinio,
2 — seyb cmpoHneinioecis, 3 — ooyucm HaunpoOCMiuiux
2
3
1
4
Puc. 6 — 3osniwmnin suensno: 1 — seyb cmponeinio, 2 — sicyb mpuxypucie,
3 — sieyb cmponeinioecie, 4 — ooyucm HaunpoCMiuiux
Omxe, 13 OTPUMAHKUX JTaHUX BUJIHO, IO Mapasu- 3a  pe3yibTaTamu MPOBEACHUX KOIIPO-

TO3M TPaBHOTO  KaHaly OBelb  (CTPOHTLIIIH,
CTPOHTLIOIIECH, TPUXYPHUCH Ta eiiMepii) nepediraioTh
SIK Y CKJIAZIl MOHO Ta MIKCTiHBa3ii.

OOroBopeHHsi  OTPUMAaHHMX  Pe3yJbTATIB.
CrorozHi BiB4apcTBO HaOyBa€ BaroMoro COIiaibHO-
€KOHOMIYHOTO 3HaueHHs. Lle yHiBepcaibHa ramy3s, sika
Jlae 0apaHUHY, CyOIIPOIYKTH, MOJIOKO 1 BOBHY, 3aiiMae
TPET€e MiCLie y CBITi 32 CTATUCTHMYHHMH NOKA3HUKAMU
[4, 6].

OpHi€l0 3 NPUYUH, SIKI B MEBHIH Mipi CTPUMYIOTbH
PO3BHTOK Taiy3i BiB4apcTBa, € iHBa3iiHi xBopoou. J{o-
CIIHMKM y CBOIX IpalsiX BKa3ylOTb Ha IIHUPOKE
PO3MOBCIO/DKCHHS Tapa3uTo3iB CEpel OBellb, Y TOMY
YuCIi W HEMaToJ03iB TPAaBHOIO KaHANy, L0 Y3rOA-
KYETbCS 3 OTPUMAHMMH HaMH JaHUMH. 3a Mopdo-
JIOTTYHUMHU O3HAKaMH S€llb, BUIUICHHUX 3 (exaiii XBo-
pHUX TBapHH, BCTAHOBIICHO Napa3UTyBaHHS HEMAaTOX
CTPOHTLIIJ], TPUXYPiJl, CTPOHTIJIOINECIB, a TAKOX Hal-
MPOCTIMIUX OHOTO.

OBOCKOITIYHHMX JTOCIIIKEHh HAMH BCTAHOBJIEHO, 1[0 T1a-
Pa3sUTO3M TPABHOTO KaHAITY OBEIb € MOUIMPEHUMH iH-
BazisiMHM y OBellb Ha Tepuropii rocrnogapcrsa. Heob-
XiTHO BigMITHTH, MO i3 254 MOCTIIKCHUX TBapHH,
napasuro3amu 0yno ypaxkero 142 ronosu (EI cknana
55,91 %). OBenp BinbHUX Bix mapasuTosiB Oymo 112
roJiiB, o cTaHoBuiIo 44,09 %.

OTprMaHi y pe3ysbTaTi NPOBEJAECHUX HAaMHU J0-
CIIIJDKEHb JIaHI TIEBHOK0 MIPOI0 Y3TOJDKYIOThCS 3 Jia-
HUMH HaYKOBIIIB, SIKi IIPOBOJIMIIM CBOT JJOCJIIIPKEHHS Ha
Tepuropii Hamioi aepxasu [1, 4, 7, 9].

Hamu BCTaHOBIICHO 1110 TAPAa3UTO3H TPABHOT'O Ka-
HaJly OBeIlb YacTO NepediraloTh K y CKIail MIKCTiH-
Bazii (81,69 %), Tak i y Burisai moHoinasii (18,31 %).

Hammmu nocnipkeHHSIMH JTIOBEAEHO, IO cepell
MOHOIHBa31il B yMOBax rocroJiapcTsa BiBIli OLIBIIOI0
MipOIo ypaskeHi 30y/IHUKaM1 CTPOHTLJIi1031B TPaBHOTO
kaHary — 50,00 %. MeHmow Mipow y OBelb
peecTpyBalid CTPOHTUI0iN03 (26,76 %), a HaliMeHIe
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Oynu ypaxkeHi BiBLi Tpuxypucamu (15,38 %) ta ooun-
ctamu evimepiit (7,69 %).

