
Vol.:(0123456789)1 3

Tribology Letters (2021) 69:102 
https://doi.org/10.1007/s11249-021-01478-y

ORIGINAL PAPER

How Carbon‑Based Nanosheets Protect: Mechanistic Models

Michael Vigdorowitsch1,2,3   · Valery V. Ostrikov2,4 · Sergey N. Sazonov2 · Valentin V. Safonov5 · 
Vladimir I. Orobinsky6

Received: 23 March 2021 / Accepted: 21 June 2021 / Published online: 12 July 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract 
Graphite- and graphene-based surface protective films are shown to undergo different tangent impacts in working units and 
mechanisms. The thicker the graphite film is, the more it is subjected to deterioration because tangential components of 
acting forces turn into normal ones because of distortion of the graphite lattice and elasticity of the interlayer van der Waals 
bonds. Critical pressure of sliding friction force on the film has been estimated according to real conditions in a combustion 
engine. The amplification effect has been evaluated and shown to be roughly proportional to a number of layers in the film. 
The function-amplifier has been constructed, its asymptotical behaviour at small and big number of layers has been analysed. 
An expression in quadrature representing the working surface wear on the basis of deteriorated film area and working pressure 
with its fluctuations has been proposed. Its structure is related to a mutual correction of factors related to how (i) intensively 
and (ii) extensively the surface fragments are affected through the wear.
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1  Introduction

A nearly magic prefix «nano-» created a virtually immense 
field for advancements in various branches of science as 
well as in technological and industrial solutions. As a 
typical representative of those can serve improvement of 
tribo- and rheological characteristics of multi-component 
consistent lubricants (greases) [1–3] aimed in the issue to 
resist wear. This is to be substantially achieved by means 
of (i) reduction of friction, (ii) redistribution of load, 
(iii) heat transfer enhancement, and (iv) in situ recovery 
of contact surfaces. This appears again to be an issue to 
distinguish between or to optimise both “form and con-
tent”. Whereas the form of nano-particles the grease has 
been enriched with is able to contribute to reduction of an 
impact mechanically (e.g. nano-tubes, -onions or -horns 
[4] to replace sliding with rolling), material properties 
are expected to alleviate operating of the contact surfaces 
mediately (e.g. through improvement of thermal conduc-
tivity with carbon-based [5] and viscosity with alumina-
based additives [6], electrostatic repulsion of contact sur-
faces through metallic nano-particles in grease due to their 
“electronic tails” beyond the lattice [7], repair of surfaces 
in contact through chemical bond formation [8] or even 
polishing [9]).

Out of different types of additives distinguished through 
their composition (e.g. inorganic, incl. metallic, and steric, 
or capped nano-particles), carbon-based nano-particles are 
typically considered as an independent group with its own 
sub-groups which differ allotropically or structurally [1,3]. 
This is probably because of conventional long-term usage 
and abundance of carbon-based greases along with their heat 
transfer properties and well-tested fabrication technologies. 
Extended with discovery of graphene and fullerene, mem-
bers of the carbon-related group appeared to be subject to 
intensive comparison with one another [3,10,11]. Diversity 
of characteristics and variety of factors and circumstances 
resulted sometimes in the polar evaluation of carbon-based 
additives. Thus, adherence of protective films with gra-
phene-based nano-particles was characterised as doubtful 
because of chemical inertness and hardness in [4] and by 
reason of the van der Waals forces weakness in [11], whereas 
a good adsorption of multi-layer graphene on rubbing sur-
faces was uncovered in [12]. A particular problem is related 
to nano-particles agglomeration to occur [13], should their 
concentration be spontaneously increased while attempting 
to reach better protection [4]. This phenomenon is related to 
surface energy increase at dispersing the substance [14,15]. 
One of particular means to resist could be thermodynamic 
stabilisation of the metallic nano-ensemble, developed in 
[16,17] and related to substance ultra-dispersing (particle 
size ≤ 10 nm in the nano-ensemble).

