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ABSTRACT 
In this paper, we propose a model of the acoustic emission mechanism of natural graphite and 

graphene. The thickness of the surface layer R(I) of graphite varies from 0.9 nm in the parallel 

to 2.46 nm in the perpendicular plane and contains three graphene monolayers. Corrugations 

on the surface of free graphene arise due to high internal stresses, leading to significant 

deformation energy. An estimate of the deformation energy associated with the reconstruction 

of the surface of graphite and graphene is proposed. We imagine a graphite nanolayer as a 

potential well with infinitely high walls, then the energy levels of the nanolayer are determined 

by one fundamental parameter - the lattice constant of the crystal. The lattice constant a 

changes in the R(I) layer due to size effects. As soon as the parameter a stops changing, the 

spectrum of quantum states passes into a continuous spectrum, where the classical Drude–

Lorentz laws are fulfilled for graphite. Since the surface layer of graphite is a two-dimensional 

quantum medium, three quantum planes of graphite with a1, a2 and a3 should be considered. 

The article considers one-, two- and three-layer graphene. The Fermi surface of graphene 

degenerates into the Dirac point, and the Fermi energy is zero. For two-layer graphene, the 

Fermi energy is EF = 0.9 eV, and for three-layer graphene - EF = 1.2 eV. Namely, all three 

quantum levels participate in the acoustic emission of graphite and graphene. In the article, it 

can be considered proven that in natural graphite (as well as in all solids), acoustic emission 

occurs due to the reconstruction of its surface, leading to the emergence of a surface layer R(I) 

and deformation energy Ed. The article proposes a thermoacoustics model that contains only 

experimentally determined parameters, and their accuracy is quite acceptable.  
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Introduction 

Until the mid-20th century, graphite was used 
as pencils, electrodes, anodes, etc. Then it began 
to be used in metal production, in atomic and 

nuclear power engineering, in aviation and space 
technology [[1], [2], [3]]. The end of the 20th and 

the beginning of the 21st century were marked by 
the discovery of fullerenes (1985) [4], carbon 

nanotubes (1991) [5] and graphenes (2004) [6]. 
Carbon nanowalls, carbon sheets, nanocrystalline 

graphite, etc.,  have    acquired a   special   role   at  

present [7]. 

In Kazakhstan, Ushtogan LLP plans to mine 
graphite   ores   using an open pit method from the 
Sarytoganbai deposit in the Aktogai district of the 

Karaganda region. The subsoil user has already 
submitted a plan for developing the deposit for 

2025-2049 on the Unified Ecological Portal of 

Kazakhstan. Studies have shown that the content 
of graphite from this deposit in the concentrate 

can be increased to 99.998%, and, importantly, 
without acid cleaning. The hydrometallurgical 

method is most suitable for enrichment. 
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We have developed a method for obtaining 
graphene from the graphite of this deposit by 
intercalating graphite with microcluster water. 
Further, the graphene additive is used to obtain 
concrete, which is very much needed for industrial 
enterprises in Kazakhstan. To obtain high-quality 
graphene concrete, it is necessary to use non-
destructive testing [8], among which the acoustic 
emission method is of particular importance. 
However, to apply this method, it is necessary to 
know the structure of the graphite surface layer 
and the production of graphene from it, as well as 
their acoustic properties. The speed of acoustic 
waves in graphite is still being studied [9], but the 
mechanism of their occurrence, in addition to 
thermal vibrations, remains unknown to date.  

The aim of this work is to clarify the 
mechanism of acoustic emission of natural 
graphite and graphene and their use to obtain 
graphene concrete. 

Thickness of the surface layer of graphite 
The thickness of the surface layer of a solid R(I) 

is given by the formula: 

].[
S

)( mIR

=  (1) 

In equation (1): the molar volume of the 
element υ = M/ρ (M is the molar mass, ρ is its 
density), α = 0.17 10-9 mol, S = 1 m2. 

A schematic representation of equation (1) is 
shown in Fig. 1. 

For graphite and graphene, the thickness of 
the surface layer R(I) is given in Table 1. 

The elastic parameters of graphene and 
graphite are presented in Table 2. In Table 2, the 
value Wa represents the adhesion energy, and E is 
the Young's modulus of elasticity.  

