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Abstract. A model of graphite friction is proposed. In this model, the friction process is described as a process of
elastoplastic deformation of the surface layer. Moreover, the nanolayer, which contains 3-5 atomic monolayers,
behaves elastically and quickly collapses according to the Griffiths scheme, forming a layer like a solid lubricant.
Next, the mesoslayer enters into the friction process. If the friction of graphite is considered similar to the friction of
a viscous liquid, then from this approach it follows that friction depends on the speed of movement, has a structure
similar to Benard cells, which means self-organization and friction synergism occurs. The fact that the friction of
graphite cannot be explained using the usual Amonton law or on the basis of the hydrodynamic theory of lubrication
is due to the fact that it is associated with the viscosity of the solution, the theory of which has not yet been
completed.

Due to the reconstruction of its surface, the surface layer of metastable diamond becomes graphite and its friction
coefficient is the same value k = 0.1. If you remove the surface layer of metastable diamond, i.e. turning it into a
diamond, then its friction coefficient will be k = 0.6.
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Introduction

The performance of parts of various moving mechanisms and machines is mainly affected by friction. Currently,
there are five theories that explain the processes occurring during friction: mechanical (deformation); molecular
(adhesive); molecular mechanical; energy; hydrodynamic [1]. The study of the friction process is over 500 years old
[2] and continues to this day, due to the emergence of extreme conditions: high processing speeds of various metal
products, high pressures, high temperatures, aggressive environments, etc. [3]. In the theory of friction, it is
necessary to take into account both the mesoscopic approach [4] and the nanostructural approach [5]. In [6], a
mechanical friction quantum was proposed. During friction, especially under lubrication conditions, as well as in dry
friction, it is necessary to take into account the self-organization and synergy of the rubbing materials [7, 8].

In this article, we will review and propose the friction mechanism of two allotropic modifications of carbon -
graphite and diamond.

A graphite crystal is a layered structure consisting of graphene layers. Each layer consists of regular
hexagons of carbon atoms (C) measuring 0.335 nm, between which there are strong covalent bonds with an energy
of 170 J/mol. Between the layers there is a space of 0.7-1.6 nm in size, where weak Van der Waals forces act with
an energy of 16.7 J/mol (Fig. 1a). These graphene layers easily slide in the longitudinal direction and represent a
solid lubricant (Fig. 1b).
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Fig. 1. Structure of graphite (a) and layer diagram on the metal (b) [9]
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In work [10], graphites of various grades according to GOST [11] were used for solid lubrication. It has been
shown that colloidal graphite containing dispersed particles provides the best antifriction properties of metal
composite materials. Antifriction graphite and its application in industry have long been used [12]. In Kazakhstan, a
monograph is devoted to carbon materials [13].

The coefficient of friction of diamond on metal materials is 0.1, which leads to high abrasion resistance of
diamond, which is 90 times greater than the wear resistance of corundum, and 100 and 1000 times greater than that
of various abrasive materials. Diamond powders are indispensable for processing parts made of hard alloys [14, 15].
A large amount of information on diamond is available in [16].
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Fig. 2. Diamond lattice (a) [16]; Bundy carbon phase diagram [17]

The structure of diamond consists entirely of carbon (Fig. 2a) and belongs to the Fd3m symmetry. Lattice
parameter a = 0.35667 nm, density p = 3.52 (g/cm?®), molar mass M = 12.01 (g/mol) [16]. The Bundy phase diagram
of carbon is shown in Fig. 2b [17]. In the periodic table of Mendeleev D.I. shows the position of carbon in the
central column and top row (Fig. 3a). In the central column, carbon has the most covalent bonds per atom (4). The
top position makes its atoms the smallest among all the elements in the central column. The combination of these
two attributes gives diamond the highest concentration of binding energy and thereby gives it unmatched hardness
and other beneficial properties [18].