Hereinafter, we focus on the sub-group of sheet-shaped 
carbon-based additives. Such a form appears to be most natu-
rally (although not exclusively) associated with a film-based 
protection of rubbing surfaces with the aim to reduce wear 
in the contact area. A number of studies were devoted to this 
issue, related to various allotropic modifications of carbon 
and considering such aspects as fabrication of film-forming 
additives and experimental investigation of both properties 
and anti-wear effect of greases as a whole [12,18–21]. The 
goal of this paper is to introduce transparent mechanistic 
models of graphene- and graphite-based greases, to evaluate 
on this basis the most important characteristics of protec-
tive films and run-time environment (pressure, tension) and 
to propose an approach to the calculation of macroscopic 
characteristics of wear in quadrature.

2 � The Mechanistic Model of a Graphite Film 
Detachment

We consider first the mechanistic analogy with how the 
graphite-based additives act. Our description pretends to be 
neither of phenomenological equivalence nor derived ab ini-
tio. Nevertheless, as the pendulum model helps demonstrate 
and better understand, e.g. a number of electromagnetic or 
even quantum mechanical phenomena, our simple mecha-
nistic models can serve similar to those and enable one to 
apply the outcomes to estimate and/or to compare particular 
systems.

2.1 � General Characteristics

While added to a consistent or other lubricant, graphite par-
ticles fill in and smooth out microroughnesses of the rubbing 
surfaces during running-in a pair “metal–metal”, through a 
surface film formation. Depending on a bind type between 
the surface and the film, this leads in a greater or lesser 
extent to the enhancement of bearing capacity, anti-friction 
and anti-static properties, water resistance, etc. The use of 
graphite-based greases is mainly restricted to low-speed and 
non-high-precision units and mechanisms. This is polarised 
graphite which is eventually employed instead of the usual 
one to increase the grease adhesion to metallic surfaces. The 
adhesion is sure to be conditioned by the van der Waals 
forces since there is neither chemical reactions nor embed-
ding into the substrate lattice.

The graphite lattice is hexagonal and consists of coplanar 
layers formed by regular hexagons with C-atoms in vertices. 
In the most usual graphite allotropic modification, C-atoms 
of each layer are located facing the centres of hexagons of 
the neighbouring (lower and upper) layers, i.e. each layer 
turns out to be orderly shifted relative to the other, and all 
the odd layers are positioned equivalently as well as all the 
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even layers are. Every C-atom within its layer has covalent 
bonds with three neighbouring atoms. The interlayer bonds 
are usually considered as due to van der Waals forces what 
is, generally speaking, typical for minerals with a hexagon 
lattice within one layer [22], although there are debatable 
ideas that such bonds can differ in their nature [23]. The lat-
ter, however, does not matter for our following consideration 
since the interlayer bond energy is ca. 1/10 of the hexagonal 
bond energy anyway. Therefore, graphite possesses sharply 
anisotropic properties. Thus, ultimate stress limit is the high-
est at squeeze and equal to 70.0–100.0 MN/m2, whereas it 
constitutes 20.0–38.0 MN/m2 at slow bend and 12.5–20.0 
MN/m2 at stretching [24].

2.2 � Lattice Deformation Model at Rubbing

Figure 1a represents, with a certain degree of conventional-
ity, the structure of a graphite film on a metal substrate. The 
first (lower) layer, due to adhesion, holds the entire film on 
the metal substrate.

Figure 1b represents the same system under the load due 
to mass flow. External forces F are acting on each layer. Ini-
tially applied to the foremost nodes, they are being transmit-
ted in the form of tangential components Ft along covalent 
bonds through the entire lattice. Since (i) they are the cova-
lent bonds which are the strongest among all the bonds in 
the lattice, and (ii) this is squeeze which is the lattice’s most 
resisting deformation, the tangential components’ impact 
on the lattice has the form of a layer shear only, whereas 
deformation of the hexagonal cells turns out to be negli-
gible. The normal (with respect to the substrate’s “in aver-
age”—horizontal surface) components Fn of external forces 
appear to be applied to the nodes along the van der Waals 

bonds. Let the whole number of layers be equal to k + 1 
where k = 0 corresponds to the lowest layer. The normal 
component of the force applied to each node of the lowest 
layer can be thought of as a superposition1 of the two forces 
which are f 1,n due to that part of the second-layer shear 
invoked by an external force acting exactly on the second 
layer tangentially, and f k−1,n representing the sum of forces 
applied to the nodes of (k − 1) uppermost overlying layers, 
with which the corresponding node of the lowest layer is 
bonded by van der Waals forces along the entire film in a 
vertical direction. Notated as F1,n =

