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FRICTION MECHANISM OF GRAPHITE AND GRAPHENE

Abstract. The article proposes a model of friction of graphite, which is a stack of graphene
sheets. The model is based on the thickness of the surface layer, which for graphite is
3 monolayers of graphene. Large internal stresses arise in the surface layer, leading to
the occurrence of dislocations and nanocracks. The friction process can be described as
a process of elastic-plastic deformation of the surface layer. For graphene, an important
role in friction on graphite is played by the nanolayer, which is a quantum nanostructure.
Graphene friction occurs in a stepwise manner, taking into account the Tamm states of the
surface. It is shown that friction is accompanied by oscillatory and dissipative processes, the
formation of a turbulent fragment, and self-organization in the form of Benard cells. A formula
has been obtained that can serve as a criterion for selecting an antifriction coating made
of graphene or its composites. The terahertz radiation we predicted in graphene refers to
surface plasmon-polaritons (plasmons). The most promising approach to creating effective
terahertz radiation detectors is the use of nanostructures as a sensitive element. These
nanostructures include graphene and graphene-like materials. The proposed model opens
a new approach for theoretical and experimental research of processes in nanotribology.
Keywords: antifriction coating, graphene composites, nanostructures, processes in
nanotribology, graphene materials, graphite, 2D graphene friction, nanoelectronics.

Introduction. Over the past three decades, zero-dimensional (0OD), one-di-
mensional (1D), and two-dimensional (2D) carbon nanomaterials have attracted
considerable attention due to their unique electronic, optical, thermal, mechanical,
and chemical properties [1-3]. Friction and wear are characteristics of mechanical
systems involving contact between moving components. Here, 2D graphene and
its composites play a special role [4]. Graphene has high levels of rigidity, strength,
and thermal conductivity and is also impermeable to gas. Graphene is considered
a promising material for applications in nanoelectronics and miniaturization of var-
ious devices. In addition to solid lubricant, graphene materials can be used to
improve various types of composites from polymers to ceramics. They have also
demonstrated their effectiveness as nanoadditives for various types of lubricants,
such as water, oils, and ionic liquids. A minimal amount of graphene additive can
increase the durability of a product. Graphene was discovered 20 years ago [5].
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Many works in most countries are devoted to the study of graphene, including the
mechanisms of its production [6, 7] and its defect structure [8, 9].

The aim of the work is to provide an overview of the latest works on the fric-
tion of 2D graphene and to propose our model for the friction of single-layer and
multilayer graphene (graphite).

Review of graphene friction. Two-dimensional 2D graphene materials and
their composites are new nanomaterials for application in technological and engi-
neering fields [10-18]. Currently, there are five theories explaining the processes
occurring during friction: mechanical (deformation); molecular (adhesion); mo-
lecular-mechanical; energy; hydrodynamic [19]. In the review [15], the friction of
layered structures is divided into mechanisms: interlayer and surface (Figure 1).
Low friction of layered materials was noted back in the 30s of the last century due
to the low shear resistance between their adjacent atomic layers (Figure 1-1).
For example, these include: muscovite (mica) - KAIAAISiZ01)(OH)2 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 and many others
[20]. According to the Tomlinson model (Figures 1-2), the friction force depends
on the actual contact area, that is, on the roughness of the two rubbing materials,
without taking into account their atomic structure [15]. According to the Frenkel -
Kontorova model (Figure 1-3), friction occurs due to the movement of dislocations
in the crystal, which arise during the movement of two rubbing materials. In this
case, any excitation in the crystal is converted into traveling waves, which are
called solitons in the continuous model [21]. Hirano et al. (1991) studied atomical-
ly smooth surfaces and obtained friction coefficients close to zero on them [15].
They called this phenomenon “superlubrication” or superlubrication (Figures 1-4).
However, superlubrication was discovered in 1956 by D.N. Garkunov and L.V. Kra-
gelsky on the “copper alloy - glycerin - steel” system and was called by them the
wear-free effect [22]. The mechanism of the wear-free effect during friction does
not follow from the five theories of friction (see above) currently in practice and is
still debated. In [23], the dissipation of energy between a tungsten tip sliding on a
graphite surface was studied using the AFM method. By measuring atomic-scale
friction as a function of the angle of rotation between two contacting bodies, the
paper showed that the reason for the ultra-low friction of graphite is the incommen-
surability of the rotated graphite layers, an effect called “superlubricity” (Figures.
1-5). A review [24] provided a chronology of the major milestones in the field of
superlubricity (Figure 2).

Unlike other critical phenomena such as superconductivity and superfluidity,
friction associated with energy dissipation never disappears. Therefore, the crite-
rion for superlubricity is usually chosen as a decrease in the coefficient of friction
(the derivative of the friction force to the normal load) of less than k ~ 10-310-4. For
a low coefficient of friction, the egg-box model was invented (Figures 1-6).
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Figure 1- Summary of friction mechanisms of 2D materials [15]
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Nanoscale

Figure 2 - Timeline of major milestones in the field of structural superlubricity. The timeline
starts with the first theoretical prediction of static friction disappearance in 1983 and the
study of ultra-low kinetic friction states in 1991 (the “Birth”). This was followed by the
pioneering experimental demonstration of nanoscale superlubricity in graphite contacts

in 2004, which led to the first observation of microscale superlubricity in 2012 and the
proposal of heterojunctions in 2013 and multi-contact configurations in 2015 [24].

The essence of this model is that in layered structures two chains of atoms
of size VO are considered. The first of them slides over the second with some
potential and parameter q=4nV0(k a2. As soon as n=1, locally commensurate
regions can form, leading to pinning effects and increased friction. It is concluded
that ultra-low friction (superlubrication) occurs when the surfaces in contact are
incommensurate (Figure 3) [15, 24].

Initial state Intermediate state Final state
(Commensurate) (Incommensurate) (Commensurate)
]Translation
60.
rotation
nltraction Thermal
fluctuation
| * First-layer graphene t~l Second-layer graphene

Figure 3 - The process of transformation of the commensurate-incommensurate state
during sliding of graphene nanosheets on the graphene surface [15].

Particles on the surface during friction can be commensurate and incommen-
surate with the arrangement of surface atoms. This difference is especially evi-
dent from the oscillation spectra of moving particles. In commensurate structures,
atomic particles are located in well-defined unit cells of the crystal. The spec-

85



EcTecTBeHHbIE HayKn, UHXXUHUPUHE N T EeXHOIornn

trum of atomic oscillations in a two-dimensional structure is determined by the
potential of their interaction and has a long-range order (optical branch of oscil-
lations). Incommensurate structures arise when the energy of lateral interaction
of atomic particles exceeds the value of the activation barrier. In this case, an
acoustic branch appears in the oscillation spectrum, and atomic particles occupy
places that are not correlated with the relief of the substrate. A detailed exam-
ination of the superlubrication effect is given in the monograph [25]. In [15] it is
noted (Figure 1-7) that the MDM method and the two-temperature method (TTM)
confirm that the electron-phonon interaction in graphene has an insignificant effect
on friction compared to the roughness of the substrate. The substrate condition
is of great importance and affects the friction force of 2D materials. When AFM
probes slide on the surface of a weakly attached substrate, the friction force is
high due to the deformation of graphene in the form of wrinkles (Figures 1-8).
However, it was found that mechanically cleaned graphene provides low friction
on an atomically smooth substrate such as mica, where graphene suppresses
the deformation of surface wrinkles. Penkov O.V. [4] considered the tribological
properties of graphene and concluded that the key factors affecting the tribological
properties are the number of layers, the stacking mode, and the substrate mate-
rial. For the energy dissipation mechanism (Figures 1-9), a simulation model is
presented in [26], as shown in Figure 4a, b. A diamond tip was used to slide on
a three-layer graphite substrate, and the resulting friction energy was recorded
continuously during the simulation. A spherical diamond with a tip of radius R
= 200 A and height h = 8 A was held and moved horizontally along a graphite
surface. It was assumed that the top few layers of the tip (2 A thick) were rig-
id, and the bottom part was set to be deformable. For the simulation, the top
surface of the diamond tip was oriented along the direction. The graphite sub-
strate contains three graphene layers with a length of 266 A and a width of 245 A.
The coordinates were chosen: the Z axis was perpendicular to the graphite, the
X axis ran in a zigzag direction, and the Y axis was along the chair direction (Fig-
ure 4a.) The graphene layer was fixed. The top two graphene layers were also
fixed to avoid sliding between the layers.

Figure 4 - Simulation model: atomistic model used in molecular dynamics simulation (a);
schematic diagram showing the diamond-graphite system and their specific interactions (b)
[26].

In the MD simulation, two Lennard-Jones (LJ) potentials were used to describe
the atomic interactions between the diamond tip and graphite (LJ-1) and between
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different graphite layers (LJ-0). The LJ potential is formulated as U(r) = 4£[(a/n) 2
- (cn@, where £ is the depth of the potential well and ais the distance at which
the potential is zero. In [26], friction was studied when the adhesion was relatively
weak (/1 = 0.5). In Figure 5a, two types of energy are shown: Uint is the energy
associated with the sliding of the diamond tip on the surface; Ubulk is the energy
associated with the deformation of the bulk. The change in friction force Ff as a
function of normal load is shown in Figure 5b.

3 b
Figure 5 - Schematic and typical simulation result of the deformed configuration for low
adhesion systems (a); the change in the friction force Ff depending on the normal load.
The inset shows the change in the lateral force and potential energy as a function of lateral
displacement under the action of a normal load of 18.3 nN [26].

When the adhesion of the tip to the graphite is relatively strong (1 = 5), the
change in the friction force Ff depending on the normal load is equal to, as shown
in Figure 6b. The changes in the lateral force and the total potential energy of the
system as a function of lateral displacement under a typical normal load are shown
in the inset. Similar to the case of low adhesion, the energy corrugation Utotal also
turns out to be periodic and very close to a sinusoidal shape. The simulation result
showed that under high adhesion, delamination of several upper layers of graphite
occurs, as shown in Figure 6a.

Normal load (nN)
a) b)

Figure 6 - Schematic and typical result of the simulation of the deformed configuration for
systems with high adhesion (a); the change in the friction force Ff depending on the normal
load. The inset shows the change in the lateral force and the total potential energy of the
system as a function of lateral displacement at a normal load of -61.8 nN (b) [26].
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The energy dissipation (Figure 1-9) associated with frictional sliding occurs
not only from the interfacial interaction, but also from the deformation inside the
layered materials.

Using a calibrated grating as a substrate, itwas possible to measure the friction
coefficient of graphene, which varied from 0.066 to 0.087. The periodicity of friction
was also explained by atomistic incommensurability. The most significant decrease
in friction occurred when the number of graphene layers was changed from one to
two. This means that at least two graphene layers are necessary to provide solid
lubricity due to the sliding of graphene layers relative to each other. When graphene
nanoflake slid on graphite at low temperature (only 5 K), it exhibited a superlubricity
state. In particular, 100% superlubricity was observed for contact areas less than
1*106nm2 and the probability dropped to 58% and 12% when the contact area was
increased to 3*106and 1*10® nm2. If the contact area exceeded 4*10® nm2, the
superlubricity of graphene completely disappeared. It was concluded that the shear
occurs mainly along the grain boundaries [4].

Despite the nanoscale thickness of graphene layers, they effectively reduce
friction and wear not only at the nano- but also at the macroscale. The key factors
affecting friction and wear are the number of layers and adhesion to the substrate.
The latter two factors are mainly related to specific deposition methods. The best
results can be obtained when graphene is grown on a rigid substrate and left intact
[4].

Research method. Our model of graphite and graphene friction. Multilay-
er graphene or graphite is a layered 3D structure. Each layer consists of regular
hexagons of carbon atoms (C) measuring 0.335 nm, between which strong cova-
lent bonds act with an energy of 170 J/mol. Between the layers there is a space
of 0.7-1.6 nm, where weak van der Waals forces act with an energy of 16.7 J/mol
(Figure 7a). These graphene layers easily slide in the longitudinal direction and
represent a solid lubricant (Figure 7b) [27].

10 Covalent bond

Aggregated graphene layers

a) 6)

Figure 7 - Graphite structure (a) and layer diagram on metal (the dotted line denotes the
plane of easy shear) (b) [27].
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Antifriction graphite and its application in industry have been used for a long
time [28]. In Kazakhstan, a monograph is devoted to carbon materials [29].

In the periodic table of D.I. Mendeleyev, the position of carbon in the central
column and upper row is shown (Figure 8a). In the central column, carbon has
the largest number of covalent bonds per atom (4). The upper position makes its
atoms the smallest among all elements of the central column. Figure 8b shows
the dependence of the friction coefficient on hardness. As can be seen, the friction
coefficient of diamond is about 0.1, as is the case with graphite.

Figure 8 - D.I. Mendeleyev's table showing materials with atomic bonds. This table does
not include hydrogen and noble gases (a); the coefficient of friction as a function of
hardness (b).

It has now become common knowledge that friction is associated with the sur-
face layer of a solid [30, 31]. Determining the thickness of this layer R(l) experimen-
tally is a complex task that requires ultra-high vacuum and complex equipment [32].
This problem has been solved only for a few substances. For example, for gold R(l)
= 1.2 nm, and for silicon - R(l) = 3.2 nm [32], i.e. they represent a hanostructure. We
first determined the thickness of the surface layer of solids in [33-35] (Figure 9a),
and friction in [36] (Figure 9b).

nanolayer
bulk phase

mesolayer
mesolayer 1y¢

mesolayer

LI un
W tm wim rivA/ i

bulk phase

Figure 9 - Scheme of a solid: nanolayer » mesolayer * bulk phase (a); scheme of the
motion of atomically smooth graphite on atomically smooth metal surfaces with a constant
velocity u.
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The thickness of the surface layer R(l) is given by the formula [33-35]:
_ D
In equation (1) one parameter must be known - the molar volume of the ele-
ment, which is equal to n = M/p (M is the molar mass, p is its density), a = 1 m-2is
a constant to maintain the dimensionality (R(l) [m]).
In [37] it is shown that the surface energy of a bulk metal y2 is equal to an
accuracy of 3%

y2=07 -10-3-Tm [J/mz],

where T is the melting temperature of the metal (K).

