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MATHEMATICAL SCIENCES 
 

PHYSICAL REALITY OF IMAGINARY NUMBERS AND THEIR PHYSICAL ESSENCE1 

 

Antonov A. 

PhD, HonDSc, HProf.Sci 

Independent researcher, Kiev, Ukraine 

https://doi.org/10.5281/zenodo.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 Newton2 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 1i , 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 

                                                           
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. 

Mikusiński 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 significance3. 

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-

plained4. 

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. 
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where 0m is the rest mass of a moving physical body; 
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m is the relativistic mass of a moving physical body; 

0t  is the rest time of a moving physical body; 

t  is the relativistic time of a moving physical body; 

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

l is the relativistic length of a moving physical body; 

v  is the velocity of a moving physical body; 

c  is the speed of light; 

 

Fig. 1. Graphs of functions ( )m v , ( )t v and ( )l 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 postulate5, 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 at v 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 experiment6 conducted at the 

Large Hadron Collider in 2011), it was experimentally 

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 circuits7 [10]-[15], which 

allow us to answer this question conclusively using 

simple experiments8. 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)  

1 1

1 0 1 01 1
... ...

n n m m

n n m mn n m m

d y d y d x d x
a a a y b b b x

dt dt dt dt

 

  
      

   

(4)  

 

  

                                                           
5 Since it has never been proven theoretically or confirmed 

experimentally by anyone. 
6 Which was no longer needed 

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); 

1 0 1 0, ,... , , ,...n n m ma a a b b b  are the constant co-

efficients; 

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

tives. 

A solution to the equation (5) is known to equal 

the sum of two components 

( ) ( ) ( )forc freey t y t y t 

   

(5)  

where ( ) freey t  is the free component of response, 

corresponding to the transient process; 

( ) forcy t is 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)  
1

1 0... 0n n

n na p a p a

   

  

(6) 

where 1 0, ,...n na a a  are the constant coefficients 

same as in the equation (4); 

, 1, 2,...1,0n n n   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 1n   roots

 
or 2n   roots 

... or even no roots, depending on the value of coeffi-

cients. 1 0, ,...n na a a  And when using the second algo-

rithm to solve the same algebraic equations of power 

n , we would always receive n roots. Therefore, for 

some combinations of coefficients 1 0, ,...n na 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
2

2 1 0 0a p a p a    as follows  

2

2 1 0

0

y a p a p a

y

   



   

(7) 

Then its solution (see Fig. 2) would correspond to 

the intersection of the parabola 

2

2 1 0y a p a p a  
 
and the line 0y  , i.e. the 

abscissa axis p . 

As can be seen depending on the parabola posi-

tion relative to the axis p , which is determined by 

values of coefficients 2 1 0, ,a a a , the parabola 

2

2 1 0y a p a p a    can cut the axis p either at 

two or one or none of the points. 

 
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

2 1 0 0a p a p a  
 
is positive, the equation has 

two different real roots 1 1p   and 2 2p   . If 

a discriminant is equal to zero, i.e. 
2

1 2 04 0a a a  , 

the equation has one real root 0p   . And if a dis-

criminant is negative, i.e.
 

2

1 2 04 0a a a  , 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 function ( ) ( )y f x f i    . Thus, within 

the second solution algorithm, the quadratic equation
 

can be converted into a system of equations, corre-

sponding to the Fig. 3.  

2

2 1 0( ) ( )

0

y a i a i a

y

        



 

(8) 

Herewith, Fig. 3a would correspond to the case 

when a solution to the quadratic equation for 

2

1 2 04 0a a a 
 
has two real roots of different val-

ues 1 1p    and 2 2p   . In this case, the sur-

face ( )y f x would contact the plane of the com-

plex variable x i    at two different points 

1 1p   and 2 2p    on the axis of real num-

bers  . 

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

tion to the quadratic equation for 
2

1 2 04 0a a a 
 

                                                           

9 For example, for the equation 02

0  )( х  

has one double9 real root
1,2 0p   . In this case, the 

surface ( )y f x  would contact the plane of the 

complex variable x i    at one point 

1,2 0p    on the axis of real numbers  . 

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

tion to the quadratic equation for 
2

1 2 04 0a a a 
 

has two complex conjugate roots 
1,2p i    . 

In this case, the surface ( )y f x  would contact 

the plane of the complex variable x i    at two 

points that are not on the axis of real numbers  . 

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-

braic cubic equation 
3 2

3 2 1 0 0a p a p a p a    , 

which in the set of real numbers is converted as follows 

3 2

3 2 1 0

0

y a p a p a p a

y

    



  

(9) 
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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 
3, 2 1 0, ,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-

tion 
3 2

3 2( ) ( )a i a i      
1 0( ) 0a i a     in the 

set of complex numbers for the same combinations of 

coefficients 
3, 2 1 0, ,a a a a , as in Fig. 4, equivalent to 

the system of equations 

3 2

3 2 1 0( ) ( ) ( )

0

y a i a i a i a

y

            



   (10) 

As can be seen, a solution to the equation 

3 2

3 2 1 0 0a p a p a p a     has always three 

roots when using the second algorithm. But some roots 

can be double as in Fig. 4a, 5b, 5d, and even triple10 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

3 2y a p a p  
1 0a p a  and the abscissa axis 

p  correspond to solutions to the equation 

3 2

3 2a p a p 
1 0 0a p a   in Fig. 4, the points 

of contact of the surface 
3

3( )y a i   

2

2 1 0( ) ( )a i a i a        of the complex plane 

x i    correspond to solutions to the same equa-

tion 
3 2

3 2 1a p a p a p  
0 0a   in Fig. 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 03

0  )( х  
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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” 11. According 

to this criterion, the theory that has the simpler expla-

nation12 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 terminologically13 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 

 solutions there often mutually exclude each 

other; 

 the STR considers one of these solutions (in 

the form of complex numbers) to be physically non-ex-

istent14. 

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 mathematical15 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 swing16 

rocking after being pushed by parents, etc. 