∑
f 1,n where the sum-

mation is being carried out over all nodes within the low-
est layer, and F(k−1),n =

∑
f (k−1),n (over all nodes of k − 1 

uppermost layers), we can decompose external forces into 
tangential and normal components within the crystal lattice:

where Fn = F1,n + F(k−1),n is applied to the lowest layer with 
respect to which we will consider further Eq. (1). We intro-
duce the function-amplifier A(k) defined for integer k ≥ 2 , as 

Inequality A(k) < k − 1 is valid beginning already with 
k = 2 and means that the superposition of forces incoming 
from the uppermost (k − 1) layers is smaller than (k − 1)-fold 
F1,n , since the transfer of some constituent of forces in the 
tangential direction inevitably takes place on account of an 
imperfect orthogonality of the tangential and normal basis 
directions due to the lattice distortion under the influence 
of an external force. As a result, the tangential component 
of the forces turns out to be small, because the elasticity of 
normal bonds invokes a conversion of the tangential impact 
into a normal one. Taking into account Eq. (2), for the nor-
mal component of the force acting on the lowest layer, we 
obtain the equation

Equation (3) explains the reason why graphite-based 
lubricants have not found application in high-speed 
mechanisms and high-precision technologies, in which, 
because of small tolerances, significant forces are not 
being extinguished by secondary factors. Because of the 
large number of layers k, the monotonously increasing 
function A(k) significantly amplifies the normal impact 
onto the lowest layer, transforming the tangential impact 
into normal through the van der Waals bonds. Should the 

(1)F = Ft + Fn

(2)F(k−1),n = A(k)F1,n

(3)Fn = [1 + A(k)]F1,n

Fig. 1   Graphite film on a metal substrate (three layers are shown). a 
in the absence of external forces; b in the presence of external forces 
due to mass flow inside an operating unit/mechanism. Solid bonds: 
covalent; dashed bonds—van der Waals’s. The vectors (yellow) 
directed along the substrate: expansion of the tangential component 
of the force along the basis of covalent bonds; directed along the 
vertical axes (crimson colour) vectors: f 1,n is the external force nor-
mal component at each node of each layer (except for the uppermost 
layer) because of an overlying layer shear (shown for the first two lay-
ers), f

k,n is the superposition of normal components of forces origi-
nated from each overlying layer, applied to each node of the lowest 
layer

1  This is related to some error because the action of the force’s 
normal component can be transmitted with some retardation and 
weakening along the lattice in the tangential direction. However, on 
account of a big number of layers in the film (about 200 for the film 
thickness 60 nm as an example) this effect is negligible.
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external force be strong enough to overcome the adhesion 
forces, the lower layer is being detached from the metal 
substrate. This detachment begins from that edge of one 
of the substrate’s numerous linear defects (dislocations), 
which is located on the external force side. In terms of our 
mechanistic analogy, the graphite film detachment is going 
on in the manner of tearing off a climbing ladder gradually 
along its entire length (in the case of a film, until the next 
dislocation, where the film most probably breaks).

2.3 � Critical Pressure of Sliding Friction Force 
on the Film

Let us determine a critical value of pressure produced by 
the sliding friction force, at which tearing off the graphite 
film’s fragment takes place. The film’s side area subjected 
to an external force is equal to S = hw =

(
kh1 + h0

)
w 

(Fig. 1a), where h1 = 0.3354 nm is an interlayer spacing 
in the graphite lattice, h0 is the distance from the lowest 
layer to the substrate’s “averaged” surface. At the critical 
pressure Pc resulting in film detachment, the following 
equality is valid:

where l is the linear size of the graphite film fragment being 
detached. Because of uniformity of directions, one can con-
sider l ∼ w and further, instead of their product, approxi-
mately use the square of a dislocation linear size w̄2 averaged 
out over the substrate surface. Adhesive bond energy Ead for 
the film’s fragment being detached is equal to

where N is the number of nodes in the film’s fragment being 
detached, NA is the Avogadro number, E(1)

ad
 is the adhesive 

bond energy for 1 mol of C-atoms in the film. Graphite ele-
mentary 2D cell encompasses 2 atoms, its lattice constant is 
equal to a0 = 0.246 nm. Therefore, the number of nodes in 
the film fragment being detached is equal to N = 2w̄2∕a2

0
 . 