In Table 1, the number in brackets represents 
the number of monolayers – n = R(I)/a (a is the 
lattice constant). The number of graphite 
monolayers is 3, which is confirmed experimentally 
(Fig. 2). 

Figure 1 - Graphite diagram: nanolayer → 
mesolayer → bulk phase 

.

Figure 2 - Change in graphite parameters 
depending on the number of its monolayers [10]. 

We will calculate the estimate of the 
deformation energy associated with the 
reconstruction of the graphite surface using the 
formula: 

.)(
1

E 2

d IRW
n

a =  (2) 

These data are shown in Table 3. 

Table 1 - Surface layer thickness R(I) of graphite and graphene 

Carbon М, g/mol ρ, g/sm3 R(I)a, nm R(I)c, nm γа, mJ/m2 γс, mJ/m2 

Graphite 12.0107 2.26 0.900 (3) 2.46 (3) 2195 130 

Graphene 12.0107 2.26 0.246 (1) 0.14 (1) 2652 - 

Table 2 - Elastic parameters of graphite and graphene 

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

Graphite 2.853 1.690 4.9 1.36 7.59 3.48 

Graphene 3.448 - 118.4 - 1000 - 
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Table 3 - Deformation energy Ed of graphite and 
graphene 

Carbon Еdа, eV Еdс, eV 

Graphite 2.27 1.42 

Graphene 1.62 - 

Figure 3 shows the corrugations on the 

graphene surface, which arise due to high internal 

stresses σis (Table 2), leading to significant 

deformation energy (Table 3). 

Figure 3 - Corrugated graphene 

Figure 3 shows the occurrence of macrowaves 

on the graphene surface. We will represent a 

nanolayer with an area of S = 1 m2 and a size of R(I) 

of graphite as a nonlinear capacitor - a varicond 

(due to the presence of size effects) on one of the 

plates of which large stresses σis develop, leading 

to significant deformation energy Ed (Table 3). This 

deformation energy first charges the capacitor, 

and then, under external influence (impact, 

friction, ultrasound, etc.), it is discharged (Fig. 4). 

Figure 4 - Voltage change curves on the capacitor plates 
during its charging (1) and discharging (2) 

The deformation energy Ed is spent on heat, 
acoustic emission (propagation of sound waves) 
(see below), exoemission (emission of slow 
electrons and ions) and luminescence. 

Quantum structure of the surface layer of 
graphite 

We will imagine the nanolayer in Fig. 1 as a 
potential well with infinitely high walls, then the 
energy levels En(z) in it are equal to [11]: 

,
R(I)2m

nπ
(z)Å

2

e
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=  (3) 

These levels are shown in Fig. 5a taking into 
account Table 1. The En level can be represented 
by Landau levels (Fig. 5b). 

From equation (3) it follows that the energy 
levels En of the nanolayer are determined by one 
fundamental parameter – the crystal lattice 
constant a (this follows from n = R(I)/a): 

,
à

n
(z)Å

2

2

n = (4) 

where η = const. 
The lattice constant a changes in the R(I) layer 

due to the reconstruction of the graphite surface. 
This means that graphite monolayers can be 
represented as quantum planes with energy En. As 
soon as the parameter a stops changing, the 
spectrum of quantum states becomes a continuous 
spectrum, where the classical Drude–Lorentz laws 
are satisfied for graphite. 

It follows from Fig. 5a that the energy level 
En(∞) = EF is the Fermi energy level of graphite. In 
[12], the Fermi energy was calculated to be 1.5 eV 
for three-dimensional graphite and 2.0 eV for two-
dimensional graphite. Since the surface layer of 
graphite is a two-dimensional medium, three 
quantum planes of graphite with a1, a2 and a3 
should be considered. The first monolayer of 
graphite, graphene, determines unique physical 
and chemical properties [[13], [14]]. The motion of 
electrons in graphene is described by a two-
component equation similar to the Dirac equation 
[13]. If we look for a solution to the Dirac equation 
in the form of a harmonic wave, we obtain the 
dispersion law for massless particles (Fig. 6) E = ± 
VF k, and the solution itself has the form: 
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а) 

б) 

Figure 5 - Dependence of the energy level En in the 
nanolayer (a); quasi-discrete spectrum of electrons in 

the quantum well (b). 