@

In the R(l) layer, the size effect must be taken into account and the surface
energy becomes equal to y1[38]:
. - R ©)
where yRis the surface energy at the phase boundary, which is negligibly small due to
the second-order phase transition.

To separate the R(l) layer from the rest of the crystal, energy must be expend-
ed, which is called the adhesion energy [39]:
4
Internal stresses ais between phases yland y2can be calculated using the for-
mula [39]:
ais=VWa-E/R (1),
0] ®)

where E is the Young’s modulus of elasticity.

Using equations (1) - (5), we calculate the parameters for graphite and
graphene.

Table 1 - Parameters R(l) of graphite and graphene

Carbon M, g/mol p, g/sm3  R()anm R()gnm Yz mlm2 Yg md/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 -

From Table 1 it follows that the thickness of the surface layer of graphite is 0.9
and 2.46 nm, i.e. they represent a nanostructure. In graphite, the number of mono-
layers in the R(l) layer is three (3) - compare with Figure 4. Figure 10a shows how
the internal pressure changes depending on the number of graphene layers [40].
Figure 10b shows the intensity of the peak G ofthe Raman scattering of graphene
depending on the number of its layers [41]. Both figures clearly show that the R(l)
layer for graphite contains 3 layers, which indicates the validity of our model (1).
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More than three layers of graphene are converted into graphite and the values of
the quantities in Figure 10 cease to depend on the number of layers.

Figure 10 - Change in the maximum atomic stress (red line) and maximum average
pressure (green line) depending on the number of graphene layers (a) [40]; G line
frequency depending on the number of stacked layers (mean value and standard
deviation). The inset shows the G peak for HOPG (upper peak), bilayer (middle peak) and
monolayer (lower peak) graphene. The vertical dotted line indicates the standard for bulk
graphite (b) [41].

Table 1 raises the question of the thickness R(l)c for monolayer graphene? It is
believed that the step height of a graphene monolayer obtained by AFM is equal to
its thickness. Various authors report the thickness of a graphene monolayer in the
range R(l)c= 0.5-1.7 nm depending on the samples and measurement conditions
[42, 43]. In [44], the thickness of a graphene monolayer was R(l)c= 0.86 nm. The
variation in the graphene monolayer thickness reported by different authors may
be due to a slight difference in the adhesion between the AFM tips, graphene, and
the substrate. It was demonstrated in [42] that the use of advanced AFM modes,
such as the PeakForce tapping mode, can reduce the measurement error of the
first layer from 0.3-1.3 nm to 0.1-0.3 nm. The average value for graphene is R(l)c=
0.15 nm [42]. This value coincides with our value R(I)c= 0.14 nm (Table 1), taken
from the reference book [45], where the radius of carbon is given (0.07 nm). Then
its diameter is 0.14 nm, and graphene is a monatomic allotropic modification of
carbon. Such a discrepancy in the determination of R(l)c by different authors is
also due to the fact that free graphene is subject to wrinkling (see below). In the
R(l) layer, reconstruction [32] of monolayers occurs (Figure 11).
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Figure 11 - Reconstruction of the graphite surface.
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The size effects in the R(l) layer are determined by the entire group of atoms
in the system (collective processes). Such “semi-classical” size effects are ob-
served only in nanoparticles and nanostructures [46]. In [47], it was shown that for
surface layer sizes of less than 6-8 layers, the energy of quantum states changes
in a stepwise manner. Moreover, each step is assigned corresponding quantum
states. Thus, the R(l) layer is not only a nanostructure, but also a quantum struc-
ture at any temperature. The properties of the R(l) layer can differ significantly
from the volume, which already follows from the properties of graphene [48].

Table 1 raises the question of the surface energy y of graphite and graphene.
The terms free surface energy (FE) and specific surface energy are usually used
to characterize the thermodynamic properties of the solid-gas (vacuum) boundary.
If we consider the liquid-gas (vapor) or solid-liquid interface, we speak of surface
tension, the dimension of which is equal to - N/m. Note that J/m2= N*m/m2= N/m.
Experimental determination of the surface energy of solids is complicated by the
fact that their molecules (atoms) are unable to move freely. An exception is the
plastic flow of metals at temperatures close to the melting point. Currently, more
than twenty methods for determining y are known. Many monographs, articles and
patents are devoted to methods for determining the PE of solids (see the bibliog-
raphy in [49, 50]). For graphene and graphite, the following PE methods are used:
the “sessile drop” method (Figure 12a) and the crystal cleavage (splitting) method
(Figure 12b).

Figure 12 - lllustration of the sessile drop method with a liquid drop partially wetting the
solid base (a); splitting the crystals using a quartz wedge (b).

The sessile drop method uses Young's equation:
cosOc =(ySG-y SL)/y LGj (6)
where ysg, Ysl are the values of surface energies at the solid/vapor and solid/liquid inter-

faces, respectively; yLG is the value of surface energy at the liquid/vapor interface (surface
tension energy).

In the method of L.V. Obreimov, cleavage (splitting) of crystals is carried out
according to the formula:
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E-h2 S
@)

where E is Young's modulus, |j is

Poisson’s ratio, his the film thickness, and u is the angle between the tangent to
the curved contour of the detached plate and the direction of the developing crack
mouth. In [51], using the sessile drop method, the surface energy of graphene
and graphene oxide is 46.7 and 62.1 mJ/m2, respectively, while natural graphite
flakes exhibit a free surface energy of 54.8 mJ/m2at room temperature. In [52],
it was shown that the surface free energy of suspended monolayer graphene is
zero, indicating its superhydrophobicity. This follows from equation (6), where the
contact angle 0 of any liquid droplet on a suspended graphene monolayer is 180°.
This experimental result was confirmed theoretically using the molecular dynam-
ics method. In [53] it is noted that one of the advantages of the contact angle for
measuring surface energy is that it is a widely used, relatively simple experiment
that does not require expensive specialized equipment. In this work, it was found
that the surface energy of the basal plane of graphite is 63+7 mJ/m2, regardless of
the size of the graphite flakes. The surface energy of the basal plane of graphene
is 624 mJ/m2, regardless of the size of the nanosheet. In the latest work [54], it
was shown that the average surface energies of graphene, graphene oxide and
graphite are 44.8+14.7, 47.9+7.2 and 53.6+2.1 mJ/m2, respectively. Let us turn
to the previous article of these authors and present their results in Table 2 [55].

The most reliable version of the method for determining y, based on the split-
ting of a crystal, was proposed in 1930 by I. V. Obreimov [56]. The idea of this
work is as follows. A plate is split off from a mica crystal along the cleavage plane,
which, under the influence of the moment of forces acting against the surface
forces, partially bends (Figure 12b). This plate can be used as a dynamometer
measuring the splitting force. Recently, in work [57], a study was conducted by
splitting mica in a way similarto Obreimov’s approach, but using modern research
methods. The adhesion energy from formula 4: Wa= 2y = 0.81 + 0.38 J/m2, in
Obreimov [566] Wa= 0.76 J/m2, in works [58, 59] Wa= 0.6 + 0.8 J/m2 and in our
theoretical work Wa= 0.809 J/m2[60].

Table 2 - Static contact angles and associated free surface energy

Substrate Liquid 0+1 Y, mJ/m2
Si Water 64 66.75
Si/graphene Water 92 42.49
Cu-pure Water 68 60.42
Cu-pure 5.123M NacCl 87 44.76
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Cul/graphene Water 86 45.27
Cul/graphene 1.256M NaCl 77 51.06
Cu/graphene 2.022M NacCl 71 56.72
Cu/graphene 2.468M NaCl 80 48.85
Cu/graphene 2.775M NaCl 72 55.65
Cu/graphene 3.677M NaCl 75 52.74
Cu/graphene 5.173M NaCl 76 51.87

Obreimov's method was used for graphite in works [60-63], the analysis of
which was carried out in work [64]. The surface energy of the prismatic face of
graphite turned out to be equal to Ya = 1500-5000 mJ/m2, the surface energy of
the basal face of graphite turned out to be equal to yc=130-150 mJ/m2. This is a
significant difference between the values for graphite (see above). Our values of
Ya and yc, presented in Table. 1, calculated using formula (2) taking into account
the coefficient of thermal expansion of graphene and graphite, proportional to ther-
mal conductivity (Figure 13a). The coefficient of thermal expansion of graphene
has a minimum at room temperature and is - 3.7210-6 K-1 (Figure 13b), which in
absolute value is three times higher than the coefficient of thermal expansion of
graphite in the plane at the same temperature (1.3*106 K']) [65]. From Figure 13a
it follows that graphite contains 3 graphene monolayers (see Table 1, Figure 10),
which confirms our model. The reason why the sessile drop and crystal splitting
methods give values with a difference of an order of magnitude is as follows:
firstly, the classical Young equation, obtained on the basis of the thermodynamic
approach, does not work. Therefore, the equation of the contact angle requires
serious revision. And such a revision was made in the works [66, 67]. The new
equation for the contact angle is now called the Young-Verkholomov equation:

cosB, =(ysi —yS)/ 71(i (8)

where ya is the adhesion force at the solid/vapor interface; ysl, Yig are the surface ten-
sions of the liquid at the liquid/solid and liquid/vapor interfaces, respectively.

Secondly, the sessile drop method gives the value of the surface tension of the
liquid on the solid, but not the surface energy of the same solid. This is clearly demon-
strated in [66], where it is said that the surface tension of water on the surface of
porous silicon was 70.6 mJ/m2 This does not differ much from Table 2, where the
surface energy of silicon is determined as 66.75 mJ/m2 This means that all works
[51-55] based on the sessile drop method cannot give the value of the surface energy
of a solid. This is due to the fact that according to Gibbs, it is necessary to distinguish
between the surface energy and surface tension of solids; they coincide only for
liquids [67].
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Figure 13 - Dependence of the thermal conductivity coefficient of films composed of
several graphene layers on the number (a); thermal expansion of graphene (b) [65]

Today, the relationship between the magnitude of surface energy y and surface
tension ais determined by the Shuttleworth equation:

®)

Here Q is the surface area of the solid; T is the temperature. This means that in Table 2
the value y must be replaced by the value ct This is confirmed by the fact that in Table 2 for
copper Cu with water the value y=60.42 mJ/m2was obtained. However, the exact measure-
ment of the surface energy of copper by the “zero creep” method [68] is given in Table 3.

Table 3 - Surface energy of pure metals [68]

Metal Y, mJ/m2 Metal Y, mJ/m2 Metal Y, mJ/m2
Ag 1205 6-Fe 1910 Si 2130
Au 1410 Y-Fe 2170 Sn 673
Al 1140 Ga 767 Ta 2480
Bi 504 Cd 820 Ti 1938
Cd 675 In 633 Tl 562
Co 2424 Mo 2630 \% 1950
Cr 2090 Nb 2210 W 2690
Cu 1520 Ni 1940 Zn 868

Using equations (1)-(5), we calculate the parameters for graphite and graphene
(Table 4).

Such large internal stresses uis lead to significant warping of single-layer
graphene, experimentally discovered in [69, 70] and theoretically studied in [71,
72]. Such warping of graphene leads to an increase in its friction coefficient [4].
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In [73], it was shown that even small deformations of graphene within 10% are
sufficient to change its surface and its adsorption properties.

Table 4 - Elastic parameters of graphite and graphene

Carbon Wy Jim2 Wy Jim2 oy GPa g3 GPa E5 GPa E, GPa

Graphite 2,853 1,690 4,9 1,36 7,59 3,48
Graphene 3,448 - 118,4 1000 -

If in Table 4 we take aisa=118.4 GPa for graphene as 100%, and ais=4.9 GPa
for graphite as x%, then during the formation of graphene we will obtain a graphene
deformation of 4%, which is slightly lower than the mentioned 10%. Table 5 pres-
ents the forbidden zones calculated in the work [73] by varying the deformations
with a step of 2% in the range from an unstrained graphene sheet to 20%.

It is evident from Table 5 those uniaxial deformations are capable of opening
very small band gaps, and the dependence of the band gap on deformation is
non-monotonic. The zigzag (Z) and armchair (A) directions correspond to the ends
of graphene.

The work [74] can be cited on the warping of the graphene surface due to
internal stresses. It shows an AFM image of the graphene surface, from which it
is evident that the surface consists of domains measuring 20x50 nm, oriented in
one direction and forming “folds” on the graphene surface with a height of 1 nm. In
this case, the roughness value over an area of 0.5x0.5 pm is about Ra=0.25 nm.

Table 5 - Energy gap in the band structure of graphene (4, meV) for uniaxial defor-
mation of the sheet (a) in the zigzag (Z) and armchair (A) directions [73]

% 0 2 4 6 8 10 12 14 16 18 20
0 10 0 10 70 10 60 60 20 30 30
0 20 30 30 20 10 10 50 90 110 80

If we consider Figure 9b, as well as Table 4, we can see that the friction pro-
cess itself can be described as a process of elastic-plastic deformation of the
surface layer. In [75], we proposed the formula:

A()/A(00) = 1- R(I)/R(I}+-1, 0<r < R(l), O

where A(r) is a physical property of the nano- and mesolayer with coordinate r; A(~) is a
physical property of the bulk sample (bulk phase) (Figure 9a).

If the coefficient of friction k during the movement of graphite (graphene) on
graphite (graphene) is taken as the physical property A(r), then at 1-R(l)/R(I)+r ~
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exp[-(R()/R(1)+r)] in the nanolayer we will have k(r) = k(~) exp[-(R(I)/R(I)+r)]. After
this, the friction in the nanolayer, that is, at r= 0 and at r = R(l) will be equal to: k(0)
=Kk(~) (1/e) = 0.1/2.72 = 0.04; k[R(I)] = k(~) (1/e1/2) = 0.1/1.65 = 0.06. Here k(~) =
0.1 for graphite is taken from Figure 8b. As a result, in the graphite nanolayer, the
friction will look, taking into account the work [47], as shown in 14a. In the mesolayer,
the friction will depend on formula 1 in equation (9), with 1-R(l) « exp(-R(l)/r). Then
K[R()] = k(~) (1/e) (Figure 9a) and the friction will look as in Figure 14b.