With all the above in mind, we transform Eq. (4) to the form:

We cannot exactly calculate E(1)

ad
 because it depends on a 

huge variety of parameters characterising the substrate sur-
face. Nevertheless, we can make an upper estimate for this. 
E
(1)

ad
< Eilb , where Eilb is graphite interlayer bond energy, oth-

erwise the film would rather interstitially break than detach 
from the substrate surface. According to [25], graphite inter-
layer bond energy Eilb ∼ 0.37 J/m2 = 6.7 × 103 J/mole. Upon 
substituting all known parameters into Eq. (5), we obtain

(4)Ead = l
(
kh1 + h0

)
wPc

Ead = (N∕NA)E
(1)

ad

(5)Pc = 2
E
(1)

ad

NAa
2
0

1

kh1 + h0

where the film thickness kh1 ≈
(
kh1 + h0

)
 in the denomina-

tor is be expressed in nanometres. Just as an estimate, for 
film thickness 15 nm [18] one would obtain Pc < 24.5 MPa, 
or ~ 250 atm.

3 � The Mechanistic Model of Graphene Film 
Detachment

Monolayer graphene is basically an allotropic 2D modifica-
tion of carbon. To model it, one is to let k = 0 in the consid-
erations in Sect. 2, i.e. the lowest layer only remains. With 
the approximations introduced there, the tangential forces 
in the film, because of their insignificance, are not to be 
considered among those affecting detachment. Equation (5) 
for the critical pressure with film detachment has the form

in the case of graphene what results in the estimate for Pc 
in the case of a one-layer graphene film as

For the multi-layer (with 4 layers) graphene simi-
lar to that considered in [12], we obtain correspondingly 
Pc <∼ 200MPa.

4 � Discussion

One can easily understand by considering Eqs. (5) and (6), 
why graphene sheets in the adsorbed state on a substrate sur-
face appear to be much more stable under a tangent impact 
than the graphite film. The following relationship is a direct 
consequence of these equations:

Taking into account that for a thick graphite film the 
inequality k

(
h1∕h0

)
≫ 1 takes place, the critical pressure 

at which the graphene film detaches is ∼ k times as much 
as the critical pressure for the graphite film. That there is 
a working pressure p inside the unit or mechanism press-
ing and therefore stabilising the film, does not affect Eq. (7) 
much, because Pc ≫ p ∼ 10 atm takes place inside, e.g., the 
combustion engine:

Pc <
0.368

kh1 + h0
× 109 Pa,

(6)Pc =
2E

(1)

ad

NAa
2
0

1

h0

Pc <
0.368

h0
× 109 Pa ∼ 1000MPa

(7)Pgraphene
c

∕Pgraphite
c

= 1 + k
(
h1∕h0

)

Pgraphene
c

∕Pgraphite
c

≈ k
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 provided h1 ≈ h0.
It is worth making here also a general note, that in a 

real practise this is a question of the balance “strength 
vs. tangential force susceptibility” of the film, which can 
be answered in different ways. For example, the authors 
of work [12] where fabrication of a multi-layer graphene 
film was presented might have found that a four-layer 
film represents an optimum in this sense under particular 
conditions.

Let us (i) discuss now a possible form of function A(k) 
in Eqs. (2) and (3) and construct it as well as (ii) obtain 
solution in quadrature for a unit or mechanism wear 
depending on pressure and its deviations.