Figure 6 - Electronic structure of graphene [13]. 

The Fermi surface degenerates into the Dirac 
point (Fig. 6), and the Fermi energy is EF = 0. Thus, 
graphene is a single-layer 2D Dirac material and is 
a quantum system at any temperature. The 
topological properties of graphene are due to the 
Dirac nature of the electron spectrum, which is 

similar to d-wave superconductors (cuprates, 
YBCO), which are also described by a massless 
Dirac Hamiltonian near the nodal points of the 
spectrum [15]. 

Bilayer graphene is different from monolayer 
graphene and graphite and exhibits improved 
physical, chemical, electronic and optical 
properties compared to graphene and bulk 
graphite materials [16]. Twisted bilayer graphene 
(tBLG) superlattice is formed when these layers are 
twisted at a small angle. The presence of disorder 
and interlayer interactions in tBLG improves 
several properties including optical and electrical 
properties. The studies of twisted bilayer graphene 
have been exciting and challenging so far, 
especially after the magic angle superconductivity 
was reported in tBLG [17]. Bilayer graphene can be 
considered as a “graphene + YBCO” system in the 
Landau–Zener model. We have shown that the 
superconducting transition temperature will be 
equal to: 

,
/2)kln(k

EF
Fń EŇ =


=   (5) 

where δ = const, which is quite difficult to 
determine theoretically. 

For us, the most important thing here is the 
dependence of the superconducting transition 
temperature on the Fermi energy EF, which can be 
changed, for example, using magnetic or electric 
fields, or by changing the value of the magic angle. 
From Fig. 5a, taking into account the work [12], it 
follows that EF for two-layer graphene is EF=0.9 eV. 
In the work [18], for two-layer graphene, Tc = 1.7 K 
was obtained, which means that in (6) the value 
δ1=1.9 K eV-1. 

Three-layer graphene differs from the latter 
two in mobility and conductivity [19]. A special 
feature of three-layer graphene is that after its 
magic-angle torsion, it develops superconductivity, 
which can withstand magnetic fields 2-3 times 
greater than the Pauli limit for spin-singlet pairing 
[20]. This case is similar to two-layer graphene, 
which can also be considered using the Landau–
Zener Hamiltonian. From Fig. 5a, taking into 
account the work [12], it follows that the Fermi 
energy for three-layer graphene is EF = 1.2 eV. In 
[21], it was obtained for three-layer graphene that 
Tc = 2.9 K, which means that in (6) the value δ2 = 
2.4 K eV-1. Approximately, δ1 = δ2 = 2 = const is 
satisfied. The diagram of three-layer graphene is 
shown in Fig. 7. 
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Figure 7 - Schematic Dirac cones of three 

graphene layers [22]. 

Acoustoemission of graphite and graphene 

The essence of acoustoemission is the analysis 

of the parameters of extremely weak ultrasonic 
radiation accompanying any change in the 
structure of a solid, especially during its 
deformation (Fig. 8). 

Figure 8 - Typical picture of the fine structure 

(oscillations) of acoustic emission signals recorded by a 

sensor on the surface of the body under study [23]. 

The total energy of the AE EAE is equal to [23] 
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where σ0 is the maximum amplitude of elastic 
vibration stress; λ is the vibration wavelength; ρ is 
the density of the solid; υ is the speed of sound. 

The maximum value of the wavelength λ 
propagating in a discrete chain of carbon along the 
z axis is equal to R(I)с. The speed of sound in the 
surface layer of graphite is equal to υ = R(I)/τ, 
where τ is the relaxation time. For longitudinal 

modes, the relaxation time is τL = 0.2 10-12 s, for 

transverse modes – τT =2 10-12 s. For graphite, the 

speed of sound is shown in Table 4. 

Table 4 - Speed of sound of longitudinal and transverse 
modes in graphite and graphene 

Graphite υL, m/s υТ, m/s 

ρ = 2260, kg/m3 4500 2380 

ρ = 1986, kg/m3 
[24] 

3505 1854 

ρ = 1753, kg/m3 
[24] 

2631 1591 

Graphene υL, м/с υТ, м/с 

ρ = 0,77, mg/m2 
[[25], [26]] 

19700 10700 

In Table 4, lines 2 and 3 are taken from the 
work [24], where the values of the speed of sound 
in graphite were determined in samples of 
different densities. It is evident that the speed of 
sound increases with increasing crystal density. 