Let us now explain everything said above in detail. As the upper graphite moves
along the surface of the lower one, a new surface of nanometer thickness is formed.
This means that the friction performs an oscillatory motion (Figure 15 a). The layers
R(l), R(Il) and the bulk phase have different values of internal friction, which is pro-
portional to the internal stresses k ~ aisfrom Table 4. When the graphite from above
begins to move, a turbulent fragment is formed by friction (Figure 15 b) [76]. This is
manifested in the microstructure found on the surface of steel 20 [77] (Figure 16 a)
and on our alloy CrNiTiZrCu [78] (Figure 16 b). The same thing happens in graphite.

Figure 14 - Dependence of the friction coefficient in the nanolayer (a) and in the mesolayer

Figure 15 - Oscillatory friction motion during the formation of a new surface (a); dia-
gram of the formation of a turbulent fragment (b).

A similar structure in Figure 16 is characteristic of Benard cells [79].

Benard cells are the occurrence of ordering in the form of convective cells in
the form of cylindrical shafts or regular hexagonal figures in a layer of viscous
liquid with a vertical temperature gradient. And the temperature gradient gradT
~ k, i.e. is proportional to the coefficient of internal and external friction, therefore
friction is similar to a viscous liquid (Figure 17). A similar effect was noticed rela-
tively recently [80].
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Figure 16 - Friction surface at the moment of turbulent fragment of a sample made of steel
20 [77] (a) and alloy CrNiTiZrCu (b) [78].

Figure 17 - Benard cells with PMS-10 silicone oil with aluminum powder (a) and (b) with
different magnification [79].

More strictly (see, for example, [79]), when analyzing processes in the Be-
nard system, the Rayleigh number is chosen as the control parameter: Re =
gL3/a, where g is the acceleration due to gravity, L is the characteristic size,
b is the coefficient of volumetric expansion, dT is the temperature gradient, v
is the kinematic viscosity, and a is the thermal diffusivity of the medium. Since
the kinematic viscosity v ~ 1ly, y is the surface energy, it follows from the above
expression for the Rayleigh number that the control parameter in our case is Re
« C L3 y,where C ~const, and L = R and 2y = Wa In other words, if the product
R(O"W(l)afor moving graphene on the surface of graphite is less than the similar
product, then their difference, including the roughness of the rubbing materials,
is equal to:

(10)

where F is the friction force during the movement of rubbing materials; Ra is the rough-

ness; L is the length of the path of movement; k is the coefficient of friction; W Ris the adhe-
sion energy between two materials.

Equation (10) can serve as a criterion for selecting an antifriction coating made
of graphene or its composites. For graphene, the nanolayer R(l) plays a role in
friction on graphite; its friction occurs in a stepwise manner, according to the work
[47] taking into account the surface states of Tamm [81] (Figure 14a).

A measure of the internal friction of a crystal is the value Q-1, which according
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to Debye is equal to [82]:

_ 2rcfc
Ql=2Qm |, (27tft)2’ (11

where f is the sample oscillation frequency, T is the relaxation time, and for graphene
q-i =qs=0.18 102=6/n (6 is the logarithmic damping decrement). The maximum value of
internal friction is achieved at 2nfT = 1

The relaxation time T can be determined for the R(l) layer, knowing the speed
of sound in graphene - Ti = R(l)/u. The speed of sound in graphene is u=21.3 103
m/s [83]. Then 11=0.0115 10-12s and fi=13.8 THz. This means that terahertz radi-
ation is observed for graphene (Figure 18) [84].

Figure 18 - Electromagnetic spectrum and terahertz “gap”

Until recently, most of the terahertz spectrum f was not used due to the lack
of both sources and receivers of coherent radiation in this range. Therefore, the
terahertz region of the electromagnetic spectrum was called the “terahertz gap”
(Figure 18). With the advent of the first terahertz quantum cascade laser (QCL) in
2002 [85] and the subsequent significant progress in the development of terahertz
QCLs, the “terahertz gap” in the electromagnetic spectrum gradually began to
close. The most promising approach to creating efficient THz radiation detectors is
the use of nanostructures as a sensitive element. Graphene is one of these nano-
structures. In [84], a mode of detecting THz radiation using field-effect transistors
based on bilayer graphene was demonstrated.

Conclusion. The formula (10) we obtained for sliding friction includes the ad-
hesion energy and therefore it pertains to the molecular theory of friction out of
the five existing ones today. The adhesion energy is determined by the surface
energy of a solid, which is quite difficult to measure. The model of solid friction
we proposed, using the example of relevant substances - graphite and graphene,
includes, in addition to the adhesion energy of two rubbing materials, the thickness
of the surface layer of this material. This thickness is determined by us by formula
(1) and gives values for solids, including graphite and graphene, in the nanometer
range, sending us to the field of nanotribology. Nanotribology or molecular tribol-
ogy is a direction in tribology associated with the theoretical and experimental
study of the processes of adhesion, friction, wear and destruction at the atomic
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and molecular scales of surface interaction. Its development was restrained, in
our opinion, by the fact that the thickness of the surface layer responsible for the
friction process could only be determined in a high vacuum on atomically clean
surfaces of a limited number of single crystals. Our model, presented in this arti-
cle, opens a new approach for theoretical and experimental study of processes in
nanotribology.

In the future, we will describe friction and destruction of critical units and parts
of mechanisms and machines used in industrial enterprises and agriculture of the
Republic of Kazakhstan.

This scientific article was published within the framework of the grant funding
for 2024-2026 IRN No. AP32488258 “Development of an innovative technology
for obtaining graphene by intercalation of graphite with microcluster water and
modification of HTSC ceramics with graphene" (the research is funded by the Sci-
ence Committee of the Ministry of Science and Higher Education of the Republic
of Kazakhstan).1
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21.H.T'ymunes atbiHAarbl Eypasusa yntTbik, yHuBepcuteTy AcTaHa K, KasaxcrtaH

TPA®PUT NEH TPA®EHHLL, YWKENY MEXAHN3M1

TywHaeme. Makanaga rpadeH napak,TapbiHbly, 6ymacbl 60natblH rpaduTTL, Yiikento
Mogeni ycbiHbiNraH. Mogens rpaduT ywiu rpadyeHHL), 3 MOHOK,abaTblH KypanTblH 6eTk
K,abaTTbil, K,anbluabirbiHa HensgenreH. beTk ka6aTTa gucnokauusnap MeH HaHoXapblk,-
Tapably, nahiga 60nybiHa anbin KeneTw YAKeH WM KepHeynep naiga 6onagbl. Yiikenic
npouecw 6eTk K,abarTbily, cepTMAHMNIACTUKANbIK, Aedopmauns npouec peTwae cunat-
Tayra 6onagbl. padeH yww rpadutneH yinkento keswae KBaHTTbIK, HRHOKYpPbIbIM 60/bIN
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TabblNaTbiH HAHOK,a6aT Malb3asl pen atkapagbl. FpaderHul Yl kenici 6eTuwiw Tamm kyii-
nepiH eckepe oTbIpbIN, caTblfbl Typae xYpeai. Yiikenic kesiHae Tepbenmeni xaHe guccu-
naTuBTi NpouecTep XYypT, TypbyneHTTi pparmMmeHT TY3ineTiHi, beHap yawbik,Tapbl TYpiHAe
esiHAik yibimgacy XYpeTiHi kepceTTreH. 'padeHHEH Hemece OHbIL, KOMNO3UTTEPIHEH Xa-
canraH aHTUMPUKLMANBIK, XabblHAbl Taugay Kputepuii 6ona anaTtblH hopMyna asbiH-
abl. TpadeHpe 613 6onxaraH Teparepl, cayneneHyi 6eTTik n1asMoH NOAAPUTOHAAPbIHA
(nnasmoHpapra) xatagbl. Teparepu, cayneneHywu, TUiMAi feTekTopaapbiH Kypyabil, ew,
nepcnekTMBanbl Tacini HaHOKypblbIMAApPAbl Ce3iMTan 3/1eMeHT peTiHge naliganaHy 6o-
nbin Tabbinagbl.

Byn HaHoOK,ypbinbiMaapra rpadeH xaHe rpadeH Tapisgi matepuangap kipefi. ¥CbiHbINbIN
oTbipraH Mofeslb HaHopuGosnoruagarbl npouectepai TeopusnblK, XaHe akcnepuMeHT™
3epTTeyre xaua kesk,apacTbl allafbl.

TYWingi cesnep: aHTUPUKUMANBIK, XabbiH, rpacdeH KOMNO3UTTep” HaHOKYpbINLIMAAP, Ha-
HOoTpubonormagarsl npouecrtep, rpadeH maTtepuangapsbl, rpadurt, 2D rpadeH Yiikenici, Ha-
HO3/IEKTPOHMKA.

lOpoB B.M.], >KaHeo3uH K.H.1, Kaprnnu [.65.2
ITCK-BocTok», 1. KaparaHga, r. ActaHa, KasaxctaH
2EBpasuniicknii HaunoHanbHbI yHuBepcuTeT uM. J1.H.Mymunesa, r. ActaHa, KasaxctaH

MEXAHW3M TPEHUA TPA®PUTA N TPADPEHA

AHHOTauus. B cTtatbe npeanoxeHa Moaenb TpeHus rpacuta, npepcraBnsioliero coboii
CTONKY rpac)eHOBbIX IMCTOB. B 0OCHOBE MOAENN NeXnT TO/LLMHA NOBEPXHOCTHOrO Cosi, KO-
Topas ans rpacuta coctasnseT 3 MOHOC/0s rpad)eHa. B NOBepXHOCTHOM C/l0e BO3HUKAT
60/blUMe BHYTPEHHMNE HaNPsHKEHUS, NPUBOASILLME K BO3HUKHOBEHUIO AUCOKALMWIA U HAHOT-
pelyH. Mpouecc TPeHUs MOXHO ONUCLIBATb Kak mpoLecc ynpyronaactuyeckoin gedopma-
M1 NOBEPXHOCTHOro cnos. [ns rpadeHa npu TpeHWU no rpadguTy BadxHY posfb urpaet
HaHOCMOW, KOTOpPbIA npeacTaBnseT cob60il KBAHTOBYK HaHOCTPYKTYpy. TpeHue rpadeHa
NPOUCXOAMUT CTyNeHYaTblM cnoco6oM, C y4eTOM TaMMOBCKUX COCTOSIHWIA NMoBepxHOCTH. Mo-
KasaHo, YTO Npu TPEHUSI NPOUCXOAAT KonebaTesbHble ¥ ANCCUNATUBHbIE NpoLecchl, 06pa-
30BaHue TypOyNeHTHOro parMeHTa, camoopraHmsauusa B Buge siueek beHapa. MonyyeHa
hopmyna, KoTopasi MOXeT C/YXUTb KpUTepuem BbliGopa aHTUPUKLUOHHOTO MOKPbLITUS M3
rpacheHa unm us ero KOMNo3uToB. MNpejckasaHHOe Hamu B rpadheHe, TeparepueBoe U3sny-
YyeHne OTHOCUTCSI K MOBEPXHOCTHbIM NAa3MOH - nofsiputToHam (nnasmMoHam). CambiM nepc-
NeKTUBHbLIM NOAXOLOM K CO34aHuio0 3 (heKTUBHbLIX LeTEKTOPOB TeParepLoBOro Usny4yeHus
ABNAETCA MUCMNO/Ib30BAHWE HAHOCTPYKTYP B KauyecTBe YyBCTBUTE/IbHOrO 3nemeHTa. K atum
HaHOCTPYKTYypam OTHOCUTCA W rpadheH u rpacheHononobHbie MaTepuansl. MpeanoxeHHas
MoZe/lb OTKPbIBAET HOBbLIN NOAXOA A/1S1 TEOPETUYECKOTO M 3KCNEePUMEHTa/IbHOTO uccneno-
BaHWsA NPOLECCOB B HAHOTPMGOOTUN.

KntoueBble cnoBa: aHTUPUKLMOHHOE MOKPbITUE, KOMMO3UTbl rpadyeHa, HaHOCTPYKTYpbI,
npoueccel B HaHOTpu6onorum, rpadeHoBble MaTepuansl, rpadut, TpeHne 2D-rpacdeHa, Ha-
HO3/M1EKTPOHMKA.
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NEPEBO/ CTATbW / MAKANAHBLL AYOJAPMACHI

lOpos B.M.1, XXaHrosvH K.H.1 Kaprui [1.6.2
ITCK-BocTok, r. KaparaHga, KasaxcrtaH
2EBpasuniicknii HaunoHanbHbI yHUBepcuTeT um. J1.H. F'ymunesa, r. ActaHa, KasaxctaH

MEXAHWU3M TPEHNA TPAPUTA N TPADEHA

AHHOTauus. B cTaTbe npepgsioxeHa Mofesb TpeHus rpaduta, npeAcTassioLLero coboi
CTOMNKy rpateHoBbIX UCTOB. B OCHOBE MOAENN NEXUT TOMLWKMHA MOBEPXHOCTHOIO C0s,
KoTopas Ana rpaguta coctaBnseT 3 MoOHocn0s rpadeHa. B noBepxHOCTHOM Crioe BO3HW-
KatoT 60/blune BHYTPEHHWE HanpshkeHWs, NpuWBOAALLME K BO3HWKHOBEHWIO AncCoKauui u
HaHOTpeLlmH. lpoLecc TPEeHWA MOXHO OMUCbIBATb Kak NMpOLEecc ynpyronnactuyeckoin fe-
cdopmaLM NoBepxXHOCTHOro cnos. Ons rpadheHa npu TpeHun Mo rpadputy BaxkHyl posib
urpaeT HaHOC/OW, KOTOpbI/i NpeacTaBnseT coboil KBAaHTOBYIO HaHOCTPYKTYypy. TpeHue rpa-
dheHa NponcxoAmMT CTyneH4YaTbiM CNoco60M, C yHeTOM TaMMOBCKUX COCTOSIHUIA NOBEPXHOCTY.
MokasaHo, YTO NpW TPEHUM MPOUCXOANAT konebaTesnbHble M AuccMnaTuBHbIE MPOLECChl, 06-
pasoBaHue TypbyneHTHOro hparmeHTa, camoopraHnsanmna B Buge auyeek beHapa. MonyveHa
dopmyna, koTopas MOXET CAYXWTb KpUTepuem Bbibopa aHTUMPUKLMOHHOTO NOKPLITUA U3
rpacdheHa nnm n3 ero komnosutos. lMpefckasaHHoe HamMu B rpadeHe, Teparepuesoe W3fny-
YyeHWe OTHOCUTCH K MOBEPXHOCTHbIM MAa3MOH - nonsputoHam (nnasmoHam). CambiM nep-
CNEKTUBHbLIM NOAXOAOM K CO3/aHnio 3 (heKTUBHBIX [4eTeKTOPOB TeparepLoBoro Usy4yeHns
ABMSIETCA MCMNOSb30BaHWE HAHOCTPYKTYp B KayecTBe YyBCTBUTE/IbHOTO 3siemMeHTa. K atum
HaHOCTPYKTypam OTHOCUTCSA U rpacdeH u rpaceHonofobHble MaTepuansl. MNpeanoxeHHas
Mofesnb OTKpbiBAeT HOBbI NOAXOA AN TEOPEeTUYECKOro W 3KCMepUMEHTasIbHOro uccneno-
BaHWA NpoLLeccoB B HAHOTPMGOMOTNN.