4.1 � Function‑Amplifier A(k)

The energy of the adhesive bond, in addition to the above 
equations, is also equal to the work of the force on dis-
placement of the lowest layer (in the case of graphene, the 
only one) by a distance ∆x, at which detachment occurs:

From Eqs. (4) and (8), we obtain an equation for the 
normal component of the force acting on the lowest layer 
provided the film would tangentially experience some 
pressure P < Pc:

Let us consider in terms of Eq. (3) the ratio of the nor-
mal and tangential components for the forces applied in 
one case to a graphite film, and in another case to a gra-
phene film, for which k = 0:

On the other hand, the same force ratio, according to 
Eq. (9), is equal to

Here, we have to take into account, that the tangential 
component of the external force, when applied to the film 
layers, depends, generally speaking, on k. We obtain then 
from Eqs. (10) and (11)

(8)Ead =

√
F2
t + F2

n
Δx

(9)Fn =

√√√√√
[
P
(
kh1 + h0

)
w̄2

Δx

]2

− F2
t

(10)
F
graphene
n

F
graphite
n

= [1 + A(k)]−1

(11)
F
graphene
n

F
graphite
n

=

√(
Ph0w̄

2∕Δx
)2

−
[
Ft(k = 0)

]2
√(

P
(
kh1 + h0

)
w̄2∕Δx

)2
−
[
Ft(k)

]2

Let us discuss Eq. (12). With an increase of k, the conver-
sion of the tangential component of the force into the normal 
one on average decreases, because, on account of elasticity 
of van der Waals bonds, the elastic shear of the upper layers 
increases under the action of an external force. On the other 
hand, the larger the layer’s number, the smaller its contribu-
tion to Fk,l in Eq. (2) due to a certain reduction factor (noted 
above) which the amplifying function A = A(k) converts 
the tangential stresses to normal stresses with. Therefore, 
Eq. (12) characterises the true function A(k) for bounded 
k. This is logical to extent the definition of A(k) at k = 1 as 
A(k = 1) = 0 what means that had the film just two layers 
(0th and 1st), there were no further layer able to add some 
force component to that of the uppermost (1st) layer. Such 
an extension enables us to obtain some hint concerning a 
dependence of Ft on k:

At bigger k, a dependence Ft = Ft(k) meets the following 
expectations: for k > keff  the dependence of A on k weak-
ens till negligibility because of processes related to bond 
ruptures and dissipation, whereas for k ≪ keff  it represents 
a sublinear law. On the basis of general considerations and 
while referring to the graphite film, one could expect that keff  
is a constant of several tens of units in magnitude. Depend-
ence of Ft(k) on k can be generally represented in the form

where F1,t is the tangential component of an external force 
applied to one layer, g(k) is some function whose proper-
ties are to be commented below. Besides that, this follows 
from the earlier said that F1,t is sufficiently small, so that 
the inequality

takes place and justifies a transition from Eq. (12) to 
Eq. (13). By substituting Eq. (14) into Eq. (12), we complete 
the construction of the function A(k):

Since it is pressure P that creates the tangential force Ft , 
whose asymptotical growth at big k is governed by function 
g(k) according to Eq. (14), in the mathematically correct, 

(12)A(k) =

√(
P
(
kh1 + h0

)
w̄2∕Δx

)2
−
[
Ft(k)

]2
√(

Ph0w̄
2∕Δx

)2
−
[
Ft(k = 0)

]2 − 1

(13)
Ft(k = 1) =

√[
Ft(k = 0)

]2
+
[
P
(
h1 + h0

)
w̄2∕Δx

]2
−
[
Ph0w̄

2∕Δx
]2

(14)Ft(k) = F1,tg(k)

(15)Ph1w̄
2∕Δx ≫ F1,t

(16)A(k) =

√(
P
(
kh1 + h0

)
w̄2∕Δx

)2
− F2

1,t
g2(k)

√(
Ph0w̄

2∕Δx
)2

− F2
1,t

− 1
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although physically unreachable limit, the following expres-
sion under the square root sign in Eq. (16) has to be limited

so that A(k) has the following asymptotical behaviour at 
k → ∞ , taking into account inequality (15):

where it is considered g̃(k) = 1

2𝜇2

(
∼

C1 −
∼

C2

k

)
= C1 −

C2

k
 in 

order to meet the physically reasonable requirement above 
imposed on behaviour of A(k) at  big k ,  and 
𝜇 =