                                                           
11 ‘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”. 
12 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 1 1p   and 2 2p   , then an aperiodic 

transient process exists in an electrical circuit and is de-

scribed by the time function 

1 2( ) t t

freey t Ae Be   
 

 (11) 

If roots of a characteristic equation of the second 

degree are real and multiple of 
1,2 0p   , then the 

so-called critical transient process exists in an electrical 

circuit and is described by the time function 

0( ) ( ) t

freey t A Bt e      (12) 

And, finally, if roots of a characteristic equation of 

the second power are complex conjugate numbers

1,2p i    , then an oscillatory transient process 

corresponding to them exists in an electrical circuit, and 

the quantities 1p and
 2p

 
are the complex frequencies 

of free oscillations. This transient process is described 

by the time function 

( ) [ cos( ) sin( )]t

freey t e A t B t     (13) 

Herewith, integration constants Aand B are de-

termined from the initial conditions (0)y
 
and (0)y  

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.  
16 It 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 equations17 using com-

plex numbers as the only correct and corresponding to 

physically real existing processes in the world around 

us. Therefore, complex frequencies 
1,2p i     

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 , ( )t v and ( )l v  should be as depicted in Fig. 

1d,e,f. For this purpose, the function 
qi  should be intro-

duced into the corrected relativistic formulas of the 

STR corresponding to them. 

0 0

2 2
( )

1 ( ) 1 ( )

q qm i m i
m q

v wq
c c

 
  

 (14) 

2 2

0 0( ) 1 ( ) 1 ( )q qv wt q t i q t i
c c

        (15) 

2 2

0 0( ) 1 ( ) 1 ( )q qv wl q l i q l i
c c

      (16) 

where ( )q v v c     is the “floor” discrete func-

tion of the argument cv ; 

                                                           
17 And not only characteristic ones. 

w v qс 
 
is the local velocity of each universe. 

This is the function convenient for explaining, as 

for integer values of the argument 0,1,2,3,4,5,… 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 qс   (Fig. 1d,e,f) 

of each universe takes finite values only in the range 

0 w c  . 

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 q . And the right side of Euler’s formula al-

lows determining the values of this function also for 

non-integer values of the argument q . Therefore, con-

sidering this circumstance, we can conclude that the 

function. 
qi  takes the form 

cos( / 2) sin( / 2)qi q i q    (17) for both 

integer and non-integer values of the argument q . 

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 universes18, 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. 
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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". I.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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Abstract 

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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Abstract 

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/mm2. 

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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Abstract 
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 HbA1c 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 II 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]. An important 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 II and 

the severity of the disease. 

Material and methods 
A clinical and laboratory study was carried out on 

34 patients with type II 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 

https://doi.org/10.5281/zenodo.10492244
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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/l[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 (HbA1c). Its value in healthy individuals is 4–6% 

of total hemoglobin [12]. When HbA1c 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. 56.3±3.1%, 

with stage III HP. –67.7±2.9%. Dental plaque index 

(O'Leary et al., 1972) for stage I HP. development up 

to 34.9±4.2%, with stage II HP. up to 59.8±4.5%, with 

stage III 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 III 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
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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 López 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). It is 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 Goñi-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 F0-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 

ques-

tion-

naire 

Authors/year 

Number of 

patients / 

average 

age 

Indicator 
Before 

treatment  

After 

treatment 
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GoñiEsarte S., Juanbeltz R., Mar-

tínez-Baz I., Castilla J., San Miguel 

R., Herrero J.I., Zozaya J.M., 2019 

199  

(52.3 (9)) 

mobility 
35% 

(р = 0.002) 
21% 

daily activities 
26% 

(р<0.001) 
11% 

pain/discomfort 
60% 

(р < 0.001) 
35% 

daily activities 4% 5% 

anxiety/depression 
57%  

(р < 0.001) 
35% 

VAS 70% 90% 

Honrubia López R., Madejón Seiz 

A., Romero Portales M., García 

Sánchez A., Castillo Grau P., 

Erdozain Sosa J.C., Olveira Martín 

A., Robles A., García-Samaniego 

Rey J., 2020 

86 

(57.24 

(11.52)) 

mobility 
77.4%  

(р = 0.045) 
86.1% 

daily activities 
73.8% 

(р=0.61) 
83.3% 

pain/discomfort 
56.0% 

(р =0.19) 
80.6% 

daily activities 
73.8% 

(р= 0.66) 
83.3% 

anxiety/depression 
58.3% 

(р=0.35) 
77.1% 

VAS  72.4% 82,7% 

Wong W.W.L., Wong J., Bremner 

K.E., Saeed Y., Mason K., Phoon 

A., Martel-Laferrière V., Bruneau 

J., Feld J.J., Feng Z., Baguley E., 

Lee S.S., Powis J., Krahn M.D., 

2023 

209  

(53.4 ± 

11.6) 

Cohort without 

cirrhosis (n=161) 
0.79 ±0.17 0.84 ±0.15 

Cohort with cir-

rhosis (n=48) 
0.69 ±0.28 0.71 ±0.23 
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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 questionnaire results 

QL 

ques-

tion-

naire 

Authors/year 

Number of pa-

tients / average 

age 

Before treatment  
After 

treatment 
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Mahmoud Atamla, Johad 

Khoury, Ihab Dabbah, Rimma 

Kramsky, Afif Yaacob, Ella Ve-

itsmanand Tarek Saadi, 2021 

100 

(58.1±13.3) 
1.22±0.95 0.29±0.47 

Youssef N.F., El Kassas M., 

Farag A., Shepherd A., 2017 

62 

(54.06 ± 10.41) 

Dual therapy n=31(sofos-

buvir 400 mg + ribavirin 

1000 mg /1200 mg) 

32.54 ± 21.23 

26.60±17.01 

Triple therapy n=31  

(+peg-IFN) 

30.74 ± 17.67 

37.53 ± 20.47 

 

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 

ques-

tion-

naire 

Authors/year 

Number 

of patients 

/ average 

age 

Physical 

component  

Psychological 

component 

Before After Before After 
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h
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Kaminskaya S.N., 2014 

62  

(19-59 

years) 

69.2 ±  

2.8 

83.7 ± 

 4.7 

50.6 ±  

1.2 

56.4 ±  

1.4 

Wong W.W.L., Wong J., Bremner K.E., 

Saeed Y., Mason K., Phoon A., Martel-

Laferrière V., Bruneau J., Feld J.J., 

Feng Z., Baguley E., Lee S.S., Powis J., 

Krahn M.D., 2023 

209  

(53.4 ±  

11.6 

years) 