KntoueBble cnoBa: aHTUMPPUKLMOHHOE MOKPbITUE, KOMMO3UTbI rpadeHa, HaHOCTPYKTYpbl,
npowecchl B HaHOTpubGonoruun, rpacheHoBble MaTepuansl, rpaduT, TpeHne 2D-rpadeHa, Ha-
HO3/1EKTPOHMKA.

BBegeHune. 3a nocnegHve Tpu AecatuneTus HynbmepHble (0D), ogHomep-
Hble (1D) n aBymepHble (2D) yrnepofHble HaHOMaTepuasbl NPUBAEKNN 3HAYU-
Te/IbHOE BHMMaHMe 13-3a UX YHUKabHbIX 3N1EKTPOHHbIX, ONTUYECKNX, TEN/OBbIX,
MexXaHUYeCcKnx 1 XMMu4ecknx cBoicTs [1-3]. TpeHne n U3HOC ABAAIOTCA Xapak-
TEPUCTUKAMN MEeXaHWYeCKUX CUCTEM, UMEILLUX KOHTAKT MexAy ABUXYLLUMUNCSA
KOMMOHeHTamKn. 34ecb 0cobyto ponb urpaet 2D-rpaceH n ero kKomMnosnTbl [4].
MpatheH obnagaeT BbICOKMMU YPOBHAMU XECTKOCTU, NPOYHOCTU U TENIONPOBO-
OHOCTU 1 ABNAETCA Takke HenpoHuuaem ans rasa. padeH cumtaeTca nepcnek-
TMBHbIM MartepuasioMm AN NPUMEHEHUS B HAHO3/TIEKTPOHWUKE U MUHMATIOpM3aLmm
pasnMyHbIX YCTpoKcTB. omumo TBepaoi cmasku, rpadeHoBble maTepuansl
MOryT MCNONb30BaTbCA A/19 COBEPLIEHCTBOBAHNSA Pa3fiMyHbIX BUAOB KOMMO3WU-
LMOHHbIX MaTtepuanos OT NONMMEPOB A0 KepaMuK. OHWU TakKke NpoAeMOHCTPU-
poBasin CBOK 3PP EKTUBHOCTL B Ka4eCTBe HaHO406aBOK A8 Pa3NNUHbIX BUAOB
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CMasokK, Takmx Kak BoAa, Macna v MOHHbIE XNAKOCTU. MUHUMaANbHOE KONNYeCcTBO
rpad)eHoBO A06aBKM MOXET MOBbICUTb A0/ITOBEYHOCTb U3genusa. FpadeH 6bin
OTKpbIT 20 net Tomy Hasag [5]. iccnepgoBaHuio rpadheHa nocBsLLEHO MHOMO pa-
60T B OO/ILLUMHCTBE CTpaH, BKAOYas MeXaHW3Mbl ero nosiyyeHus [6, 7] u ero
LedeKTHYI0 CTPYKTYypY [8, 9].

Llenb paboTbl - gatb 0630p nocnegHux pa6boT no TpeHuto 2D-rpadeHa u
npeanoXuTb Haly MoAeNb Mo TPEHWK OA4HOC/IONHOIO 1 MHOFOC/IOHOTO rpadeHa
(rpacouTa).

O630p no TpeHuto rpadpeHa. symepHble 2D - rpaceHoBble MaTepuanbl U
MX KOMMNO3UTbl ABNAIOTCA HOBbIMW HaHOMaTepuanamn AN NPUMEHEHUS B TEXHO-
NIOTNYEeCKUX U MHXeHepHbIX 061acTax [10-18]. B HacTosllee Bpems cyliecTByeT
NATb Teopuii, 06BACHAILWMNX MPOLECCHI, NPOUCXOAALLME NPU TPEHUN: MEXaHU-
yeckas (aedopmauymoHHas); MonekynspHas (agresvoHHasn); MonekynspHo-me-
XaHuyeckasl; aHepretTmyeckas; rmgpogmHammyeckas [19]. B o63ope [15] TpeHue
CNIOUCTbIX CTPYKTYp noApasfensieTcsl Ha MexaHW3Mbl: MeXC/I0eBOW U noBepx-
HOCTHbIA (pnucyHOK 1).

Hu3koe TpeHue CNouCTbIX Matepuanos 6bl/10 OTMeYeHo ewe B 30-x rogax
NPOLUNOro CTOMIeTMA 3a CYET HU3KOTro CONPOTUBMEHUSA CABUTY MeXAy UX cocef-
HAMW aTOMHbIMK cnosiMu (pucyHok 1-1). Hanpumep, K HAM OTHOCATCSH: MYCKO-
BUT (cnoga) - KAIZAISIZ01)(OH)2 rpaguT (C); gnxanbkoreHngbl nepexofHbix
MeTannos - MX2(M =Ti, Zr, Hf, V, Nb, Ta, Bi, Mo, W; X =S, Se, Te); kapbuabl
N HUTpUAbl meTtannos, MAX- n MXene-pasbl 1 MHorne apyrue [20]. Mo mogenu
ToMAMHCOHA (PUCYHOK 1-2) cuna TpeHwus 3aBUCUT OT (hakTuyeckoi nnowiaau
KOHTaKTa, TO eCcTb OT LepoxoBaToCTW ABYX TPyWMUXcA martepuanos, 6e3 yyeta
NX aTOMHOro ctpoeHus [15]. Mo mogenn ®peHkens - KoHTopoBoi (pucyHok 1-3)
TpeHne BO3HUKAET 3a CUeT ABWXKEHUS AUCNOKaLUA B KpUcTanae, BO3HUKaKLWNX
npu ABMXEHUU ABYX Tpywuxcs matepuanos. Mpu atom no6oe BO3OYXAeHUE
B KpucTanne npespawiaeTcs B 6eryuime BOMHbI, KOTOPble B HEMPEpbIBHON MO-
Oenn HasbiBalT conutoHamu [21]. Hirano et al. (1991r.) nsyunnm atomapHoO
rnagkme NOBEPXHOCTU U NOMYYUSIM HA HUX KOI(PPUUMEHTbI TPEHUS 6aU3Kne K
Hynto [15]. DTOT heHOMEH OHM Ha3Ba/N «CyYMnepcMasKoli» WAu CBEepXCMa3Kol
(pucyHok 1-4). OpgHako cynepcmaska 6bisia oTkpbiTa B 1956 r. [.H. MapkyHo-
BbiM 1 W.B. KparenbCKuM Ha cucTeMe «MefHblii cnnas - MULEPUH - CTanb» U
HasBaHa UMM 3apdekToM 6e3bI3HOCHOCTY [22]. MexaHu3m adpchekTa 6e3bI3HOC-
HOCTW MpW TpeHUW He cnepyeT U3 NATU Teopwuii TPeHWs (CMOTPW Bbilwe), npak-
TUKYIOLWMNX B HACTOsILee BpeMs, U ANCKYTUPYETCHA A0 HACTOALLEero BPEMEHMU.

B pa6oTe [23] ulyunnu paccesiHme 3HeEprun mexay BONb(PamMOBbIM HaKo-
HEYHUKOM CKO/bXEeHWe no rpacmMtoBoOi noBepxHOCTU mMeTogoM ACM. M3mepss
TpeHne aTOMHOro macwTtaba kak (YHKLUMIO yrna nosopoTa mexay ABYMS KOH-
TakTUpylLwMmM Tenamu, B cTatbe nokasanau, 4YTo NpuynHa CBEPXHU3KOro Tpe-
HWA rpaduta 3aknvaeTcss B HECOM3MEPUMMOCTM MNOBEPHYTbIX CMOEB rpaduta
- adbhbekT nog HasBaHMEM: «CBepXCMasbiBarwlas cnocCo6HOCTb» (PUCYHOK 1-5).
B 0630pe [24] 6blna gaHa XpPOHO/OrMNA OCHOBHbIX BEX B 06/1acT CBEPXCMa3bl-
BatoLeli cnocobHOCTN (PUCYHOK 2).
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PucyHok 1 - CBoaka MexaHn3MoB TpeHus 2D-maTepuanos [15].
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Hanomacuwra6

PucyHok 2 - XpOHO/0rMa OCHOBHbIX BEX B 06/1aCTW CTPYKTYPHOI cBEpXCMa3blBatoLeit
Cnoco6HOCTH

padhuk HauyMHaeTCa ¢ NepBOro TEOPETUYECKOrO NpeackasaHus UCHe3HOBEHNS
cTaTu4eckoro TpeHusi, caenaHHoro B 1983r. n nccnegosaHue COCTOAHWI CBepX-
HU3KOTO KMHEeTM4Yeckoro TpeHust B 1991r. («PoxpaeHue»). ITamn, 3a KOTopbIM Mo-
cnefoBana HoBaToOpCkas 3KcnepvMeHTaslbHas AeMOHCTpauus HaHopasMepHbIX
cBepxcMasblBaloLLeil CnocobHOCTM rpadnTOBbIX KOHTAKTOB B 2004r., 4TO NPUBENO
K NepBOMYy Hab6/l0AeHMA MUKpOMacluTabHol cBepxcmasbiBatollen CnoCOGHOCTN B
2012r. n npeanonoxeHune reteponepexooB B 2013r. 1 MHOTOKOHTaKTHbIX KOH(pU-
rypaymin B 2015r. [24].

B oTnunume oT Apyrnx KpUTUYECKUX SABIEHWI, TaKnX Kak CBEpPXNpOBOAUMOCTb U
CBEpPXTEKYYeCTb, TPEHNE, CBA3aHHOE C pacCenBaHWeEM 3HEepruun, HUKorga He ncue-
3aeT. B cBA3M € 3TUM, KpUTEpUn AN cBepxcmasbiBaroled cnocobHOCTU 06bIYHO
BbIOMpAaIOT Kak YMeHblUeHne koadpumumeHTa TpeHus (Mpon3BogHas cuibl TpeHUS
K HOpMasnbHOI Harpy3ske) meHee k ~ 10-310-4. NSl HU3KOTro KoadhdhuymeHTa TpeHus
6bl1a NpuaymMaHa mogenb Kopobku ana vy (pucyHok 1-6). CyTb 3Toii mogenu
3akn4vaeTca B TOM, YTO B C/IOUCTbIX CTPYKTypax paccmaTpuBalTCa ABe LenoyKu
aTomoB pasmepom V0. MNepBas 13 HUX CKONb3UT NO BTOPOIA C HEKOTOPbIM MOTEHLM-
anom u napameTpoM g = 4nV0(k ad. Kak Tonbko q = 1, TO MmoryT o6pa3oBbiBaTh-
CA NOKa/IbHO COM3MepuMble 061acTu, YTO NPUBOAMUT K adhdhekTam 3akpenneHus un
ycuneHuio TpeHus. OTcloga AenaeTcs BbiBOA, UYTO CBEpPXHU3Koe TpeHue (CBepx-
CMaska) BO3HMKaeT, Korga NoBEPXHOCTW B KOHTakKTe Hecou3mepumbl (PUCYHOK 3)
[15, 24].
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PucyHok 3 - Mpouecc npeobpa3oBaHns COM3MEPUMOro-HECON3MEPNMOro COCTOSHUA MpK
CKONbXeHNW rpadeHoBbIX HAHOMNCTOB NO NOBEPXHOCTM rpadeHa [15].

Yactuubl Ha NMOBEPXHOCTW MPW TPEHUU MOTYT ObiTb COM3MEPUMBIMU U HECO-
N3MEPUMbIMU C PacnosioXeHnemMm atoMOB MOBEPXHOCTU. DTO pasinyne oco6eHHO
BUAHO M3 CNEKTPOB KonebaHnin ABMXKYLLMXCA YacTul,. B com3amepumbix CTPYKTypax
aTOMHble YacTULbl HAXO4ATCS B BMOJSIHE ONpeAesieHHbIX 3/1IeMEeHTapHbIX syelikax
KpucTanna. Cnektp konebaHuini aTOMOB B ABYMEPHOW CTPYKType onpegensercs
NOTEHLMANOM VX B3aUMOAENCTBMA U UMEET AaNlbHUIN NOPAL0K (ONTUYECKYO BETBb
KonebaHwii). Hecomamepumblie CTPYKTYpbl BO3HMKAIOT TOTAa, Korga aHeprus nate-
panbHOro B3anMOAENCTBMA aTOMHbIX YacTuL, NpPeBbilIaeT BE/IMUYNHY aKTUBaLNOH-
Horo 6apbepa. Mpun aToM B cnekTpe KonebaHuii NOSIBASiETCA aKkycTuyeckas BeTBb,
a aTOMHble YacTuLbl 3aHUMAOT MecTa, He KOppesiMpoBaHHble C penbedomM noj-
noxkun. MNMoapobHoe paccmoTpeHne adpchbekTa cynepcmasku AaHo B MOHorpadgum
[25].