Pw̄2

F1,tΔx
h0 ∼

Pw̄2

F1,tΔx
h1 > 1 can be considered as a film stress 

factor when the external force is applied, C1 , C2 , 
∼

C1 and 
∼

C2 
are some positive constants determined by the properties of 
van der Waals forces acting between the graphite layers. μ 
includes pressure P associated with the total force applied 
to the graphite film, the tangential component F1,t of this 
force, the spacing between the substrate and the graphite 
film, and the average square of the linear size of the film 
fragment being torn off, w̄2 . The general form of function 
A(k), which satisfies the asymptotic behaviour for small and 
big k according to Eqs. (13) and (17), is qualitatively pre-
sented in Fig. 2. Angle α can be estimated if one formally 
considers all k-dependent functions as continuous rather 
than discrete and substitutes then the Taylor expansion of Ft 
in the vicinity of k = 1 as Ft(k) ≈ Ft(k = 1) + �(k − 1) , 
where the first term is determined in Eq.  (13) and 
� = dFt(k = 1)∕dk , into Eq. (12):

2
P2h0h1w̄

2

(Δx)2F2
1,t

k +

(
Ph1w̄

2

Δx

)2

1

F2
1,t

k2 − g2(k) = g̃(k) < +∞

(17)A(k) ∼ C1 −
C2

k
+ O

(
1

k2

)

That the denominator is non-zero is obvious because 
Ft(k = 0) is near to be infinitesimal what was pointed out 
to above. Although � remains unknown, we can make a 
rough estimate of angle � . Considering Ft(k = 0) neg-
ligible, we take h1 ∼ h0 ≈ 4Δx , i.e. should displace-
ment Δx constitute � = 1∕4 of h0 , the film detachment 
would occur (seems to be an overabundant assumption), 
� ∼ �Ft(k = 1)∕�k ≈ Ft(k = 1) since �k = k = 1 . We obtain 
then the following upper estimate for angle � , dependent 
on � only:

For function g(k) in Eq. (14), we correspondingly obtain 
in the limit of big k:

As noted earlier, the asymptotic value at k → ∞ is a math-
ematical idealisation and is certainly not achieved due to the 
effective “cut-off” of conversion of the tangential component 
to the normal one upon reaching a certain value k = keff .

4.2 � Natural Distortions of Films

The presentation above could not be complete without a 
brief discussion of which effects one has (or does not have) 
to expect, should the film experience distortions possibly 
having been arisen due to a whole variety of natural reasons. 
Real films can possess (and do) surface corrugations incl. 
ripples and wrinkles, crumples [26], exhibit swelling [27] 
and be subjected to intercalation (especially graphite) [28].

Crumples, wrinkles and ripples typically associated with 
graphene as a 2D material, do not seem to crucially affect 
the phenomena considered here. All these effects have the 
fluctuational nature to compensate basic thermodynamic 
instability of 2D crystals [16,17]. In particular, C–C-bonds 
appear to be modulated because of thermal vibrations, 
interatomic interactions, different thermal expansion coef-
ficients of carbon films and the metal substrate and relaxa-
tion processes in the films. While all these factors are basi-
cally related to the behaviour of van der Waals bonds, taking 
them into account would seem to lead just to some small 
corrections.

(18)𝛼 ≈ arctan

⎧
⎪⎨⎪⎩

𝛽Ft(k = 1)

�
Ph0w̄

2∕Δx
�2

−
�
Ft(k = 0)

�2
⎫
⎪⎬⎪⎭

𝛼 ≈ arctan

⎧⎪⎨⎪⎩
𝛾2

�
Ft(k = 1)