45.92 ±  

10.54 

48.35 

±  

10.32 

46.12 ±  

12.82 

49.66 ±  

11.58 

Fagundes R.N., Ferreira L.E.V.V.C., 

Pace F.H.L., 2020 

113  

(58.69 ±  

9.88) 

47.77  

(р˂0.001) 
57.10 

48.27  

(р = 0.04) 
50.41 

Silvia Nardelli, Oliviero Riggio, Davide 

Rosati, Stefania Gioia, Alessio 

Farcomeni, Lorenzo Ridola, 2019 

39  

(59.8 ±  

14.2) 

62.8 ±  

22.7 

71.6 ±  

21.2 

59.8 ±  

21.9 

71.8 ±  

19.1 

Ng X., Nwankwo C., Arduino J.M., 

Corman S., Lasch K.E., Lustrino J.M., 

Patel S., Platt H.L., Qiu J., Sperl J., 

2018 

255 (48) 
53.34 ±  

7.39 
 

43.01 ±  

8.61 
 

Siqueira F.M., Ferreira V.L., Borba 

H.H.L., Pontarolo R., 2018 

56  

(57.4 ±  

11.4) 

56 

(±66.4) 

71.7 

(±28.7) 

59.9 

(±24.5) 

67.1 

(±22.1) 

Ohlendorf V., Schäfer A., Christensen 

S., Heyne R., Naumann U., Link R., 

Herold C., Schiffelholz W., Günther R., 

Cornberg M., Serfert Y., Maasoumy B., 

Wedemeyer H., Kraus M.R., 2021 

1180 

(53.4) 

48 

(p<0.001) 
50 

40 

(p<0.001) 
45 

Kracht PAM, Lieveld F.I., Amelung 

L.M., 2018 
68 (57) 

43.2 ±  

11.9 

44.7 ±  

10.9 

49.2 ±  

11.9 

49.9 ±  

12.6 

S
F

-8
 

Akio Miyasaka, Yuichi Yoshida, Akiko 

Suzuki, Yasuhiro Takikawa, 2021 
109 (67) 

47.31 ±  

7.94 

46.96 

±  

8.31 

49.43 ±  

6.88 

49.72 ±  

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-

reira L.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., Schäfer 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 F0-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(I), 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(I) 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(I) 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 β(t) = β0√t 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 sp2-hybridized carbon atoms arranged in hexagonal 

shapes. The presence of strong covalent C-C σ-bonds 

in the plane of the graphene sheet in combination with 

π-electrons outside it determines the unique physical 

and chemical properties of graphene, such as a large 

theoretical specific surface area (~ 2600 m2/g) [1], high 

mobility of charge carriers (~ 200000 cm2/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. 

https://doi.org/10.5281/zenodo.10492416
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а) b) 

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 unit10 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 

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). 

 
 

а) 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]. 

 
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 NaNO3 into H2SO4 or H3PO4 [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 

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 Å [25-30]. The mechanism of 

formation of a graphite-like film is very simple (Fig. 4). 

 
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. 

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 μm) [34, 35]. 

  
а) 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 Al2Si2O5(OH)4 

serpentine Mg3Si2O5(OH) 

Nickel cyanide Ni(CN)2 

hexagonal boron nitride h-BN 

Electrically conductive layers 

graphite C 

transition metal dichalcogenides 
MX2 (M = Ti, Zr, Hf, V, Nb, Ta, Bi, Mo, W;  

X = S, Se, Te)  

Metal carbides and nitrides,  

MAX and MXene phases 

 

Mn+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 MOPO4 (M = V, Nb, Ta) 

Charged layers 

Negatively charged layers 

clay  

montmorillonite Nax(Al2-xMgx)(Si4O10)(OH)2 

saponite Cax/2Mg3(AlxSi4-xO10)(OH)2 

vermiculite (Na,Ca)x(Mg3-xLixSi4O10)(OH)2 

muscovite KAl2(AlSi3O10)(OH)2 

β-alumina NaAl11O17 

complex oxides of transition  

and alkali metals 

MIXO2 (MI – alkali metal;  

X = Ti, V, Cr, Mn, Co, Ni) 

layered perovskites 

Ruddlesden–Popper phases 

Mn+1XnO3n+1 (M - elements I-III групп;  

X – transition elements)  

Dion–Jacobson phases 
MILnn-1XnO3n+1 (MI - alkali metal;  

Ln = РЗЭ; X = Nb, Ta)  

Aurivillius phases 
(Bi2O2)Mn-11XnO3n+1 (M – elements I-III;  

X – transition elements) 

Positively charged layers 

layered double hydroxides [M2+
1-xM3+

x(OH)2]An-x/n·mH2O 

layered transition hydroxides 

metals 

M2(OH)3X (MII = Co, Cu, Ni, Mn, Zn и  

X- = NO3-, CH3CO2
-, Cl-)  

layered REE hydroxides 

class LREH-I 

Ln2(OH)5(Am-)1/m·nH2O (Ln = REE,  

A = anion, n = 1-2) 

class LREH-II  Ln(OH)2(Am-)1/m·nH2O (n = 0-2) 

class LREH-III  Ln2(OH)5-x(Am-)(1+x)/m·nH2O (n = 0-2; 0<x<1) 

boehmite AlOOH 

antimony oxohydroxide [Sb4O4(OH)2](O3SCH2CH2SO3)·H2O 

 

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-

lytical 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 

10-6 1/K, electrical resistivity 5-8 µOhm m, emissivity 

at 2300 °C 0.85. Poisson's ratio μ = 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 

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 γ1 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 γ2. 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(I), its thickness is equal 

according to our model [58-60]:  

(m) Ì/ ρ100,17υ100,17R(I) -99  
. (1) 

Equation (1) shows that the layer R(I) is deter-

mined by the parameter – the molar (atomic) volume of 

the metal (υ = M/ρ, M – molar mass, ρ – density). 

Its diagram is shown in Fig. 6a, and in Fig. 6b 

shows table D.I. Mendeleev with a periodic depend-

ence of volume υ on Z. 