B pa6ote [15] oTmeuaeTcs (pucyHok 1-7), uto metog MAM wu aByxTemnepa-
TypHbIA MeToq (TTM) noaTBepXaaeT, UToO 3M1EeKTPOH-POHOHHOE B3aMMogencTeme
B rpatheHe He3HauuUTeNbHO BMUSET HA TPEHWe MO CPaBHEHUIO C LLIepPOX0BATOCTbIO
noanoxku. CocTosiHMe MNOASIOKKN MMeEeT CyLeCTBEHHOE 3HavyeHne WU BAMSEeT Ha
cuny TpeHusa 2D matepuanos. Korga 3oHabl ACM CKOMb3AT NO NOBEPXHOCTU cna-
60 MpuKpenuBLUECS NOAMOXKM cuna TpeHus Benuka u3-3a gedopmauumn rpa-
heHa B BuAe MopwuH (pucyHok 1-8). OgHako, 6bl/10 O6HAPYXEHO, YTO MeXaHu-
YecKn OuWLLEeHHbI rpadeH obecneumBaeT HU3KOE TPEeHWe Ha atoMapHO [1ajKoin
noAsIoXke Tuna cnwgbl, rae rpadeH nogasnset gedopmaunio NOBEPXHOCTHLIX
mMopLmnH. MeHkoB O.B. [4] paccmoTpen Tpubosnornyeckme ceoicTBa rpadeHa u
npullen K BbIBOAY, YTO KAtouyeBble (DaKTOPbl, BAMSAIOWME Ha Tpubosormyeckue
CBOICTBA - 3TO KO/IMYECTBO C/I0EB, PEXUM YKNaAKn U matepuan noanoxku.
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LOna mexaHnsma paccesHus aHeprun (pucyHok 1-9) B paboTe [26] npeacTtas-
NeHa MMUTauMoHHasA Mofenb, nokasaHHas Ha pucyHke 4a, 6. AnMasHblii Hako-
HEYHVK UCNOb30BasICA AN CKOSIbXEHUA MO TPexXC/oiHol rpaduToBoli NoAN0X-
Ke W pe3ynbTupylowas sHeprus TpeHus Oblia 3anucaHa NOCTOSIHHO BO Bpems
MogenuposaHusa. Cgepuyecknin anmas c octpnem pagmycom R =200 A n BbiCcO-
TOo h = 8 A yaepxuBasica U nepemeLLanca ropusoHTasnbHO BAOMb rpacmMToBOM
noBepxHocTU. lpegnonaranocb, YTO HECKOSIbKO BEPXHUX CMOEeB HaKOHEeYHuKa
(TonwmHol 2 A) 6blsia XEeCTKOW, a HWXHASA YacTb Gblna 3agaHa gedopmupye-
MoOii. 1N MofenMpoBaHns BEPXHAS NOBEPXHOCTb a/IMa3HOr0 HakOHeYHMKa ume-
na opuveHTauuio BAOMb HanpaBneHus [100]. MpaduToBaa noanoxka COAEpPXUT
Tpu cnos rpadeHa AnvHol 266 A v wupuHoin 245 A. KoopauHaTbl Bbibrpanacs:
ocb Z 6bina nepneHaukynapHa rpacgputy, Ocb X NpoxoauT B 3urdaroobpasHom
HanpaB/eHun, a ocb Y - BAO/b Hanpas/ieHne kpecna (pucyHok 4a.) Cnoit rpacde-
Ha 6bln 3akpenneH. [lBa BepXxHUX CNos rpadeHa Takxe O6bliv 3addMKCUpOBaHbI,
UYTO6bI M36eXaTb CKOMIbXEeHUA MeXAy CMosAMMU.

AnMasHbIli HaKOHeYHUK KoHuuk

FpacpuT (3 cnos)

a) 6)

PrcyHok 4 - IMuTaunoHHas Mofenb: aTOMUCTUYEeCKas Mogesb, UCnosib3yemas npu
MOZeNnpoBaHnN MONEKYNSAPHON AnHaMuKK (a); cxema, nokasbiBalolas cuctemy aamas-
rpacuT 1 nx cneymnduyeckme Blanmogeiictensa (6) [26].

Mpn MA-mofenvpoBaHnun NCNonb30BasINCL ABa noTeHumana JleHHapaa-xoH-
ca (LJ) ona onucaHna aTOMHbIX B3aMMOAENCTBUI MeXAay ariMa3HblM HaKOHeYHM-
KoM u rpacputom (LJ-1) n mexay pasHbiMu cnosmu rpaduta (LJ-0). MNoTeHyman
LJ chopmynupyeTtca kak U(r) = 4c[(o/r)22- (o/r)g, rae £- rnybnHa noTeHUmManbHoi
AMbl, & O - paccTosiHMe, Ha KOTOPOM MOTeHUuuan paseH Hynw. B ctatbe [26] uc-
cnepoBaniocb TpeHue, Korga aaresvs 6blia oTHocuTenbHO cnaboi (/1 = 0,5). Ha
pucyHke 5a nokasaHo fAsa Tuna 3Hepruun: Uit - 3Heprus, cBA3aHHaa CO CKOJb-
XEeHVeM asiMa3HOoro HakoHe4yHuka no nosepxHoctu; UhJk- aHeprus, cBssaHHas c
pecdopmaumein o6bema. MameHeHne cuibl TpeHuus Ff kak hyHKUMS HOpMasibHOM
Harpysku npegcras/ieHa Ha pucyHke 56.
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HopmanbHas Harpyska <vH)
a) 6)
PrcyHok 5 - Cxema v TUNWYHbLIN pe3ynbTaT MoAennpoBaHus fedopMmMpoBaHHOi
KOHGoMrypaummn Ana CUCTEM C HU3KOW agresmeli (a); nsmeHeHue cubl Tpeuus Ff B
3aBMCUMOCTU OT HOPMaJIbHOIM Harpyskn. Ha BcTaBke MOKasaHO M3MeHeHVe 6OKOBOW Cusibl U
noTeHUMabHOI 3Heprun Kak hyHKLMS 60KOBOro CMeLleHns noj AeiicTBMEM HOPMaslbHOM
Harpysku 18,3 HH [26].

Korga cuenneHne HakOHeuYHuKa ¢ rpadToM OTHOCUTE/IbHO cubHoe (/1=5), 13-
MeHeHUe cunbl TpeHusi Ff B 3aBMCUMOCTM OT HOPMaJ/IbHOW Harpy3ku paBHO, Kak no-
KasaHo Ha pucyHKe 66. VI3MeHeHUs1 6OKOBOI Cuslbl 1 MOSHOW MOTEeHUMasbHON 3Hep-
MU CUCTEMbI Kak DYHKLMSA naTepanbHOro CMeLeHns npyu TUMNYHON HOPMasTbHOW
Harpyske nokas3aHo Ha BcTaBke. [10406HO clyuyalto HU3KOW agresuy sHepreTuye-
ckas roppa Utdgd Takke okasblBaeTCs NEpUOANYECKON N 04EHb GSTM3KON K CUHYCO-
ngancHoii chopme. PesynbTaT MOAENUPOBAHUSA MOKasasl, YTO BbICOKON agresuu
NPOUCXOAMNT PacC/OEHNE HECKOJIbKUX BEPXHUX C/I0eB rpaduta, Kak nokasaHo Ha
pPUCYHOK 6a.

20

- —— -80 -40 0 40 80 120
HopmanbHas Harpyska (HH)

a) 6)

PucyHok 6 - Cxema v TUNWYHbIA pe3ynbTaT MOAEeIMPOBaHUS feOopMMPOBaHHO
KOHMhMrypaumm aAns cUCTeM C BbICOKO aaresvein (a); nameHeHve cunbl Tpeuusa Ff B
3aBMCMMOCTY OT HOpMasibHOW Harpy3ku. Ha BcTaBke nmokas3aHO M3MeHeHue GOKOBOW Cuibl
1 NOMHOW NMOTEHLUMANbHON 3HEPTUM CUCTEMBI Kak (hyHKLMN 6OKOBOFO CMEeLLEHUs npu
HopmanbHOI Harpyske -61,8 HH (6) [26].

115



EcTecTBeHHblE HAYKW, UHXUHUPWUHT U TEXHONOr N

PaccesHve aHeprun (pucyHok 1-9), cBAizaHHOE C (DPUKLUOHHBIM CKOJIbXEHU-
eM, NPOUCXOAMUT He TOSIbKO OT MeXda3Horo B3aumMogencTems, HO 1 oT gedopma-
LM BHYTPU CNOUCTbIX MaTepuasnos.

Mcnonb3oBaHue kanmbpoBaHHONM peLleTkn B KaYecTBe NOA/0XKU MO3BONNIO
N3MepUTb KO3hULMEHT TpeHns rpadeHa, Kotopblii MmeHsncsa oT 0,066 go 0,087.
MeprnoanYHOCTb TPEHUA Takke 06bACHANACb aTOMUCTUYECKOW HecousMepuMmo-
CTblo. Hanbonee cyw,eCTBEHHOE CHWXEHWE TPEeHUS NPOU30LIIO0 MPU U3MEHEHUN
Ko/nnyecTBa C/oes rpadpeHa ¢ O4HOro Ha ABa. DTO 03HA4YaeT, YTO Kak MUHUMYM
ABa cnou rpacheHa HeobxoaMMbl 419 ob6ecneyeHns TBEpPAOM CMasbiBaroLWeld cno-
COBHOCTM 3a CUEeT CKOJIbXEHUS CNoeB rpadeHa Apyr OTHOCMTeNbHO Agpyra. Korga
HaHouyewyika rpadeHa ckonb3nna no rpacuty nNpu HU3KOW Temnepartype (Bcero
5 K), oHa nposiBnsina cocTosiHMe cBepxcMasbiBalolieil cnocobHocTn. B yacTHO-
cTn, 100%-Han cBepxcMasbiBatowias cnocobHocTb Habnwpganacb AN nnouia-
Oeil KoHTakTa MeHee 1*106 HM2 a BepoATHOCTb nagana Ao 58% wu 12% kor-
ha nnowagb KoHTakTa 6blna yBenmyeHa Ao 3x106u 1x108HM2 Ecnn nnowagb
KOHTakTa npesbiwana 4*108 HM2, cBepxcMasbiBaloliaa cnocobHOCTb rpadeHa
NONHOCTbIO Mcyesana. bbin caenaH BbIBOA, YTO CABWUM MPOUCXOANT NpenmyLle-
CTBEHHO MO rpaHunuam 3epeH [4].

HecmoTpss Ha HaHOpasMepHyl TOMLWMHY CNoeB rpadyeHa, oHW 3t ekTnBHO
CHMWXaIT TPEHWE M U3HOC He TO/IbKO Ha HaHo-, HO W Ha MakpoypoBHe. KnwoueBsbl-
MW hakTopamu, BAUSAIOWMMUN HA TPEHUE N U3HOC, ABNSAIOTCSA KOSIMYECTBO C/I0EB U
aaresns K ocHose. [lBa nocnegHux paktopa B OCHOBHOM CBSi3aHbl CO cneunduye-
CKUMW MeTodaMu ocaxaeHus. Hauwnyuywmne pesynbTaTbl MOXHO NOAYYUTb, Korga
rpadeH BblpallMBaCa Ha XeCTKOM NoAM0XKE U OCTaBaiCs HETPOHYTbIM [4].

Hawa mogenb no TpeHuto rpaduTa n rpadeHa. MHOrocnoliHbIn rpadgeH nm
rpacumt npeacrtasnseT cnouctyo 3D-CTPYKTypy. Kaxablii 3TOT C/0i COCTOUT ©3
NpaBuW/IbHbIX WEeCTUYrosibHUKOB atoMoB yriepoga (C) pasmepom 0,335 HM, Mex-
4y KOTOpbIMN AeACTBYIOT CU/bHbIE KOBA/IEHTHbIE CBA3W C 3Hepruein 170 Ox/Mosb.
Mexay CNnosiMM pacnosioXeHO NPoCTpaHCTBO pasmepoM 0,7-1,6 HM, rae feicTBy-
10T cnabble cunbl BaH-gep Baanbca c aHepruen 16,7 Ix/Monb (PUCYHOK 7a). 3Tu
rpadyeHoBble CNOW NIErKO CKOMb3AT B NPOAO/ILHOM Hanpas/eHUU U NPeacTaBnaoT
coboin TBepayto cmasky (pucyHok 76) [27].
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ArpervpoBaHHbile rpacieHoBbIe Criovt

PucyHok 7 - CTpykTypa rpaduta (a) u cxema c1os Ha meTanne (NyHKTUp o3Havaet
nnocKocTb nerkoro casura) (6) [27].

Yxe [aBHO MCNO/b3yeTcs aHTU( PUKLWOHHBIA rpaduT M ero npume-
HeHve B NpombliWwneHHocTn [28]. B KazaxcTtaHe yrnepogHbiM Matepuanam
nocesuweHa moHorpacua [29].

B nepuoanyeckoii Tabnuue MeHgeneeBa [./. nokaszaHo Nosi0OXeHUe
yrnepoga B UeHTpanbHOM cTOonbue u BepxHem psany (pucyHok 8a). B
LeHTpasnbHOM cTON6LUE yrnepog uMmeeT Hanbonbllee KOMYECTBO KOBa-
NEeHTHbIX CBA3eli Ha aToM (4). BepxHAs no3vuma genaeT ero atombl ca-
MbIMWU MasleHbKUMUN Cpefn BCeX 3/IEMEHTOB LeHTpanbHOro cronbuya. Ha
puc. 86 npepcTaBsieHa 3aBUCUMOCTb KOadhpuumneHTa TpeHns oT TBepAo-
cTn. Kak BUgHo y anmasa koaduumeHT TpeHus paseH okono 0,1, kak u
y rpacuTa.

PucyHok 8 - Tabnuua MeHgeneesa [.W., nokasbiBalolias Matepuasbl ¢ aTOMHbIMU
cBA3AMU. B aTy Tabnvuy He BKIKOYEHbl BOAOPOJ U 61aropofHblie rasbl (a); KoahduuneHT
TpeHusa Kkak yHKumsa TBepgocTu (6).