In Fig. 3b shows the dependence of the friction coefficient on hardness. As you can see, diamond has a
friction coefficient of about 0.1, just like graphite. As a result, diamond powder (DLC) can protect engine parts from
further mechanical wear or chemical erosion. In addition, the opposing moving parts now slide on a solid surface
that has a coefficient of friction much lower than that of any metal component (Fig. 3b). The movement of the
engine part will receive much less resistance and less energy (such as gasoline) needed to power the engine.
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Fig. 3. Periodic table of D.l., showing solid materials with atomic bonds. This table does not include hydrogen and noble gases (a);
friction coefficient as a function of hardness (b) [18]
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Diamonds and diamond powder are widely used in industry [19], electronics and optics [20]. From Fig. 2b it
follows that under ordinary conditions diamond is a metastable structure [17]. It becomes stable at high pressure and
high temperature [21, 22] or at sizes less than 30 um, when it becomes a nanodiamond [23, 24].

1. Research methodology

It has now become generally known that friction is significantly related to the surface layer of a solid [1-3].
Determining the thickness of this layer R(I) experimentally is a very difficult task, requiring ultra-high vacuum and
complex equipment [25]. This problem has been solved only for a few substances. For example, for gold R(l) = 1.2
nm, and for silicon - R(I) = 3.2 nm [25], i.e. they are a nanostructure. Theoretically, we first determined the
thickness of the surface layer of solids in [26-28] (Fig. 4a), and friction in [29] (Fig. 4b).
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Fig. 4. Scheme of a solid: nanolayer — mesolayer — bulk phase [28] (a); diagram of the movement of
atomically smooth diamond and graphite on atomically smooth metal surfaces with a constant speed u [29].

The thickness of the surface layer R(1) is given by the formula [26-28]:

R(1)=017-10"°.a-v[m]. (1)

In equation (1), you need to know one parameter - the molar volume of the element, which is equal to v =
M/p (M is the molar mass, p is its density), o = 1 m? - a constant, so that the dimension (R(l) [m]). Using formula
(1), we calculate R(I) (Table 1) for graphite parallel to the plane x = a = b and perpendicular to this plane x = ¢ [30].

Table 1. Parameters R(1) of graphite.

Graphite Structure M, g/mol p, g/sm® R(1)a, nm R(l)e, nm
2,26 0.90 (3) 2.46 (3)

C C6/mme-D;, 12,0107 175 1.17 (4) 3.19 (4)
1,65 1.24 (5) 3.39 (5)

From the table It can be seen from Fig. 1 that the thickness of the R(l)a. layer varies from 0.9 to 1.24 nm in the
upper plane, and the thickness of the R(I). layer varies from 2.46 to 3.39 nm perpendicular to this plane. This is due
to changes in the density of graphite and its layered structure. Natural graphite has p = 2.26 g/cm?, and artificial
graphite has p = (1.75-1.65) g/cm®. The number of monolayers in graphite is given in parentheses - n = R(l),, ./a, ¢
(a, c are lattice constants). In the R(I) layer, the number of monolayers varies from 3 to 5, depending on the porosity
of the graphite. It is shown in [31] that the surface energy of a bulk metal y», with an accuracy of 3%, is equal to:

v, =07-102.T, [Im?], 2

where Ty, is the melting temperature of the metal (K).
In the R(I) layer, it is necessary to take into account the size effect and the surface energy of the R(l) layer
becomes equal to y1 [32]:

11 =72(0=R()/R()+h) =03y, , ®)

Equation (3) shows that the surface energy of the R(l) layer is three times less than the surface energy of the
main crystal. To separate the R(l) layer from the rest of the crystal, it is necessary to expend energy, which is called
adhesion energy [32]:
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Wa =v1+72—Y12=7v1+72 =137, (4)

where vy12 is the surface energy at the phase interface, which is negligible due to a second-order phase transition.
Internal voltages ocis between phases y1 and y, can be calculated using the formula [33]:

o1 =W, -ATR(1), (5)

where E is Young's modulus of elasticity.