�2

kP2
�
w̄2

�2
⎫⎪⎬⎪⎭
≈ arctan

�
3𝛾2

�
≈ 11◦

g(k → ∞) =

√
�2

h1

h0
k

(
1 +

h1

h0
k

)
− C1 +

C2

k

Fig. 2   Dependence of function-amplifier A on the number of layers k 
in a graphite film
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Swelling of carbon materials is typically associated with 
medium (air-)-related contamination resulting in loss of 
intrinsically hydrophilic properties what was earlier erro-
neously interpreted as basic hydrophobic feature. Contami-
nation edge effect is potentially capable of increasing the 
effective surface area subjected to tangential forces. As this 
effect is normally associated with graphite, its magnitude 
is not expected to be considerable because of a naturally 
big (macroscopic) number of graphite layers. Graphene con-
tamination would effectively increase its susceptibility to the 
tangential forces because of a bigger relative distortion of 
the crystal compared to graphite. There exist estimates of 
difference in surface energies of clean and “dirty” graphite/
graphene (up to 25% decrease in the case of “dirty” carbon 
materials). For a multi-layer graphene, it could be damped 
through the layers and finally result in an effect of possi-
bly ~ 5% (see Eqs. (5) and (6) for reference purposes).

Intercalation is normally associated with compounds 
related for example (but not restricted) to intercalating ions 
of alkali metals. Detailed consideration of this effect goes 
beyond the scope of this study as that appears to be highly 
dependent on the nature of the alien affecting the crystal 
bond energy.

Limitations of the model considered originate mainly 
from its mechanistic nature. The model does not con-
sider quantum–mechanical nature of bonds as, e.g. related 
exchange and correlation effects in the crystals. Therefore, 
it is illustrative and can serve to make estimates.

4.3 � Wear of Units and Mechanisms

A general equation characterising the total area σ of film 
fragments detached over the entire surface Ξ of the machine 
element, taking into account pressure working p in the unit 
or mechanism and the stochastic nature of this phenomenon, 
is expressed by the following integral:

where �(w) is a distribution function of film fragments 
whose detachment occurs, on their linear size, normalised 
to unity

and the time stochastic factor Φ(t) reads

(19)� = Φ(t)∫
Ξ

w2�(w)dw

∫
Ξ

�(w)dw = 1

(20)Φ(t) = ∫
t

0

�p(�)

p(�)
�(�)d�

where �p(t) denotes pressure fluctuations in the unit or 
mechanism, �(t) is the time-dependent fluctuation distribu-
tion function normalised to unity as well:

Let us discuss Eq. (20). When a new unit or mechanism 
is in operation, pressure fluctuations are minimal due to 
minimal wear and optimum component tolerances. As wear 
increases, fluctuations �p(t) also increase so that in the limit 
t → ∞ , the pressure and its oscillations are commensurable 
�p(t)∕p(t) → 1 what would mean a destruction of the unit 
or mechanism.

Thus, according to Eqs. (19) and (20), the total area of ​​
wear of a unit or mechanism is to be expressed by the prod-
uct of two independent integrals. The first of them is to be 
calculated over time and characterises the degree of how 
intensively local surface fragments are affected, whereas the 
second is to be taken over the surface of a machine element 
or its fragment undergoing a critical impact, and represents 
how extensively the surface is encroached. Either of the inte-
grals serves as a refining factor for another one.

5 � Conclusion

In this paper, the mechanistic models of behaviour of graph-
ite and graphene films adsorbed on the metal substrate have 
been proposed. One of the models’ consequences is that 
the graphite film appears to undergo the tangent impact 
ca. k ≈ h∕0.3354 times (h, nm, is the graphite film thick-
ness incl. spacing between the film and substrate surface) 
as much as the graphene film does. The reason is a conver-
sion of the tangential components of forces into normal with 
respect to the surface due to elasticity of graphite interlayer 
bonds and distortion of the lattice. Since many layers of the 
graphite film contribute, there occurs an amplifying effect 
represented in the model through the function-amplifier A(k) 
which has been constructed and has the form presented in 
Fig. 2. Film deterioration leads to the substrate surface dam-
age what appears to be the origin of the unit or mechanism 
wear to be expressed in quadrature as the product of two 
integrals. One of them is to be taken over the surface with 
a film deterioration distribution function and another one 
should be calculated over time and takes into account work-
ing pressure fluctuations. Such an approach to wear calcula-
tion is advantageous compared to the calculation of either of 
the integrals because it takes into account both interrelated 
factors (film deterioration and pressure fluctuations tending 
to more significant deviations) and a latent retardation of the 
surface damage upon the surface film deterioration.

∞

∫
0

�(�)d� = 1
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