 

 
а) 

 
b) 

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 ρ, g/sm3 Tm, К R(I)a, nm R(I)c, nm γа, mJ/m2 γс, mJ/m2 

С 1,91 3970 K 1,07 (4) 2,92 (4) 2779 591 

The anisotropy of graphite was determined using 

our formula [60]: 
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In formula (2), γ is the surface energy of graphite 

faces, which is equal, according to the empirical for-

mula [62]: 

,][J/mT100,70γ 2

m

3  
 (3) 

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(I), it 

is necessary to expend energy, which is called adhesion 

energy and is determined by the Dupre formula [63]: 

,W 211221à   (4) 

where γ1, γ2 and γ12 are the surface energy of the 

R(I) layer, bulk phase and transition layer, which is 

negligible. 

In [64], we showed that γ1 ≈ 0.3 γ2, 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. 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(I) = Lnm [64]. This fact was noticed 100 

years ago. In the 20s of the twentieth century, academi-

cian A.F. Ioffe 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 accord-

ing to Max Born’s quatomechanical theory. A.F. Ioffe 

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 “Ioffe 

effect” [66]. Thus, for a NaCl crystal, according to our 

model, R(I) = 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 Ioffe 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 σis 

during growth becomes equal to or exceeds the energy 

of the newly formed surface. 

Internal voltages σis between phases γ1 and γ2 can 

be calculated using the formula [19]: 

 ,)I(R/ÅWais    (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 Waа, J/m2 Waс, J/m2 σisа, МPа σisс, МPа Еа, GPа Ес, GPа 

С (ρ = 2,26) 3,613 1,323 5740 1370 7,59 3,48 

 

Next, we will build a theoretical model of graph-

ite, representing it in the form of a cylinder of finite di-

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(I) using standard expressions [70]. 

The components of thermoelastic stress along the 

radius r - σr and along the z axis – σz – of the layer R(I) 

will be assessed using the well-known equations [70]: 

 .
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  (7) 

Here the shear modulus G is determined by the 

expression: 

 ,
1

E
G2


  (8) 

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

For graphite E = 8.8 GPa, μ = 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 β(t) has the form: 
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where D is the thermal diffusivity coefficient. 

We choose the initial and boundary conditions in 

general form: 

   ,z,r|t,z,rT 0t   
   ,t,z|t,z,rT Rr   
   ,t,r|t,z,rT 10z   
     t,r|t,z,rT 2tz  . 

The functions β(t), φ(z, t), γ(z, t), γ1(r, t), γ2(r, t) 

will be considered continuous. We look for a solution 

to the problem in the form: 
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where λ0k are the roots of the equation 

   00 RI ok   

and I0(λ0k R) is the zeroth order Bessel function 

satisfying the equation: 
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The final solution to this problem looks like this: 
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To use equations (6)-(8), we simplify the general problem (13) by taking homogeneous boundary conditions. 

In this case: 
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where T0 is the temperature value on the surface of the cylinder and on the moving interface. Then the general 

solution to the problem will take the form: 
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Limiting ourselves to the first term in sum (16), for stationary temperature we have the following 
expression: 
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When deriving (17), we took into account that the 

equation I0(λor)=0 implies λ0=2r/R and I1(2)=1. In equa-

tion (17): D = λ/Ср ρ - thermal diffusivity coefficient, λ 

- thermal conductivity, Ср - specific heat capacity, ρ - 

density. For graphite at T = 300 K: λ = 195 W/m K; Ср 

= 710 J/kg K; ρ - 1910 kg/m3; D = 1.44 10-4 m2/s; 

If the time t is very large, then as a result we get: 
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Let us use the asymptotic representation of the 

Bessel functions [71], then we obtain: 
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The radial and axial components of the tempera-

ture gradient will be equal: 
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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: 
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Let us take r – R, z = β(t), then we get: 
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Equation (23) mathematically coincides with 

Stefan’s fourth problem, where the freezing of ice is 

considered, and the movement of phase boundaries β(t) 

= β0√t 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. 

 
а) 

 
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 β(t) = β0 √t, 

β0 = 0.23 √T. 

The components of thermoelastic stresses along 

the radius r - σr will have the form: 
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Let us take r – R, z = β(t), then we get: 
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Components of thermoelastic stresses for graphite 

σr = 0.24 MPa, which are formed at the interphase 

boundary separating the R(I) layer from the rest of the 

volume and associated with relaxation or reconstruc-

tion of the graphite surface during its formation. If we 

compare σr with elastic stresses σisс 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 ε = 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 σr = 

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. 
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According to the principles of thermoelasticity 

[75], thermoelastic stresses at the interface can be de-

termined by the formula: σr = α Ес ΔТ, α = const. The 

constant α has not been defined anywhere, so we will 

determine it using the data from table. 3 and the above 

value of σr. As a result we get: 

 ,ÒÅ10 ñ

22

r  
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where β is the linear expansion coefficient. 

Equation (26) shows that it is possible to split 

graphite using a pulsed picosecond laser (β2 ~ 10-12) 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/cm2. 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/cm2, 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/cm2 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 

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(I), it 

is necessary to expend energy, which is called adhesion 

energy and is determined by the Dupre formula. We 

have shown that γ1 ≈ 0.3 γ2, 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 (~ 10-4 m/s), wavelength (~ 10-2 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 σr = 

0.24 MPa, which are formed at the interphase boundary 

separating the R(I) layer from the rest of the volume 

and are associated with relaxation or reconstruction of 

the graphite surface during its formation. If we compare 

σr with elastic stresses σisс 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. 
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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(I) of graphene, equal to the 

length of the nanocrack Lnm. 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 (nanocrack) for graphene is 

Vmax ≈ 104 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(I)аP-N L << m V2
max/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 l > 11.5 – 

16 Å. 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 

carbon: metal R-10 graphene [10]; carbon monoxide 

123-E8Y24-1 [11], two sp2+sp3 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. 

  

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 

ε = 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, 

https://doi.org/10.5281/zenodo.10492440
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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 ε = 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 

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. 

  
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 μS. 
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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 

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. 

 
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. Ioffe 

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 

quantum mechanical theory of Max Born [20]. A.F. 