Ceflyac ctano o6Wen3BEeCTHbIM, 4TO TpeHWe CBSA3aHO C NOBeEpX-
HOCTHbIM cnoem TBepgoro Tena [30, 31]. Onpegenntb TONWUHY 3TOTO
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cnoa R(l) akcnepumeHTanbHO - 3ajava C/o0XxHas, Tpebywuwas ceBepx-
BbICOKOrO BaKyyMa M CMOXHOW annapatypbl [32]. OTa 3ajaya peweHa
NUWb ANa HEMHOrMX BewecTB. Hanpumep, gna 3onota R(l) = 1,2 Hm, a
ansa kpemHusa - R(I) = 3,2 Hm [32], T.e. OHM npefcTaBNAT co60i HaHO-
CTPYKTYpYy. TONWMNHY NOBEPXHOCTHOTO C/0A TBEPAbIX T€N Mbl BNepBble
onpepenunn B paboTtax [33-35] (pucyHok 9a), a TpeHue B paboTe [36]
(pnucyHok 96).

ABNXEHUA aTOMapHO-rnagkoro Fpa(*)I/ITa no atoMapHo-rnagkum noBepxHoOCTAM mMeTanna Cc
NOCTOSIHHOI CKOPOCThLIO W.

TonwmHa nosepxHocTHoro cnos R(l) gaetcsa cpopmynoii [33-35]:

@

B ypaBHeHuUM (1) HYXHO 3HaTb OAWMH NapameTp - MOSIPHbIA 06bLEM 3/1EeMeHTa,

KoTopblii paBeH 1 = M/p (M - monsipHas macca, p - ee N0THOCTb), a = 1 M2- no-
CTOsiHHasA, 4To6bl cobnwganacb pasmepHocTb (R(I) [M]). B pabote [37] nokasaHo,
YTO NOBEPXHOCTHAs 3HEPrnss 06bLEMHOr0 MeTasnia y2c TOYHOCTbIo A0 3% paBHa:

y2=0,7-1(T3-TT [I/m2], )
roe Tm- Temnepatypa nnaeneHus metanna (K).

B cnoe R(l) HyHO y4yecTb padMepHbiii 3hpeKT 1 NOBEPXHOCTHAsA aHEpPrus cra-
HOBMTCS paBHol y1[38]:

(©)
rae y12- noBepxHOCTHas 3Heprus Ha rpaHuue pasgena gas, kotopas npeHe-
6pexumo mana, B cuny hasosoro nepexoga Il poga.

UTto6bl pasgenutb cnoit R(I) OT ocTasibHOro KpUcCTania, HyXHO 3aTpaTuTb
3Hepruo, KoTopas HasbiBaeTca aHepruei aaresuu [39]:

4)

118



HoBocTu Haykmn KasaxcTaHa. Ne 4(167). 2025

BHYTpeHHWE HanpshkeHus ais Mmexay aszamu Y, 1 y2 MOXHO npocuutaTb Mo
chopmyne [39]:

®)

rae E - mopgynb ynpyroctun HOHra.

Vcnonb3ys ypaBHeHus (1)-(5), BbluMCAMM napameTpbl Ans rpaduta u rpade-
Ha.
Ta6bnuua 1 - NapameTpbl R(l) rpacdmTa 1 rpaceHa

Yrnepog M, r/monb p, r/em3  R(Da, oM R(l)c, oM yamx/m2 ycmOx/m2
Mpacout 12,0107 2,26 0.900 (3) 2.46 (3) 2195 130
MpacheH 12,0107 2,26 0,246 (1) 0,14 (1) 2652 -

M3 Tabnunubl 1cnesyeT, Y4TO TONLWMHA NOBEPXHOCTHOIO CN0A y rpauta paBHa
0,9 n 2,46 HM, T.e. OHN NpPeAcCTaBNAT CO60M HAHOCTPYKTYpy. Y rpacdmTta ymucno
MoHocoeB B cnoe R(I) paBHO Tpem (3) - cpaBHUM C pucyHkom 4. Ha pucyHke 10a
nokasaHo Kak M3MeHseTCA BHYTpPEHHee AaBfeHne OT KosimyecTBa CrioeB rpadeHa
[40]. Ha pucyHke 106 nokasaHa WHTeHcuBHOCTb nNunka G KPC rpadeHa oT Konu-
yecTBa ero cnoes [41]. O6a pucyHka HarnsigHo nokasbiBatoT, 4yTo cnoii R(l) gnsa
rpacmTa coaepxuT 3 cnos, YTo roBOPMT O CnpaBeaIMBOCTM Hawel mogenu (1).
Bonble Tpex cnoeB rpateH npespalwiaeTca B rpaduT M 3HAYEHUS BESIMUYUH Ha
puc. 10 nepecTatoT 3aBUCETb OT YnUcNa CroeB.

PucyHok 10 - VI3MeHeHne MakcuMaibHOro aTOMHOro HanpshkeHusi (kpacHas IMHUSA) 1
MaKCMMasibHOro CpeHero AasfeHns (3e/eHas N1HUA) B 3aBUCMMOCTU OT KoJiMyecTsa
cnoes rpadeHa (a) [40]; yacTota AMHUM G B 3aBUCMMOCTY OT KOTMYECTBA COXEHHbIX
cnoes (cpegHee 3HauyeHwe W cTaHfapTHOE OTKIOHeHue). Ha Bctaske nuk G gna HOPG
(BEpXHUIA NUK), ABYXCNOWHOrO (CpefHUiA NUK) N OLHOCNOMHOIO (HWXHUIA NuK) rpadheHa.
BepTukanbHas NyHKTUpHAas NUHWA yKasblBaeT 3TanoH Ana obbemHoro rpadura (6) [41].
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B Tabnuue 1 BctaeT Bonpoc o TonwmHe R(I)c ans ogHocnoiHoro rpadeHa?
CuunTaetcs, 4YTO BbiCOTa CTYMEHbKM MOHOCM0S rpadheHa, nonyyeHHas MeToAOoM
ACM, paBHa ero TofAwuHe. Pa3nnyHble aBTOpbl COO6LLAKT O TO/LMHE MOHOC/0SA
rpaceHa B gnanasoHe R(l)c= 0,5-1,7 HM B 3aBMCUMOCTM OT 06pasLOB U1 YyCOBUIA
nsmepeHuin [42, 43]. B paboTe [44] TonwmHa MoHocnos rpadeHa coctasuna R(l)c
= 0,86 HM. VI3meHeHue TO/LWMHBI MOHOCNOSA rpadieHa, 0 KOTOpoM coobuwaloT pas-
Hble aBTOPbl, MOXeT OblTb CBA3AaHO C He6GOMbLION pasHuuei B agresun Mexpay
HakoHeuyHukamn ACM, rpadpeHoM u NoAnoxkoin. B paboTe [42] 6bl/10 NPOAEMOH-
CTPMPOBAHO, YTO WMCNOJIb30BaHWe paclnpeHHbIX pexumos ACM, Takux Kak pe-
XWUM nocTyknBaHus PeakForce, no3BossieT yMeHbLWNTb NOrPeLHoCTb N3MepeHmns
nepsoro cnos ot 0,3-1,3 Hm go 0,1-0,3 HM. CpepHee 3HauveHue ana rpadeHa R(l)
c= 0,15 HM [42]. 9TO 3Ha4yeHne coBnagaeT Cc HawumMm 3HavyeHnem R(l)c= 0,14 Hm
(Tabnuua 1), B3sToe n3 cnpasoyHuka [45], rae paH paauyc yrnepoga (0, 07 Hwm).
Torpa ero gnametp paseH 0,14 HM, a rpadpeH npepgcTtaBnseT coboi ogHOATOM-
HYl0 anioTponHyo Moaundukaunto yrnepoga. Takoe pacxoxieHue B onpegeneHum
R(l)cy pa3sHbIx aBTOPOB CBA3aHO elle C TeM, 4YTO CBOGOAHbLIV rpadeH noaBepXeH
CMOPLUMBAHUIO (CMOTPU HUXE).

B cnoe R(I) npoucxogat pekoHcTpyKumusa [32] MoHocnoeB (pucyHok 11).

- A» a 6

00 00 o000 00 00 © o
000000 888 B88 8 waof88 883 ¢
060oo0o0o0o0 8%%088808 g8 000000000
0000O0O 000000000 000000000
H aK

PEKOHCTPYKUMA

PucyHok 11 - PeKOHCTPYKUMA NMOBEPXHOCTW rpadunTta

Pa3smepHble adppekTbl B cnoe R(l) onpefensawTca BCeEM KOMEKTVBOM aTOMOB
B cucteme (KO//IEKTUBHbIE MPOLIECCHI). TakMe «KBasukiacCuyeckne» pasmepHble
athbdekTbl HabMAATCA TONBKO B HaHOYacTMLAX U HAHOCTPyKTypax [46]. B pa-
60Te [47] nokasaHo, 4TO Mpu pasMepax NOBEPXHOCTHOrO C/10A MeHee 6-8 cnoes
9Heprma KBaHTOBbIX COCTOSIHUIA U3MeHsieTcs CTyneH4aTblM cnoco6om. I'Ipmqu Ka-
XJOW CTyneHbke OTHOCAT COOTBETCTBYIOLLME KBAHTOBblE COCTOSHMUA. Takum obpa-
30Mm, cnoit R(l) npeactaBnsieT coboli He TONIbKO HAHOCTPYKTYPY, HO U KBaAHTOBYIO
CTPYKTYpy npu nto6oin Temnepatype. ColictBa cnos R() MOryT cyw,ecTBEHHO OT-
nuyatbcsa OT 06bEeMa, UTO yXe creayeT 13 CBONCTB rpadeHa [48].

B Tabnumue 1BcTaeT BONPOC O MOBEPXHOCTHOWM 3HEpPrMn y rpaduta u rpageHa.
TepMuHbl cBOG6OAHAA NOBEpPXHOCTHas aHeprua (M) n yaenbHas NOBEPXHOCTHAA
3Heprusa 066I4HO NPUMEHSIOT 418 XapaKTepUCTUKN TEPMOLNHAMMNYECKNX CBONCTB
rpaHuubl TBepaoe Teno - ra3 (Bakyym). Ecivm paccmartpusaeTca rpaHuua Xug-
KOCTb - ra3 (nap) wau Teeppoe Teno - XWAKOCTb, TO TOBOPAT O NMOBEPXHOCTHOM
HaTsXXeHnW, pasMepHOCTb KOToporo pasHa - H/M. OTmeTtum, 410 OX/M2=HwMm/
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M2=H/M. 3KcnepumMmeHTanbHoe onpefefseHne NOBEPXHOCTHOW 3Hepruu TBepAblX
Ten 3aTpyAHEHO TeM, YTO UX MOsieky bl (AaTOMbl) NULWEHBI BO3MOXHOCTU cBO6OA-
HO nepemew,aTtbca. VcknwoueHne coctaBnaeT nanacTtmyeckoe TeyeHne MeTannos
npn Temnepartypax, 6M3K1xX kK Touyke nnaBneHus. B HacTosiwee BpemMs N3BECTHO
6onee gBaguatn metonos onpegenenns Y. Metogam onpegenernuns M3 TBepablX
Ten MNOCBAWEHO MHOTO MOHOrpadwuii, ctaTteidi U nateHToB (CMoTpu 6ubnuorpa-
uio B paboTax [49, 50]). Ana rpadeHa urpacduta ncnonb3lywT metogbl MN3: me-
ToA «nexalweih kanam» (pUcyHok 1l2a) m meTof packanbiBaHus (pacljenneHus)
Kpuctannos (pucyHok 126).

PucyHok 12 - innlocTpauus mMeToja nexallei kanav ¢ Xuakoi kanneii yactuyHoe
cMaunBaHne TBepAoii OCHOBbLI (a); pacluensieHne KpucTasioB C NOMOLLbIO KBapLLEBOro
KnuHa (6).

B meTofe nexauieil kanam ucnonb3yetcs ypaBHeHue HOHra:
cosUc = (jSG-y SL)/yLGF (6)

rae ysg, Ysl - BENUUMHbI MOBEPXHOCTHbIX SHEPrUil Ha rpaHuuax Teepgoe Teno/nap w
TBEpA0e TeNo/KULKOCTb COOTBETCTBEHHO; ylg - BE/IMYMHA NMOBEPXHOCTHONM 3HEPrUM Ha rpa-

HULE XWNAKOCTb/Nap (3HEpPrusi NOBEPXHOCTHOTO HATSHKEHUS).

B meTtoge WN.B. O6peumoBa packanbiBaHus (pacwenneHunsa) kpucrtan-
N0B NPOU3BOAUTLCA NO hopmMyne:
E-h2 g2
24(1-p2) ' 2’

rae E - mogynb tOHra, p - koadpmumeHT MyaccoHa, h - TonAwmMHa NAEHKK, U - yron
Mex/ay KacaTeslbHOM K M30rHYTOMY KOHTYpY OTWENWBLUEWCS MAACTUHKA U HanpasfeHnem

@)

[BVXEHUS YCTbA pasBuBalOLLEiCA TPELLVHbI.