On the contrary, the density of graphene is 
significantly lower than that of graphite [25], but 
the speed of sound in it is almost 5 times greater 
than that of graphite [26]. 

In equation (6), we take σ0 = σis, then for the 
EAE we obtain the values (Table 5). 

Table 5 - AE energy 

Carbon ЕAEа, eV ЕAEс, eV 

Graphite 2.98 1.86 

Graphene 2.13 - 

Comparing Table 3 with Table 3, it is evident 
that the deformation energy Ed of graphite and 
graphene, arising due to the reconstruction of 
their surface, coincides within the experimental 
error with the acoustic emission energy EAE, i.e. Ed 
≈ EAE. 

Thus, it can be considered proven that in 
natural graphite (as in all solids), acoustic emission 
arises due to the reconstruction of its surface, 
leading to the emergence of a surface layer R(I) 
and deformation energy Ed. 

Let us transform formula (6). As a result, we 
obtain: 

),(
)(6,4
eV

M

IRET
Ĺ m

ŔÝ 


= (7) 

where Tm is the melting point of the solid (K); E 
is the Young's modulus (GPa); M is the mass of the 
crystal (kg). 

From formula (7) it follows that the value of 
the EAE is proportional to the temperature, and this 
allows graphene to be used as a thermophone - a 
device in which thermoacoustics forces heat to be 
converted into sound [27]. Such a graphene 
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thermophone differs from speakers and 
piezoelectric transducers by the complete absence 
of mechanical moving elements (Fig. 9). 

Figure 9 - Operating principle of the 
hydroacoustic transducer [27] 

The first thermoacoustics model was proposed 
in 1917 and the last one in 2018 (see review in 
[27]), but only qualitative estimates were 
obtained. 

Our model, represented by equation (7), 
contains only experimentally determined 
parameters and their accuracy is quite acceptable. 

The value of the acoustic emission energy in 
formula (7) is proportional to R(I). 

Cracks determine the performance of all 
existing structures and are studied by the acoustic 
emission method (see bibliography in [[28], [29]]. 

In 2019, the International Organization for 
Standardization (ISO) developed three new 
standards: 

ISO 16836. Non-destructive testing. Acoustic 
emission testing. Method for measuring AE signals 
in concrete; 

ISO 16837. Non-destructive testing. Acoustic 
emission testing. Method for qualifying damage 
assessment in reinforced concrete beams; 

ISO 16838. Non-destructive testing. Acoustic 
emission testing. Method for classifying active 
cracks in concrete structures. 

We have shown that the evolution of 
nanocracks occurs according to the law: 


=== −



M
LLL nmmC

542 1017,01010  (8) 

where Lnm, Lμm, LС are the lengths of nanocracks, 
mesocracks and the critical length of cracks before 
the destruction of a solid. 

Equation (8) shows: the number of cracks in 
concrete in the region of nanostructure I is 105, in 
mesoscopic II it is 107 and in the pre-destruction 
region III it is about 109. 

Adding graphene to cement mortar 
significantly strengthens (by 4-5 times) standard 
concrete and reduces the number of nanocracks. 

Conclusion 

The energy of deformation is created during 
the reconstruction of graphite and all other solids, 
and even liquids, when they are finite and in 
contact with either a vacuum or the external 
environment. The energy of deformation is spent 
on heat, acoustic emission (propagation of sound 
waves), exoemission (emission of slow electrons 
and ions) and luminescence. This is the mechanism 
of graphite acoustic emission. In this case, the 
surface layer of graphite and graphene, which is 
obtained by splitting graphite, are responsible for 
acoustic emission. 
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Графит пен графеннің акустикалық эмиссиясы 
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ТҮЙІНДЕМЕ 
Мақалады табиғи графит пен графеннің акустикалық эмиссия механизмінің үлгісі 

ұсынылады. Графиттің беткі қабатының R (I) қалыңдығы параллель жазықтықта 0,9 нм-ден 