Ioffe 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 “Ioffe 

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(I) = 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 Ioffe 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 (Ioffe 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 

[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 

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 Tm(r) was used: 

 
 
  R(I).rR(0),rR(I)/R(I)1)(T(r)T

R(I),r,R(I)/r1)(T(r)T

mm

mm




 (1) 

Here the first formula coincides with the formula 

of R. Tolman [35], where R(I) = 2δ, δ is the Tolman 

parameter, which is not determined experimentally. 

The second formula is further defined in the region R(0) 

≤ r ≤ (R(I), so that at r = 0 the first formula does not go 

to infinity. The parameter R(I) is related to the surface 

energy γ by the formula [22]: 

 /RT2R(I)  . (2) 

Here γ is the surface energy of the massive sample; 

υ – volume of one mole; R – gas constant; T – temper-

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

3%,: 

 ],[J/mT100,70 2

m

3  
 (3) 

where Tm is the melting temperature of the solid 

(K). The relationship holds for all metals and for other 

crystalline compounds. At T = Тm from (2) we obtain: 

 (m) υ100,17LR(I) 9

nm  
.  (4) 

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) = Lnm, and α = 1 

m-2, 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 (υ = M/ρ, M is the molar mass (kg/mol), ρ 

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 ρ, g/sm3 Tm, К R(I)a=Lnmа, nm R(I)c=Lnmс, nm γа, mJ/m2 γс, mJ/m2 

Graphite 2,26 3970 0,90 (3) 2,46 (3) 2779 591 

Graphene 2,26 4510 0,246 (1) - 3157 - 
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а) 

 
 

b) 

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(I)a = Lnma = 0.90 nm, and in the perpendicular direc-

tion R(I)c = Lnmc = 2.46 nm, which is a nanostructure 

according to Gleiter [39]. The number of graphite mon-

olayers is n = R(I)/a = 3, which makes it easy to obtain 

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 Tm = 

4510 K [40]. In the surface layer R(I), relaxation or re-

construction [32] of atomic monolayers occurs (Fig. 8). 

  

Figure 8. – Transformation of the crystal surface 

 

Size effects in the R(I) 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(I) 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]: 

,3.1W 2211221a   (5) 

where γ12 is the surface energy at the phase inter-

face, which is negligible due to a second-order phase 

transition. 

Internal voltages σis between phases γ1 and γ2 can 

be calculated using the formula [42]: 

 ,)I(R/ÅWais    (6) 

where E is Young's modulus of elasticity. 

Using equations (5) – (6), we calculate the elastic 

parameters for graphite and graphene. 
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Table 2. 

Elastic parameters of graphite and grapheme 

Carbon Waа, J/m2 Waс, J/m2 σisа, GPа σisс, GPа Еа, GPа Ес, GPа 

Graphite 3,613 1,323 5,74 1,37 7,59 3,48 

Graphene 4,100 - 130,4 - 1020 - 

 

Large internal stresses σis 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 σ(I)P-N Peierls – Nabarro 

stress [51]: 

),I(Ea/S/)I(F)I(

,an/)I(RF(I)

NPN-P

N-P







. (7) 

where n is the number of layers in layer R(I); a is 

the lattice constant; S – barrier area (а2), σ(I)P-N, – Pei-

erls–Nabarro stress; E – Young’s modulus; ε 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(2πz/a) to equation (7) 

and show the relief of the Peierls–Nabarro barrier [49-

50] (see Fig. 4d). 

Table 3. 

Barrier F(I) and σ(I) Peierls – Nabarro stress of graphite and grapheme 

Carbon Structure F(I)aP-N, 10-9 N F(I)cP-N, 10-9 N  σ(I)aP-N, МPа σ(I)cP-N, МPа 

Graphite P63/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 σ(I) 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 Lnma = 0.246 nm 

[52], which after its relaxation becomes equal to Lμma = 

24.6 nm [53]. Let's look at the table. 2 and consider the 

question: can internal stresses σis 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 τ = 

Gb/L, where G is the shear modulus; b – Burgers vec-

tor; L – dislocation length. For graphene G = E/1+ν = 

1457 GPa [44], b = 0.24 nm [45], Lnma = 0.246 nm [53]. 

As a result, τ = 1421 GPa instead of σis = 130.4 GPa 

from Table. 2, i.e. τ > σis and this means that the Frank-

Reed model can be a source of dislocations for gra-

phene. The dislocation density is ρnm = (Lnma b)-1 [55] 

and for graphene ρnm = 4.2 1014 cm-2. 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]: 

 
2/1

a10C )W/1(VV    (8) 

and is about 1/3 of the speed of sound V0 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, ν - Poisson's ratio, ρ 

- material density): 
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Using the values from table. 1 and 2, we calculate 

Vmax for graphene: Vmax ≈ 104 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 1.2 104 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 (β, γ1, 

Wa) than using formula (9) - (E, ρ). 

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 (nanocracks) 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 Lnma = 0.246 nm [52], which after 

its relaxation becomes equal to Lμma = 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 conditions. 

 
Figure 9. Birth of a dislocation dipole in graphene. The top panels show the original 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 (nanocracks) 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 V2
max/2. 

A measure of internal friction is the inverse quality 

factor Q-1, which is equal according to Debye [74]: 

 ,
)f2(1
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max
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 (10) 

where f is the vibration frequency of the sample, τ 

is the relaxation time. 

The maximum value of internal friction is 

achieved at 2πfτ = 1. The relaxation time τ can be de-

termined for the layer R(I), knowing the speed of sound 

in graphene - τ1 = R(I)/υ: τ = 0.246 10-9/13600 = 1.8 

10-14 s, f = 0.3 1014 = 30 1012 Hz = 30 THz. This means 

that a terahertz oscillation (radiation) is observed for 

the R(I) layer in graphene (Fig. 10) [75]. In graphene, 
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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. 

 
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 

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. 

 
 

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

 

It was shown in [88] that an arm length of 9.3 Å is 

close to the equilibrium value at which dislocation an-

nihilation is not observed, and annihilation occurs at an 

arm length l >11.5 Å. It was established in [89] that an-

nihilation is possible for dislocation dipoles with arm 

length l >16 Å. 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 ρ depend on the degree of deformation 

ε as [90]:  

 nmnmnm Lb   (11) 

For graphene ρnm = 4.2 1018 m-2 b = 0.24 10-9 m, 

Lnma = 0.246 10-9 m, then it turns out that εnm = 0.248. 