B pa6oTte [51] meToAOM nexalwein kanau NoBepxHOCTHasA 3Heprusa rpadeHa
n okcmpa rpadpeHa coctasnset 46,7 n 62,1 m[Ox/M2 COOTBETCTBEHHO, B TO Bpems
KaK Yyewyihkn npupoaHOro rpaurta AEeMOHCTPUPYIOT CBOGOAHYIO MOBEPXHOCTHYIO
3Hepruo 54,8 mOx/M2npn KOMHaTHOW TemnepaTtype. B pa6oTte [52] noka3aHo, 4To
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NnoBepxHOCTHas cBOOOHAsA 3HePrus B3BELUEHHOr0 MOHOC/ONHOIO rpadpeHa paBHa
HY/t0, YTO CBUAETENbCTBYET O ero cyneprugpoctobHoCTU. ITO cnefyeT ns ypasHe-
HUA (6), rae yron KoHTakta 0 n60i kanam XMAKoCTM Ha NoABELIEHHOM MOHOC/0e
rpadheHa paseH 180°. DTOT aKCNepuMeHTaslbHbIA pe3ynbTaT Obl1 NOATBEPXKAEH Te-
opeTM4eckn MeToAoM MOJSIEKYNSAPHON auHamukn. B paboTe [53] oTMeYeHo: ogHUM
13 NPenMyLLECTB yria cMaunBaHus 4N n3MepeHnss NoBEPXHOCTHON aHeprun ABs-
eTCs TO, YTO 3TO LUMPOKO UCMOMNb3YEMbI, OTHOCUTE/IbHO NPOCTON IKCNEPUMEHT, He
TpebyoLWwunii AOPOrocTosALWero cneLvwannu3npoBaHHoro obopygosaHus. B atoil pa-
60Te 6bIN0 MOJIYYEHO, YTO MOBEPXHOCTHAsA 3HEeprus GasncHOl NIocKoCcT rpadmTta
paBHa 6317 M/[x/M2 He3aBMCMMO OT pasmepa uellyek rpaduTa. MNoBepxHOCTHAA
3Heprus 6a3ncHOl N0cKOCTM rpadieHa coctaBnseT 62+4 mIx/mM2 He3aBUCUMO OT
pasmepa HaHonucTa. B nocnegHeli paboTe [54] nokaszaHo, 4YTO cpefHWe NOBEPXHOCT-
Hble 3Heprun rpadieHa, okcmaa rpadeHa u rpacuta CoCTaBASAT COOTBETCTBEHHO
44,8+14,7, 47,917,2 n 53,6£2,1 mIx/mM2 ObpaTumcs K npegblayliei ctatbe aTnx
aBTOPOB ¥ NpefcTaBuUM KX pesynbTathbl B Buae Tabnuue 2 [55].

Hanbonee HagexHblii BapuaHT mMeToda onpefeneHus Y, OCHOBaHHbIM Ha pac-
wenneHun Kpuctanna, o6ein npegnoxeH B 1930 r. LN.B. O6penmosbim [56]. Naes
3TOl paboTbl 3akniyaeTca B cnegywoweM. OT kpucTanna cnwdbl no naocKocTh
cnaliHoCTM OTLWLennseTcsa NnacTuHka, KoTopas noj BAWSAHWEM MOMEHTa cui, Aeli-
CTBYIOLLEr0 NPOTMB NOBEPXHOCTHBIX CWM, YaCTUYHO M3rnbaeTtcs (pPUCYHOK 126). IT0
nnacTvHKa MoXeT 6biTb MCMOMb30BaHa B KayecTBe AMHaAMOMETpa, U3MepsoLLero
oTwennswwee ycunue. HegasHo B paboTe [57] npoBeaeHo uccnegoBaHue nocpes-
CTBOM pacLUensieHns cngbl cnocoboM, aHanormyHbiMm nogxogy O6penmoBa, HO
yXXe UCNOo/b3ys COBPEMEHHble METOAbl UCCnefoBaHusA. DHeprus aaresun u3 dop-
Mynbl 4: Wa= 2y =0,81+0,38 Ix/M2 y O6bpeumosa [56] Wa= 0,76 [x/m2 B paboTax
[58, 59] W = 0,6+0,8 [x/M2, a B Hawel TeopeTuyeckon pabore W = 0,809 Mx/m2
[60]. a a

MeTog O6peumoBa ucnonb3oBasics AnsA rpacumTta B pabotax [60-63], aHanms
KOTOpbIX 6bl1 NpoBegeH B paboTe [64]. NoBepXHOCTHAsA 3HEPrns NPU3MaTU4ecKomn
rpaHu rpachmta okasanack paBHoi y3= 1500-5000 m/M2, NOBEPXHOCTHAsA 3HEPrus
6a3ncHoli rpaHn rpacumTta okasanacb paBHol yc= 130-150 mx/M2 3T0 3HaUUTENb-
Hasa pasHuLa Mexay 3HadyeHuamu ansa rpadguta (cmMoTtpu, Bbilwe). Halm 3HavyeHuns y3
N yC, NpeAcTaB/ieHHble B Tabnuue 1, BbluncneHbl no popmyne (2) ¢ yuetom koaddum-
LUMeHTa TepPMUYECKOro paclumpenus rpadeHa n rpadura, nponopLmMoHasibHOro Te-
nnonpoBoAHOCTN (PUCYHOK 13a). KoadhhuUMEHT TENIOBOrO paclumpeHmns rpadeHa
MMeeT MUHUMYM MPU KOMHATHOW TemnepaTtype W cocTas/isieT BeNuuuHy - 3.7 106
K-L(pncyHok 136), KoTopoe No abCcoNTHOM BE/IMUMHE B TPU pasa npeBblllaeT Koad-
hMLMEHT TENNOBOrO paclumMpeHus rpacuTa B NI0CKOCTU NpU TOI Xe Temneparype
(1.3106 K1) [65]. M3 pucyHka 13a cnepgyeT, yTo rpacut coaepxut 3 rpad)eHoBbIX
MoHocnos (cmoTpu, Tabnuuy 1, pucyHok 10), 4To NoATBEpXAAeT Hally MOAEeNb.
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Tabnuua 2 - Ctatuyeckme Yrbl KOHTakTa 1 cBA3aHHasA C HUMU cBob6ogHasn aHeprua

NoOBEepPXHOCTU

Moanoxka XungkocTb 0+1 Y, mIx/m2
Si Bopa 64 66.75
Si/rpaceH Bopa 92 42.49
Cu-uncTblii Boga 68 60.42
Cu-4ucThbIit 5.123M NaCl 87 44.76
Cu/rpacheH Boga 86 45.27
Cu/rpacdeH 1.256M NaCl 77 51.06
CulrpadcheH 2.022M NaCl 71 56.72
CulrpacheH 2.468M NaCl 80 48.85
Cu/rpadheH 2.775M NaCl 72 55.65
Cu/rpacheH 3.677M NaCl 75 52.74
Cu/rpacheH 5.173M NaCl 76 51.87

MpuynHa, No KOTOpoi MeToAbl Nexalieid kannau u pacuiensieHne Kpu-
CTaN/I0OB faloT 3HAYEHUs1 C pa3HULeil Ha NOpPsSAOK BEIMUYMH 3aK/lvaeTcs
B c/lefylolemM: BO-NepBbIX, Knaccuyeckoe ypaBHeHune HOHra, nosyyeHHoe
Ha OCHOBaHUM TepMojMHaAMU4yeckoro nogxopa, He pa6oTtaeT. MMo3aTomy
ypaBHeEHME KpaeBOro yrna cMauymBaHus TpebyeT cepbe3HOro nepecmo-
Tpa. M Takoii nepecmoTp 6bIN caenaH B paboTtax [66, 67]. HoBoe ypaB-
HEHME KpaeBOro yrna cMauyuBaHUA HasblBalT celivac ypaBHeHueMm HOH-
ra-Bepxonomosa:

cosOc = (ysg —Ysl)/VYlg, (8)

rae ya- cunna aaresmn Ha rpaHuue teepgoe Teno/nap; ysl, Yig- NOBEPXHOCTHbIE HaTA-
XeHnsa XnAKOCTU Ha rpaHuuax pasgena )KI/I,CI,KOCTb/TBep,D,OG Teno un )KM,qKOCTb/Hap cooTBeET-
CTBEHHO.

Bo-BTOpbIX, MeTOA fexalleid kannu gaeT 3HavyeHMe NOBEpPXHOCTHOrO HaTs-
XEHUA XUAKOCTU Ha TBEPAOM Tesie, a He camy NOBEPXHOCTHYIO 3HEPruio 3Toro
Xe TBepAoro Tena. OT0 HarnagHO NpoAemMoHCTpuMpoBaHO B pabote [66], rae
CKa3aHo, 4YTO MOBEPXHOCTHOE HaTAXeHWe BOAbl Ha MOBEPXHOCTM MOPUCTOrO
KpeMHusa coctaBmno 70.6 mIx/M2 I3TO He CAMWKOM OT/imyaeTcs OT Tabnuubl
2, rae NOBEpPXHOCTHAasA 3Heprus KpemHus onpegerneHa kak 66.75 mOx/m2. 310
3HaunT, 4YTo BCe paboThbl [51-55], 0OCHOBaHHbIE HA MeETOA4Ee fexallen Kanam He
MOTyT fiaBaTb 3Ha4YeHne NOBEPXHOCTHOM 3Heprum TBEPAOro Tena. 70 CBA3AHO
C Tem, 4YTo No M'mM66CYy HEeo6XoAMMO pasnnyatb NOBEPXHOCTHYIO IHEPIUI0 W Mo-
BEPXHOCTHOE HaTAXeHWe TBepAbIX Te/, OHU cOBNafalT TONbKO ANSA XUAKOCTEeN
[67].
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PurcyHok 13 - 3aBUCUMMOCTb KO3ghdumLUmeHTa Ten10onpoBOAHOCTY NIEHOK, COCTABMEHHbIX M3
HeCcKoNbKNx rpad)eHoBbIX C/I0EB, OT YMcna (a); TennoBoe paclimpexue rpadgexa (6) [65].

3pecb Q - nnowanb NOBEPXHOCTU TBepAoro Tena; T - Temnepartypa. 3HauuT, B Tabn.
2 HY)XXHO 3aMEHUTb BEJ/INYMHY y Ha BeNnyunHy a. CkasaHHoe noATBepxAaeTcsa TeM, YTO B
Tabn. 2 ana megn Cu ¢ BoAolK nonyyeHo y = 60.42 mOx/m2 OfHako, TOYHOE U3MepPeHne
NOBEPXHOCTHOW 3HEPrun meanm MeToLOM «Hy/neBOi monsyyecTu» [68] gaHo B Tabnuue 3.

Tabnuua 3 - TOBEepXHOCTHAsA SHEPrusa YNCTbIX MeTannoB [68]

MeTtann Y, mx/m2 Metann Y, mx/mM2 MeTtann Y, mx/mM2
Ag 1205 5-Fe 1910 Si 2130
Au 1410 Y-Fe 2170 Sn 673
Al 1140 Ga 767 Ta 2480
Bi 504 Cd 820 Ti 1938
Cd 675 In 633 Tl 562
Co 2424 Mo 2630 \% 1950
Cr 2090 Nb 2210 w 2690
Cu 1520 Ni 1940 Zn 868

Vicnonb3ys ypaBHeHus (1)-(5), BbluMCAMM napameTpbl Ansa rpadgura u rpa-
theHa (Tabnuua 4). Takne 6o/sblIMe BHYTPEHHME HaNpPsXKeHUA aisnpuBOAAT K
CYLL,eCTBEHHOMY KOPOG/IEHUIO OHOCNOWHOIO rpadieHa, aKcneprMeHTanbHO 06-
HapyXeHHoro B pa6otax [69,70] n TeopeTnyeckn uccnefoBaHHbIX B paboTax
[71,72]. Takoe kopobneHue rpadeHa NpPMBOAUT K BO3pacTaHU ero koagpdu-
umeHTa TpeHus [4]. B pab6oTte [73] nokasaHo, 4YTO gaxe masnbie gecdopmauymn
rpacdeHa B npegenax 10% JocTtaTouyHbl A5 M3MEHEHUS €ro NOBEPXHOCTU U ero
aACcoOpOLMOHHbIX CBOMCTB.
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Tabnuua 4 - Ynpyrvue napameTpbl rpaduta n rpacdeHa

Yrnepog Was Ox/m2 Wag Ok/M2  0jq MMa Ojg Ma E, Ma Ey Ma

Mpacout 2,853 1,690 4,9 1,36 7,59 3,48
IpacheH 3,448 - 118,4 1000 -

Ecnn B Tabnnue 4 B3aTb AnsA rpadeHa aia = 118,4 IMla 3a 100 %, a gnsa
rpacduta A3 = 4,9 Ma 3a x %, To Nnpu o6pasoBaHMM rpadeHa Mbl NOAyYNM fe-
hopMaunto rpagpeHa 4 %, UTO HECKONbKO HMXKeynomsHyTbix 10 %. B tabnuue 5
npeacTasneHbl 3anpeLleHHble 30Hbl, paccunuTaHHble B paboTe [73] nyTem Bapbu-
poBaHus gecdopmauunii ¢ warom 2% B Ananas3oHe OT HeHanpshKeHHOro rpadyeHo-
Boro nucta ao 20 %.

N3 Tabnuubl 5 BUAHO, 4YTO OAHOOCHblE Aedopmalun CNOCOOHbI OTKPbIBATb
O4YeHb Masible 3anpeLleHHble 30Hbl, a 3aBUCUMOCTb 3anpeLLeHHON 30HbI OT Aedop-
Mauuy HOCUT HEMOHOTOHHbBIN xapakTep. HanpaBneHusa «3ursar» (Z) n «kpecno»
(A) cOOTBETCTBYIOT KOHLaM rpadeHa.

Tabnuua 5 - DHepreTnyeckas Wesnb B 30HHOW CTPYKType rpadeHa (4, m3B) Nnpu 04HO-
OCHOl gedopmaumn nucta (a) B HanpasBfieHMax «3ursar» (Z) n «kpecno» (A) [73]

0,% 0 2 4 6 8 10 12 14 16 18 20
Az 0 10 0 10 70 10 60 60 20 30 30

0 20 30 30 20 10 10 50 90 110 80

O kopo6/s1eHMN NOBEPXHOCTU rpadheHa 3a cUeT BHYTPEHHUX HanpsXKeHUn MOX-
HO npuBecTn paboty [74]. Tam nokazaHo ACM-n3obpaxeHne NOBEPXHOCTU rpa-
cheHa 13 KOTOPOro BWAHO, YTO NOBEPXHOCTb COCTOUT M3 AOMEHOB pa3mepom 20 X
50 HM, OpMEHTUPOBaHHbLIX B O4HOM HanpasneHun 1 o0bpasyoLnx «CcKnagkm» Ha
NoBepxHOCTU rpadpeHa BbICOTON 1 HM. [Mpu 3TOM 3HayeHMe LepoxoBaToCTu Ha
naowaan

0.5 x 0.5 MKM cocTaBfsieT okono Ry = 0.25 HM.