перпендикуляр жазықтықта 2,46 нм-ге дейін өзгереді және үш графен моноқабаттарын 

қамтиды. Еркін графеннің бетіндегі гофрлар айтарлықтай деформация энергиясына 

әкелетін жоғары ішкі кернеулерден туындайды. Графит пен графеннің бетін қалпына 

келтіруге байланысты деформация энергиясын бағалау ұсынылады. Біз графитті 

наноқабатты шексіз биік қабырғалары бар потенциалды ұңғыма ретінде елестетеміз, 

содан кейін наноқабаттың энергетикалық деңгейлері бір іргелі параметрмен – 

кристалдың кристалдық тор тұрақтысымен анықталады. Кристалдық тор константасы R(I) 

қабатында өлшемдік әсерлерге байланысты өзгереді. А параметрі өзгеруін тоқтатқаннан 

кейін кванттық күйлер спектрі үздіксіз спектрге айналады, мұнда графит үшін классикалық 

Друд-Лоренц заңдары орындалады. Графиттің беткі қабаты екі өлшемді кванттық орта 

болғандықтан, графиттің а₁, а₂, а₃ және болатын үш кванттық жазықтығы қарастырылуы 

керек. Мақалада бір, екі және үш қабатты графен қарастырылады. Графеннің Ферми беті 

Дирак нүктесіне айналады, ал Ферми энергиясы нөлге тең. Екі қабатты графен үшін Ферми 

энергиясы E F = 0,9 эВ, ал үш қабатты графен үшін E F = 1,2 эВ. Атап айтқанда, осы кванттық 

деңгейлердің үшеуі де графит пен графеннің акустикалық эмиссиясына қатысады. 

Мақалада табиғи графитте (барлық қатты денелердегі сияқты) акустикалық эмиссия оның 

бетінің қайта құрылуына байланысты пайда болып, беттік қабаттың R(I) түзілуіне әкелетіні 

және деформация энергиясы Ed болатыны дәлелденген деп санауға болады. Мақалада 

тек эксперименталды түрде анықталған параметрлерді қамтитын термоакустика моделі 

ұсынылған және олардың дәлдігі әбден қолайлы.  

Түйін сөздер: акустикалық эмиссия, графит, графен, наноқабат, Ферми беті, кристалл. 
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АННОТАЦИЯ 
В настоящей статье предлагается модель механизма акустоэмиссии натурального графита 

и графена. Толщина поверхностного слоя R(I) графита изменяется от 0,9 нм в 

параллельной до 2,46 нм в перпендикулярной плоскости и содержит три графеновых 

монослоя. Гофры на поверхности свободного графена возникают за счет высоких 

внутренних напряжений, приводящих к значительной энергии деформации. Предложена 

оценка энергии деформации, связанной с реконструкцией поверхности графита и графена. 

Нанослой графита представим как потенциальную яму с бесконечно высокими стенками, 

тогда уровни энергии нанослоя определяются одним фундаментальным параметром – 

постоянной кристаллической решетки кристалла. Постоянная кристаллической решетки а 

изменяется в слое R(I) из-за размерных эффектов. Как только параметр а перестает 
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изменяться, спектр квантовых состояний переходит в непрерывный спектр, где для 

графита выполняются классические законы Друде–Лоренца. Поскольку поверхностный 

слой графита представляет собой двумерную квантовую среду, то следует рассматривать 

три квантовые плоскости графита с а1, а2 и а3. В статье рассмотрен одно-двух-трехслойный 

графен. Поверхность Ферми у графена вырождается в точку Дирака, а энергия Ферми 

равна нулю. Для двухслойного графена энергия Ферми равна EF = 0,9 эВ, а для 

трехслойного графена - EF = 1,2 эВ. Именно, все эти три квантовых уровня участвуют в 

акустической эмиссии графита и графена. В статье можно считать доказанным, что в 

природном графите (как и всех твердых телах) акустическая эмиссия возникает из-за 

реконструкции его поверхности, приводящая к возникновению поверхностного слоя R(I) и 

энергии деформации Еd. В статье предложена модель термоакустики, которая содержит 

только экспериментально определяемые параметры и точность их довольно приемлема. 

Ключевые слова: акустоэмиссия, графит, графен, нанослой, поверхность Ферми, кристалл. 
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