Cunig 3BepHYTH yBary Ha TOH (akT, 110 y OBElb
HalvacTillle peecTpyBaly acoliioBaHui epeodir mapa-
3MTO31B TPABHOTO TPAKTYy. TaK, 1BO- i TPUKOMITIOHEHTHI
MiKCTiHBa3ii cmoctepirau y 76,09 ta 21,74 %
BiAnoBigHo. MeHmoro Mipoto (2,17 %) y rocionapcTsi
peecTpyBaii KOMOIHAIIT Mapa3uTo3iB 3 YOTUPMa BH-
JTaMH TTapa3UTIiB.

I3 IBOKOMIIOHEHTHHUX acoIlialliif HaMH 3apeecTpo-
BaHO 5 Pi3HOBUIB KOMOiHaMiH. 3araiom, i3 BUALICHHX
YOTHUPHO3 BHIIB 30yTHUKIB MIKCTiHBa3ii B yMOBax
BiBIIErOCTIOHapCcTBa 30yMHUKIB iHBa3ifHMX 3aXBO-
proBaHb (84 BHUIIaIKU BiJ| 3arajibHOI KUIBKOCTI XBOPHX
Ha MiKcTiHBa3ii oBels). Hall0is1pI1 mOMmMpeHoo BUsBH-
Jlacst acoliialisi mapas3uTiB, siKa IpeJCcTaBiIeHa 30y IHH-
KaMH CTPOHTUIAT Ta TPUXYPHCIB, o ckiaio 51,55 %
Bijl 3arajJbHOI KiJIbKOCTI XBOPUX Ha JBOKOMIIOHEHTHY
acolriafio).

TpukoMIOHEHTHI acomiarii TapasuTiB
peecTpyBaiu y MeHIIIN Mipi (24 BHUITaIKH BiJl 3arajb-
HOI KiJTPKOCTI XBOPHX Ha MIKCTiHBa3il TBapuH. 3adik-
coBaHO 4 pi3HOBUAU KOMOiHami# 30yrHuKiB. Crix ak-
[IEHTYBAaTH, 110 HAHOUIBIINIT MIPOLIEHT ypaXEHUX TBa-
pUH OyB y KOMOiHaIi1
CTpoHTLUTi Au+CcTpoHTiIoinecu+eimepii (12,50 %). Ot-
pHMaHi B IOCIiIaX JaHi MalOTh BOXKJIMBE TEOPETHYHE I
MpaKkTHYHE 3HAYCHHS INPU IJIaHyBaHHI Ta NPOBEACHHI
3aX0/IiB 3 MPO(DUIAKTHKH Mapa3uTO3iB OBEIb.

BUCHOBKHM.

1. BcraHoBNEHO, 10 Ha TEPUTOPii roCIOAaPCTBA
BiBIII ypakeHi 30yTHUKaMH HEMAaTOA031B TPAaBHOTO Ka-
Hally, IO Hamexatb 1o 3 psxiB: Strongylida,
Rhabditida, Trichurida, a TakoX OOIMCTH HaMi-
MPOCTIlHX, sKi BiHOCHIHCs 10 psiny Coccidiida.

2. I3 254 nmocnmimkeHWX TBapWH, Mapa3HTO3aMH
O6yno ypaxeno 142 ronosu (EI ckmama 55,91 %), a
BUIBHUX BiJ mapa3utosiB 0yno 112 rouis (44,09 %).

3. [1apa3uTo3u TpaBHOIO KaHaIy OBELb 4acTo Iie-
pebiratoTs siK y ckiaji Mikcrinpasiii (81,69 %), Tak iy
BUrIIA1 MOoHOIHBa3IT (18,31 %).

4. Cepen MOHOIHBa3ili B yMOBax rocCHoapcTBa
BiBIli OUTBIIOFD MipOI0  ypakeHI 30yIHUKAMH
CTPOHTLITIJ031B TPABHOTO KaHATy — 36,62 %. Menmoro
MIpOIO Yy OBeIlb PEECTPYBAIIN TPUXYPHUCIB (26,76 %), a
HalilMEHIIE PEECTPyBaJM y OBEIb CTPOHTIIOIAECiB
(17,61 %) ta oouunctu eimepiit (19,01 %).

5.V oBemp HalluacTile peecTpyBali acoliiioBa-
HUH repedir napasuro3iB TpaBHOTo Tpakty. Tak, ABO- i
TPUKOMIIOHEHTHI MIiKCTIHBa3ii criocrepiranu y 76,09 ta
21,74 % BinnmoBigao. Menmor miporo (2,17 %) y roc-
MOJapCTBi peecTpyBaan KoMOiHamii mapa3uTosiB 3 4o-
THpPMa BUIaMH [TaPa3HTiB.
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