Ecnn paccmoTpeTb pucyHok 96, a Takxe Tabnuuy 4, TO MOXHO YBUAETb, 4TO
cam MnpoLecc TPeHUS MOXHO ONWCbIBaTb Kak Mpouecc ynpyronaacTuyeckon age-
hopmaymm NoBEPXHOCTHOrO cnosi. B paboTe [75] Hamn npegnoxeHa gopmyna:

Ar)/A@00) = 1-R(I)/r, r»R (1),
©

rae A(r) - dumsnyeckoe CBOMNCTBO HaHO- M ME30C/0A C KoopauHatoi 1, A(~) - dusnye-
CKoe CBOICTBO 06beMHOro o6pasua (06bemHol hasbl) (pUcyHokK 9a).
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Ecnu 3a hmnsnyeckoe cBolicTBO A(r) MPUHATL KO3APUUMEHT TpeHus k npu aBun-
XeHun rpacmta (rpadeHa) no rpacuty (rpadeHy), To npu 1-R(1)/R(I)+r ~ exp[-
(R(/R(1)+r)] 6yaeT B HaHocnoe K(r) = k(~) exp[-(R(I)/R(1)+r)]. Mocne aToro TpeHne
B HaHoc/0e, To ecTb Npu r =0 n npu r = R(l) 6yaeT pasHo:

k(0) = k(~) (1/e) = 0,1/2,72 = 0,04; k[R(I)] = k(~) (1/e1d = 0,1/1,65 = 0,06.
3pecb k(~) = 0,1 gna rpaduta B3AT U3 pucyHka 86. B pesynbTare B HaHOC/oe
rpadputa TpeHne 6yAeT BbIrNsAeTb C yYeTOM paboThl [47] Tak, Kak MokasaHO Ha
14a. B me3ocnoe TpeHue 6yaeTt 3aBuceTb no oopmyne 1 B ypaBHeHun (9), npu
atom 1-R(l) ~ exp(-R(I)/r). Torga k[R()] = k(~) (1/e) (puc. 9a) u TpeHue 6yaeT
BbIrNA4ETb TaK, kak Ha puc. 146.

PucyHok 14 - 3aBucrMOCTb Ko3aghduumeHTa TpeHnsa B HaHocnoe (a) n B me3ocnoe (6).

O6DBACHNM BCE CKa3aHHOE Bbille TeMnepb KOHKPETHO. 0 Mepe ABUXEHNe BepX-
Hero rpadgouta no NOBEPXHOCTWM HWXHEro BHOBb 06pa3yeTcsl HOBasi NOBEPXHOCTb
HaHOMEeTPOBOI TOMLMHbI. TO 03HAYAET, YTO TPEHNE coBepLlaeT konebaTeslbHoe
nBwxeHne (pucyHok 15a). Cnon R(l), R(Il) n o6bemHas asa nmerT pasHblie Be-
NINYMHBI BHYTPEHHETO TPEHWs, KOTOPOe NPONOPLMOHANIEHO BHYTPEHHUM Hanpsixe-
HusMm k ~ Gs u3 Tabnmua 4. Korga rpadut cBepxy HauyMHaeT ABUratbCs, TO Npu
TPEHUN BO3HUKAET TypOYNEeHTHbI dparmeHT (pucyHok 156) [76]. 9To nposiBnseT-
Csl B MUKPOCTPYKTYpe, OOGHapy)X€HHON Ha moBepxHocTu, cTanm 20 [77] (pucyHOK
16a) n Ha Hawem cnnaee CrNiTiZrCu [78] (pucyHok 166). To e camoe Nponcxo-
OuT 1 B rpacdme.
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PucyHok 15 - KonebartenbHoe aBuxeHve TpeHus npyu obpa3oBaHnM HOBOIN NOBEPXHOCTH (a);
cxema obpasoBaHus TypbyneHTHoro oparmeHTa (6).

MopgobHas cTpykTypa Ha puc. 16 xapakTepHa gnsa savyeek beHapa [79].

Aveilkn beHapa - 3TO BO3HUKHOBEHWE YNOPSAAOYEHHOCTU B BUAE KOH-
BEKTMBHbIX A4eeK B (hopMe UWUAUHAPUYECKUX BaNOB WAW NPaBUNbHbIX
WeCTUIrpaHHbIX Uryp B C/noe BA3KON XWAKOCTW C BepTUKaNbHbIM rpa-
OWEeHTOM Temnepatypbl. A rpagueHt Temnepatypbl gradT ~ k, T.e. npo-
nopuymoHaneH KoaPULNEHTY BHYTPEHHEIO U BHELIHETO TPEHNUSA, NO3TOMY
TpeHne noao6HO BA3KONM XuakocTtu (pucyHok 17). Mopo6Hbil adhdekT 3a-
MeyeH cpaBHUTENbHO HepaBHO [80].

PucyHok 16 - MoBEPXHOCTb TPEHUSI B MOMEHT TypbyneHTHoro pparmeHTa obpasua u3
ctanu 20 [77] (a) ncnnasa CrNiTiZrCu (6) [78].

PucyHok 17 - Aueiikn BeHapa ¢ CUNUKOHOBbLIM Macnom MMC-10 ¢ antoMUHUEBOIA NyApoi
(a) n (6) c pasHbim yBenuueHue [79].
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Bonee ctporo (Hanpumep, [79]) npn aHanuse npoueccos B cucteme beHapa B
KayecTBe ynpaBnflLl,ero napamerpa Bbibupaetca uncno Paneqa: Re = gLva, rge
g - yckopeHne cBo60AHOro najeHus, L - xapakTepHblii pasmep, b - koadduyn-
eHT 06beMHOro pacwupenunsa, dT - rpafueHT TemnepaTtypbl, V - KNHEMaTUYeCcKas
BA3KOCTb, a - KOA((PMLUMEeHT TeMnepaTyponpoBOgHOCTM cpefbl. MOCKOMbKY KMHE-
MaTnyeckas BA3KOCTb V ~ 1lly,y - MOBEepPXHOCTHas 3HEprus, T0 U3 NMPUBEAEHHOTO
Bbllle BblpaXeHnsa Ansa yucna Panes cnefyeT, 4TO ynpaBaslowWmnM napameTpom B
Hawem cnyvae asnaetca Re « C L3y, rpe C ~const, a L =R un 2y = Wa VHbiMn
cnosamu, ecnun npoussegeHne R()A"W(l)agnsa asuxyuierocs rpaeHa no nosepx-
HOCTK rpauTa MeHblle aHa/NorMYyHOro Npou3BeAeHnsa, To UX pasHuua, BKIYas
LW epoxoBaToCTh TPYLWMXCA MaTepunanos, paBHa:

[LO - WINI+R. WPR=F=W, (10)

roe F - cuna TpeHus mpu ABMXKEHUM TPYLLMXCA MaTepuanos; R - LIepoxoBaToCTb;
L - gnuHa nytv asuxenus; k- koaduumneHT TpeHus; W 12 - sHeprus agresvn mexay AByMs
marepuanamu.

YpaBHeHune (10) MoXeT CAyXuTb KpuTepnem Bbibopa aHTU PUKLMOHHOIO MO-
KpbITUS U3 rpadheHa nan U3 ero KOMNO3uToB. [ns rpadpeHa B TPeHUU No rpaguty
nrpaet HaHocnoi R(l), ero TpeHne NPoOUCXoANT CTymeH4YaTblM CNOCO60M, COrnacHo
paboTe [47] ¢ y4yeTOM MNOBEPXHOCTHbIX COCTOAHWUII akagemuka Tamma W.E. [81]
(pucyHok 14a).

Mepoil BHYTpeHHero TpeHus kpuctanna saBnsetcs BennuuHa Q-1 kotopas no
[feb6at paBHa [82]:

o 2nfx
(11)

roe f- yacTtota kone6aHunii o6pasua, T- BpPeMs pesakcauuun, a ana rpacdeHa
Q-41=Gis= 0,18 102=5/n (5- norapumMnyecknii AEKPEMEHT 3aTyxaHus).

MakcumanbHoe 3HayeHue BHYTPEHHEro TpeHusa pgocTuraeTtca npu 2MNT = 1
Bpema penakcaumn T MOXHO onpefaenutb ans cnos R(l), 3Has cKopocTb 3BykKa
B rpaceHe - T1= R(I)/u. CkopocTb 3ByKa B rpadpeHe paBHa n = 21,3 103 m/c [83].
Torga 71=0,0115 1012c n f1= 13,8 Tly. 3T0 3Ha4YUTb, 4TO ANA rpaceHa Habnw-
faeTcs Teparepuesoe nanyyeHume (pucyHok 18) [84].

PucyHok 18 - CnekTp 3/1eKTPOMarH1THbIX BOMH U TeparepLoBblil «npoBan».
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[lo HepaBHero BpeMeHun 6onbliad yacTb TeparepuoBoro cnekrpa f He ncnonb-
30Banacb B CBA3M C TeM, 4YTO OTCYTCTBOBaNM KaK UCTOYHUKW, TakKk U NPUEMHUKN
KOTepPEeHTHOro M3/y4yeHWs 3TOro AmanasoHa. [o3Tomy TeparepuoBblii y4yacTok
3/1eKTPOMArHUTHOIO CNekTpa Ha3Ba/M «TeparepuoBbiM NpoBasoM» (PUCYHOK 18).
C nosaBneHMem nNepBOro TeparepLoBOro KBaHTOBOro kackagHoro nasepa (KK/) B
2002 r. [85] n nocnepoBaBlWero 3Ha4YMTeNIbHOTO Nporpecca B pa3paboTke Teparep-
uoBoro KK/l «TeparepuoBbiii NpoBan» B 3/1IEKTPOMArHUTHOM CNeKTpe MOCTEeNeHHO
Hayana 3akpbiBaTbCcsi. CaMblM NepcrneKkTUBHbLIM NOAXOAOM K co3faHuto addek-
TUBHbIX AeTekTopoB TlLy M3nyyeHWs sABNAETCA UCNOMb30BaHWE HAHOCTPYKTYp B
KayecTBe YYBCTBUTENbHOTO 3/leMeHTa. K 3TUM HaHOCTPYKTypaM OTHOCUTCA U rpa-
eH. B paboTe [84] npoAeMOHCTPUPOBAH pexXxum AeTekTupoBaHus TIy nsnyyeHus
C UCNnosb30BaHMeEM MOJSEBbIX TPAH3UCTOPOB Ha OCHOBE ABYXC/NONHOrO rpadeHa.

BbiBoa. MonyuveHHasa dopmyna (10) Ana TpeHUs CKOMIbXEHUS BkAuaeT
3HEepPruio aAres3nn 1M 3HadynTb OHA OTHOCUTbLCA K MONEKYNSAPHON Teopuu TpeHusa us
NATW CYWeCTBYKLWMNX Ha CErofHAWHNIA AeHb. DHeprna ajresun onpepensetcs
NOBEPXHOCTHOW 3Hepruein TBephoro tena, M3MepuTb KOTOPYH [LOBONIbHO C/OX-
Ho. MpefnoxeHHas HaMW Mofenb TPeHWa TBEpPAOro Tena, Ha NpuMepe akTyanb-
HbIX BelwecTB - rpacduta u rpaceHa, BkIYaeT, KPOMe 3IHeprun agresnnm AByX
TPyl MnXcsa matepuanos, TONUWMHY NOBEPXHOCTHOrO €noa 3Toro matepuana. 3ta
TOoNWMHa onpegenseTca Hamu no dgopmyne (1) u faeTt 3HauyeHUs ANS TBepAblX
Ten, Bknwyasa rpadut u rpadeH, HaHOMeTpPOBOro AManas3oHa, OTNpaB/Asa Hac B
o6nactb HaHoTpubonorun. HaHoTpubonorna unu mMonekynapHas Tpuéonorusa -
HanpaBneHne B TpU60ONOrNKN, CBA3AHHOE C TEOPETUYECKUM U IKCMEPUMEHTaNbHbBIM
n3yyeHneMm npoueccos ajres3nn, TpeHus, n3Hoca M paspylweHns B aTOMHbIX U MO-
NnekynsapHbIXx MacwTabax B3aumoaelicTBua noBepxHocTeli. Ee pa3BuTne cpepxm-
BaNoCb, Ha Hal B3rNA4 Tem, YTO TO/UWMWNHY NOBEPXHOCTHOIO C/0S, OTBETCTBEHHO-
ro 3a npouecc TpeHusa MOXHO 6bl10 onpefennTb TONbKO B BbICOKOM Bakyyme Ha
aToOMapHO-YNCTbIX NOBEPXHOCTAX OrPaHMYEHHOro Yyncna MoHokpucTannos. Hawa
Mofenb, U3/10XEHHAA B HAcTOALWEN cTaTbe, OTKPbIBaeT HOBbIN noaxofn ANa Teope-
TNYECKOT0 U 3KCMepUMeHTanbHOro uccnefoBaHWs NPoLEeccoB B HAHOTpMGoONOrMun.

B panbHeiwem, Mbl OnNuwWeM TpeHWe W paspylleHne OTBETCTBEHHbIX Y3/10B U
netaneil MexaHn3mMoOB M MalWwWH, NPUMEHAEMbIX HAa NPOMbIWIEHHbIX NPeANPUATH-
X U CeNbCKOM X03fAlcTBe pecnyb6nnkn KasaxcraH.

[aHHas Hay4yHasa cTaTbs onybanKoBaHa B pamMmKax BbIMO/THEHUS FPAaH T OBOr0
tnHaHcmpoBaHusa Ha 2024-2026 rr. MPH Ns AP32488258 «Pa3paboTka WHHO-
BaLMOHHOI TEexXHONornM nony4vyeHus rpacpeHa MHTepkanauuen rpagpuTa Mu-
KpoKnacTepHOW Bogoi n moandmkauusa rpacdeHom BTCI kepamukn» (nccnepo-
BaHne dpmHaHcupyeTCcss KOMUTEeTOM Haykn MUHUCTEepCcTBaA HAyKu M BbICLLIErO
obpasoBaHusa Pecny6nmkn KaszaxcTan).
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