2. Results and discussion
Using equations (1) — (5), we calculate the elastic parameters for graphite.

Table 2. Elastic parameters of graphite

Graphite Wi, J/m? Wi, J/m? Gisa, GPa Gise, GPa E,, GPa E., GPa
C(p=226) 3,613 1,323 5,74 1,37 7,59 3,48
C@(p=175 2,801 1,026 3,75 0,93 5,88 2,70
C(p=1,65) 2,637 0,966 3,44 0,87 5,55 2,55

Graphite has an average value of Ty, = 3970 K and y2 = 2.779 J/m2. Internal stresses in graphite oisc lead to an
increase in the interplanar distance (Fig. 5), which can be easily separated from the rest of the crystal with simple
tape, turning it into graphene [34]. If we look at Fig. 4b, it can be seen that the friction process itself can be
described as a process of elastoplastic deformation of the surface layer. Moreover, the nanolayer, which contains 3—
5 atomic monolayers, behaves elastically and quickly collapses according to the Griffiths scheme, forming a layer
like a solid lubricant. Energy W, is spent on this. Next, the mesolayer (or mesoscopic layer) enters into the friction
process. In mesoscopics, it has been experimentally proven that plastic flow begins in a brittle material when it loses
shear stability, which is fundamentally different from the previous case.

Fig. 5. Increasing the interplanar distance of the surface layer.

The characteristic length for mesoscopics is the phase coherence length he, which can vary within wide
limits, but in mesoscopics it is always h, < 10 m = 1 micron.

As the upper graphite moves along the surface of the lower metal, a new surface of nanometer thickness is
formed again. This means that friction performs an oscillatory motion (Fig. 6a). As soon as the speed exceeds a
critical value and the formation of a nanolayer does not occur, friction begins to depend on speed. Layers R(1), R(Il)
and the bulk phase have different values of internal friction, which is proportional to the internal stresses €isc from
the table. 2. When the graphite from above begins to move, a turbulent fragment appears due to friction (Fig. 6b).

Fig. 6. Oscillatory motion of friction during the formation of a new surface (a);
diagram of the formation of a turbulent fragment (b)
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This is manifested in the microstructure found on the surface of steel 20 [35] (Fig. 7a) and on our
CrNiTiZrCu alloy [36] (Fig. 7b). There are many similarities between high-entropy alloys and metallic glasses [46].
A similar structure in Fig. 7 is typical for Bénard cells [37]. Bénard cells are the appearance of order 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, so friction is similar to a viscous fluid. So, the friction of graphite and layered
materials on steel is similar to a viscous liquid, although there is another point of view [38]. In this paper, the
distance dependence of non-contact friction on a graphite surface is studied using a quartz tuning fork with
transverse vibration in the atmosphere. It is found that energy dissipation begins to increase when the distance is less
than 2 nm, exhibiting a form of phonon dissipation. However, as the distance decreases further, the dissipation is
different from the phonon dissipation and represents a huge friction energy dissipation peak, which is caused by the
hysteretic behavior between the vibration of the surface atoms and the vibration of the tip. This work advances the
understanding of the mechanism of energy dissipation in non-contact friction.

Fig. 7. Friction surface at the moment of a turbulent fragment of a sample made of steel 20 [35] (a)
and CrNiTiZrCu alloy [36] (b).

If the friction of graphite is considered similar to the friction of a viscous liquid, then from this approach it
follows that friction depends on the speed of movement, has a structure similar to Benard cells, which means self-
organization and friction synergism occurs. The fact that the friction of graphite cannot be explained using the usual
Amonton law or on the basis of the hydrodynamic theory of lubrication is due to the fact that it is associated with the
viscosity of the solution (viscous liquid), the theory of which has not yet been completed [39].

Using equations (1) - (5), we calculate the parameters for diamond [40].