In [45], at T = 300 K for dislocations in graphene with 

a dipole arm l = 15 Å, the value εF = 0.24 was obtained. 

This result was obtained by the MD method and differs 

slightly from our value of εnm. The internal stresses can 

be estimated in the form [90]:  
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1   (12) 

where C1 is a constant of the order of 0.2 and G is 

the shear modulus. 

For graphene ρnm = 4.2 1018 m-2 b = 0.24 10-9 m, 

C1 = 0.2, G = 1457 109 Pa, then it turns out that σ = 

139.8 GPa, instead of σ = 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 lρ = 1/ρ1/2, where ρ is the dislocation 

density, which is related to the dislocation shoulder by 

the expression:  

 ,/3/II 2/12/1    (13) 

where α = 3, taken from our work [53], where α = 

γ2/γ1 ≈ 3. 

For graphene ρ = 4.2 1018 m-2 and according to our 

model l = 14.6 Å. Annihilation of edge dislocations of 

opposite signs occurs according to the data of [88, 89] 

with a dipole shoulder in the range l > 11.5 – 16 Å, 

which agrees well with our data. 

Fracture of a graphene sheet 

For the destruction of a solid body, force, defor-

mation and energy failure criteria have been developed. 

There is the following connection between them [91]: 

,W2JG2
E
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22

Ñ1 


(14) 

where KIc is the critical stress intensity factor, the 

force criterion for destruction; E - elastic modulus; μ - 

Poisson's ratio; δIс - critical opening at the crack tip, de-

formation criterion of destruction; σв - tensile strength; 

GIс - critical intensity of released energy, energy crite-

rion of destruction; JIс - critical j-integral, energy crite-

rion of destruction; γ – surface energy, Wa – adhesion 

energy. 

Wherein: 

 Ñ1Ñ1 EJK  .  (15) 

In the case of a plate with a crack LC:  

 E/K,LÊ is

2

Ñ1Ñ1ÑisÑ1  .  (16) 

According to our work [51], the length of a nanoc-

rack varies according to the law:  

 ./M1017,0L10LL10LL 5

nm

4

Cnm

2

mnm  

 .  (17) 

 

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. 
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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. 

Анотація 

Нашими дослідженнями встановлено, що при дослідженні 254 голів овець паразитозами було ура-

жено 142 голови (ЕІ склала 55,91 %), а вільних від паразитозів було 112 голів, що становило 44,09 %. За 

морфологічними ознаками яєць виділених із фекалій хворих тварин, були виявлені яйця ряду Strongylida, 

Trichurida, Rhabditida, а також ооцисти найпростіших, які відносилися до ряду Соссіdiida. Зареєстро-

вано, що найчастіше (36,62 %) реєстрували збудників стронгілідозів травного каналу, дещо меншою 

мірою – збудників трихурозу (26,76 %), а найменшою відмічали ураженість стронгілоїдесами (17,61 %) 

та ооцистами найпростіших (19,01 %). 

Овоскопічні дослідження показали, що паразитози травного каналу овець в умовах господарства пе-

ребігали як у складі мікстінвазій (81,69 %) так і у вигляді моноінвазії (18,31 %). У овець найчастіше 

реєстрували асоційований перебіг паразитозів травного тракту. Так, дво- і трикомпонентні мікстінвазії 

спостерігали у 76,09 та 21,74 % відповідно. Меншою мірою (2,17 %) реєстрували комбінації паразитозів 

з чотирма видами паразитів. 

 

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

monoinvasion, polyinvasion. 

Ключові слова: вівці, стронгілоїдеси, стронгіліди, трихуриси, ооцисти еймерій, екстенсивність ін-

вазії, , моноінвазія, поліінвазія. 

 

Актуальність теми. Вівчарство як галузь тва-

ринництва займають важливе місце в народному 

господарстві країни. Молоко та м’ясо від овець є 

додатковим джерелом продовольства. Велике 

народногосподарське значення має вовна, пух, 

шкури овець. Другорядна продукція вівчарства має 

застосування. З рогів виробляють гребінки й інші 

вироби, з ратиць варять клей, кишки використову-

ються в ковбасному виробництві [1, 2, 3]. 

Поряд з позитивними моментами у ведені вів-

чарства, появились і негативні – захворювання не-

заразної, інфекційної і паразитарної етіології. Особ-

ливої уваги заслуговують паразитарні хвороби 

овець, частина із яких мають прихований перебіг, 

такі як нематодози травного каналу [4, 5]. 

В численних публікаціях приводяться дані про 

видовий склад збудників нематодозів в органах 

травного каналу овець як в Україні, так і різних 

країнах світу і представлений збудниками 

стронгілятозів, трихурозу, стронгілоїдозу і капя-

ляріозу [6]. 

В.С. Шеховцов проводячи дослідження в 

Харківській, Кіровоградській, Полтавській, Херсо-

нській, Хмельницькій, Львівській областях іденти-

фікував 12 видів нематод стронгілят [7]. О.О. Бойко 

[8] повідомляє, що на території Дніпропетровської 

області встановлено збудники стронгілід з родини 

Trichostrongylidae: Nematodirus sp. та Haemonchus 

contortus, серед яких домінував вид H. contortus. 

О.А. Власенко, В.В. Стибель [9] повідомляють, що 

у Сумській області згідно паразитологічного до-

слідження овець виявлено збудників стронгілідозів 

травного каналу 7 родів, а саме: Trichostrongylus, 

Nematodirus, Ostertagia, Chabertia, 

Oesophagostomum, Bunostomum. 

В.О. Євстафʼєва, А.О Гришко, О.В. Перебий-

ніс [10] повідомляють, що у Полтавській області за-

реєстровано наявність нематод Nematodirus 

spathiger. 

Таким чином можна зробити висновок, що при 

аналізі літературних джерел основою прогно-

зування неблагополуччя овець щодо хвороб пара-

зитарної етіології є дослідження та вивчення видо-

вого складу гельмінтів. 

Мета дослідження. Метою роботи було вив-

чити поширення та видовий склад паразитозів трав-

ного каналу овець в умовах науково-виробничого 

центру (НВЦ) Білоцерківського національного аг-

рарного університету (БНАУ). 

Матеріал і методи дослідження. До-

слідження проводили на протязі 2023 року на базі 

наукової лабораторії кафедри паразитології та фар-

макології БНАУ, а також в умовах НВЦ БНАУ. З 

цією метою проводили відбір проб фекалій 

індивідуально з прямої кишки тварин в ранковий 

час. Дослідження проводили один раз на квартал на 

вівцях віком від 6 місяців до 4 років, спонтанно ін-

вазованих паразитозами травного каналу. Всього 

було досліджено 254 проби фекалій від овець. 
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Основним критерієм зараженості були екстен-

сивність та інтенсивність інвазії (ЕІ, %; та ІІ, кіль-

кість яєць у 1 г фекалій, ЯГФ). Визначення видової 

належності яєць гельмінтів проводили за атласами 

диференційної діагностики В.В. Мельничука [11], 

В.Ф. Галата та ін. [12], О.Ф. Манжоса та ін. [13]. 

Гельмінтоовоскопію проб фекалій до-

сліджували з використанням лічильної камери для 

овоскопічних досліджень [14]. Експериментальна 

частина роботи проводилась з урахуванням „За-

гальних етичних принципів експериментів на тва-

ринахˮ, схвалених на Національному конгресі з 

біоетики [15] із дотриманням міжнародних вимог 

Європейської конвенції „Про захист хребетних тва-

рин, що використовуються для дослідних та інших 

наукових цілейˮ [16]. 

Результати дослідження. У результаті ово-

скопічних досліджень нами встановлено значне 

розповсюдження паразитозів травного каналу. Так, 

з 254 обстежених голів овець паразитозами було 

вражено 142 голови. Екстенсивність інвазії стано-

вила 55,91 %. Тварин вільних від паразитозів 112 

голів, що становило 44,09 %. 

За морфологічними ознаками яєць та ооцист 

виділених із фекалій хворих тварин, були виявлені 

яйця стронгілідного типу, трихурисів, 

стронгілоїдесів, а також ооцисти найпростіших. Та-

ким чином, у овець нами було встановлено парази-

тування нематод, які відносяться до трьох рядів, а 

саме: Strongylida, Trichurida, Rhabditida та ооцисти 

найпростіших, які відносяться до ряду Соссіdiida. 

Нами зареєстровано, що найчастіше (36,62 %) 

у овець господарства реєстрували збудників 

стронгілятозів травного каналу (табл. 1), дещо мен-

шою мірою – збудника трихурозу (26,76 %) і най-

меншою – стронгілоїдозу (17,61 %) та ураженість 

ооцистами найпростіших (19,01 %). 

Таблиця 1 

Поширення паразитозів травного каналу овець у господарстві 

Кількість об-

стежених тва-

рин, 

гол 

Кількість 

вільних від пара-

зитів тварин, гол 

Кількість уражених 

паразитами тварин, 

гол 

в тому числі 

Stron-

gylida 

Trichu-

rida 

Rhab-

ditida 

Соссі-

diida 

254 112 142 52 38 25 27 

100 44,09 55,91 36,62 26,76 17,61 19,01 

 

Гельмінтоовоскопічні дослідження показали, що паразитози травного каналу овець в умовах госпо-

дарства перебігали як у складі мікстінвазій 116 голів (81,69 %), так і у вигляді моноінвазії 26 голів (18,31 

%) (табл. 2). 

Таблиця 2 

Паразитози травного каналу у складі моноінвазії та мікстінвазії 

Асоціація 

паразитів 

Кількість уражених 

тварин, голів 

В процентах до уражених 

тварин 

Моноінвазія 26 81,69 

Мікстінвазія 116 18,31 

Всього 142 100 

 

Нашими дослідженнями доведено, що серед моноінвазій в умовах господарства вівці більшою мірою 

уражені збудниками стронгілідозів травного каналу – 50,00 % (табл. 3). Меншою мірою у овець 

реєстрували стронгілоїдоз (26,76 %), а найменше були уражені вівці трихурисами (15,38 %) та ооцистами 

еймерій (7,69 %). 

 

Таблиця 3 

Паразитози травного каналу у складі моноінвазії 

Види 

паразитів 

Кількість уражених 

тварин, голів 

В процентах до 

уражених тварин 

Стронгіляти (S) 13 50,00 

Трихуриси (T) 4 15,38 

Стронгілоїдеси (R) 7 26,92 

Еймерії (C) 2 7,69 

Всього уражено тварин, голів 26 100 

 

Слід звернути увагу на той факт, що у овець найчастіше реєстрували асоційований перебіг паразитозів 

травного тракту (табл. 4). Таким чином двокомпонентну мікстінвазію спостерігали у 84 тварин (76,09 та 

21,74 % відповідно. Меншою мірою (2,17 %) у господарстві реєстрували комбінації паразитозів з чотирма 

видами паразитів. 
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Таблиця 4 

Поширення паразитозів травного каналу овець у складі мікстінвазій 

Асоціації 

паразитів 

Уражено тварин, 

голів 

У 

процентах 

Двокомпонентні 84 72,41 

Трикомпонентні 24 20,69 

Чотирикомпонентні 8 6,90 

Всього 116 100 

 

Всього нами нами зафіксовано 9 різних 

комбінацій збудників паразитів. Із двокомпонент-

них асоціацій нами зареєстровано 5 різновидів 

комбінацій. Загалом, із виділених чотирьоз видів 

збудників мікстінвазій в умовах вівцегосподарства 

збудників інвазійних захворювань (84 випадки від 

загальної кількості хворих на мікстінвазії овець). 

Найбільш поширеною виявилася асоціація пара-

зитів, яка представлена збудниками стронгілят та 

трихурисів, що склало 51,55 % від загальної кіль-

кості хворих на двокомпонентну асоціацію) (рис. 1, 

рис. 2 ). 

Асоціації паразитів, компонентами яких були: 

стронгіліди й стронгілоїдеси (5,95 %); стронгіліди й 

еймерії (10,71 %) (рис. 3); трихуриси й 

стронгілоїдеси (3,57 %); трихуриси й еймерії (7,14 

%) (рис. 4), а також стронгілоїдеси й еймерії (1,20 

%). 