Table 3. Diamond structure parameters

Diamond (hkl) Structure R(I), nm R(11), nm y, [41] I/m? y, [42] JIm?
100 0,29 (1) 2,61 (7) 9,100 9,300
C 110 Fd3m 0,41 (1) 3,69 (7) 6,274 6,570
111 0,68 (1) 6,12 (7) 5,270 5,400

From the table 1 it follows that the number of carbon monolayers in the R(1) layer of diamond is equal to one,
like in graphene. The total thickness of the surface layer H = R(I) + R(ll) is equal to: H-1go = 2.9 nm; He110- = 4.1
nm; H-111+ = 6.8 nm. The surface energy v is significantly greater than all materials known in nature, which means its
friction coefficient k ~ y L (L is the length of the path traveled) should also be large. However (Fig. 3b), today it is
believed that the low friction of diamond is due to the fact that its surface adsorbs air atoms (nitrogen, oxygen) and
the surface turns into a solid lubricant similar to graphite [16]. Here we will present a different point of view. The
elastic parameters of the surface layer of diamond are shown in table. 4.

Table 4. Properties of the surface layer of diamond

Diamond (hk1) Hiy, nm W, J/m? o(nki), GPa
100 2,9 11,83 58
C 110 4,1 8,16 41
111 6,8 6,85 29

The internal stresses oy of metastable diamond are an order of magnitude greater than those of graphite and
they are similar to the structure of silicon and germanium (Fig. 3a), in which covalent bonding is predominant. In
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the bulk of C, Si, and Ge crystals, each atom forms four covalent bonds with its nearest neighbors located at the
vertices of a regular tetrahedron. On the surface of the crystals, some of the bonds are broken, leading to its
reconstruction [25]. For Si and Ge crystals, surface reconstruction and its models are presented in [43]. The
Hanemann model consists of a chain of surface atoms that move up and down, but the bond length does not change
compared to the bulk. In other words, the topology of the connections does not change, which has not been
confirmed experimentally. Pendy's model, called the w-bonded atomic chain model. Here the communication
topology changes completely: two six-bar rings of an idealized structure turn into five- and seven-bar rings. This
model is recognized by many researchers, but it has not yet been confirmed experimentally.

In diamond, the bond between atoms is carried out by hybridized sp? orbitals. If we assume that diamond has
two bonding electrons for each orbital in the crystalline volume, they are divided in half on the surface. This
hybridization is associated with the excitation of electrons to an energetically higher state (Fig. 8). A structure
consisting of three sp? orbitals and one p orbital may be more advantageous. This leads to a different distribution of
electron density in space. In addition, sp? orbitals are localized almost exactly in the same plane. It follows that the
surface layer of diamond turns into graphite during reconstruction. To prove this conclusion, consider the
experimental results shown in Fig. 9. Here in Fig. 9a shows the photoluminescence of diamond, which clearly shows
the difference between the glow of the surface layer and the bulk of the diamond.
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Fig. 8. Change in the energy of electronic states during hybridization of s- and p-orbitals [43]

Experimental Raman spectra of the surface layer of diamond are shown in Fig. 9b. In Fig. 9b D-peak
(associated with carbons at the boundary of graphite crystallites) appears near 1350 cm™. The G-peak (associated
with in-plane vibrations of graphite) is located near 1570 cm™. Both peaks are located against a luminescent
background (Fig. 9b).
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Fig. 9. Photoluminescence of diamond samples [44], Raman spectra of the upper layer of diamonds [45]

Thus, the surface layer of metastable diamond, due to the reconstruction of its surface, becomes graphite and
its friction coefficient is the same value (Fig. 3b). If you remove the surface layer of metastable diamond, i.e. turning
it into a diamond, its friction coefficient will be k ~ 0.6 [16]. This means that our assumption about the formation of
a surface layer of diamond can be considered proven.
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Conclusions

Here we considered only two allotropic modifications of carbon - graphite (sp?) and diamond (sp®). There are
other modifications of carbon: carbyne (sp); a series of fullerenes (sp?** or sp**). The thickness of the surface layer
of fullerene Cg is R(I) = 135 nm, which is three! order of magnitude higher than R(I) for diamond and graphite.
Since friction, as shown above, is mainly determined by the surface layer, then for these modifications of carbon,
determining the friction mechanism is a task for the near future.
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