Трикомпонентні асоціації паразитів 

реєстрували у меншій мірі (24 випадки від загаль-

ної кількості хворих на мікстінвазії тварин. Зафік-

совано 4 різновиди комбінацій збудників. Слід ак-

центувати, що найбільший процент уражених тва-

рин був у комбінації 

стронгіліди+стронгілоїдеси+еймерії (рис. 5) (12,50 

%). 

Чотирикомпонентну асоціацію паразитів 

(стронгіліди, трихуриси, стронгілоїдеси та ооцисти 

еймерій) реєстрували у однієї тварини (рис. 6) і 

складало 2,17 %. 

 
Рис. 1 – Зовнішній вигляд: 1 – яєць стронгілід, 2 – яєць трихурисів. 

 

1 

2 
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Рис. 2 – Зовнішній вигляд: 1 – яєць стронгілід, 2 – яєць трихурисів. 

 

 

 
Рис. 3 – Зовнішній вигляд: 1 – яєць стронгілід, 2 – ооцист найпростіших. 

 
Рис. 4 – Зовнішній вигляд: 1 – яєць трихурисів, 2 – ооцист найпростіших 
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Рис. 5 – Зовнішній вигляд: 1 – яєць стронгілід, 

2 – яєць стронгілїдесів, 3 – ооцист найпростіших 

 

 
Рис. 6 – Зовнішній вигляд: 1 – яєць стронгілід, 2 – яєць трихурисів, 

3 – яєць стронгілїдесів, 4 – ооцист найпростіших 

 

Отже, із отриманих даних видно, що парази-

този травного каналу овець (стронгіліди, 

стронгілоїдеси, трихуриси та еймерії) перебігають 

як у складі моно та мікстінвазій. 

Обговорення отриманих результатів. 
Сьогодні вівчарство набуває вагомого соціально-

економічного значення. Це універсальна галузь, яка 

дає баранину, субпродукти, молоко і вовну, займає 

третє місце у світі за статистичними показниками 

[4, 6]. 

Однією з причин, які в певній мірі стримують 

розвиток галузі вівчарства, є інвазійні хвороби. До-

слідники у своїх працях вказують на широке 

розповсюдження паразитозів серед овець, у тому 

числі й нематодозів травного каналу, що узгод-

жується з отриманими нами даними. За морфо-

логічними ознаками яєць, виділених з фекалій хво-

рих тварин, встановлено паразитування нематод 

стронгілід, трихурід, стронгілоїдесів, а також най-

простіших одного. 

За результатами проведених копро-

овоскопічних досліджень нами встановлено, що па-

разитози травного каналу овець є поширеними ін-

вазіями у овець на території господарства. Необ-

хідно відмітити, що із 254 досліджених тварин, 

паразитозами було уражено 142 голови (ЕІ склала 

55,91 %). Овець вільних від паразитозів було 112 

голів, що становило 44,09 %. 

Отримані у результаті проведених нами до-

сліджень дані певною мірою узгоджуються з да-

ними науковців, які проводили свої дослідження на 

території нашої держави [1, 4, 7, 9]. 

Нами встановлено що паразитози травного ка-

налу овець часто перебігають як у складі мікстін-

вазій (81,69 %), так і у вигляді моноінвазії (18,31 %). 

Нашими дослідженнями доведено, що серед 

моноінвазій в умовах господарства вівці більшою 

мірою уражені збудниками стронгілідозів травного 

каналу – 50,00 %. Меншою мірою у овець 

реєстрували стронгілоїдоз (26,76 %), а найменше 

2 

1 

3 

4 

2 

1 

3 
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були уражені вівці трихурисами (15,38 %) та ооци-

стами еймерій (7,69 %). 

Слід звернути увагу на той факт, що у овець 

найчастіше реєстрували асоційований перебіг пара-

зитозів травного тракту. Так, дво- і трикомпонентні 

мікстінвазії спостерігали у 76,09 та 21,74 % 

відповідно. Меншою мірою (2,17 %) у господарстві 

реєстрували комбінації паразитозів з чотирма ви-

дами паразитів. 

Із двокомпонентних асоціацій нами зареєстро-

вано 5 різновидів комбінацій. Загалом, із виділених 

чотирьоз видів збудників мікстінвазій в умовах 

вівцегосподарства збудників інвазійних захво-

рювань (84 випадки від загальної кількості хворих 

на мікстінвазії овець). Найбільш поширеною вияви-

лася асоціація паразитів, яка представлена збудни-

ками стронгілят та трихурисів, що склало 51,55 % 

від загальної кількості хворих на двокомпонентну 

асоціацію). 

Трикомпонентні асоціації паразитів 

реєстрували у меншій мірі (24 випадки від загаль-

ної кількості хворих на мікстінвазії тварин. Зафік-

совано 4 різновиди комбінацій збудників. Слід ак-

центувати, що найбільший процент уражених тва-

рин був у комбінації 

стронгіліди+стронгілоїдеси+еймерії (12,50 %). От-

римані в дослідах дані мають важливе теоретичне й 

практичне значення при плануванні та проведенні 

заходів з профілактики паразитозів овець. 

ВИСНОВКИ. 

1. Встановлено, що на території господарства 

вівці уражені збудниками нематодозів травного ка-

налу, що належать до 3 рядів: Strongylida, 

Rhabditida, Trichurida, а також ооцисти най-

простіших, які відносилися до ряду Соссіdiida. 

2. Із 254 досліджених тварин, паразитозами 

було уражено 142 голови (ЕІ склала 55,91 %), а 

вільних від паразитозів було 112 голів (44,09 %). 

3. Паразитози травного каналу овець часто пе-

ребігають як у складі мікстінвазій (81,69 %), так і у 

вигляді моноінвазії (18,31 %). 

4. Серед моноінвазій в умовах господарства 

вівці більшою мірою уражені збудниками 

стронгілідозів травного каналу – 36,62 %. Меншою 

мірою у овець реєстрували трихурисів (26,76 %), а 

найменше реєстрували у овець стронгілоїдесів 

(17,61 %) та ооцисти еймерій (19,01 %). 

5. У овець найчастіше реєстрували асоційова-

ний перебіг паразитозів травного тракту. Так, дво- і 

трикомпонентні мікстінвазії спостерігали у 76,09 та 

21,74 % відповідно. Меншою мірою (2,17 %) у гос-

подарстві реєстрували комбінації паразитозів з чо-

тирма видами паразитів. 
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