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Abstract —Scientists over the world develop, improve and apply
different types of nano-coatings that are meant to increase the
lifetime of details and to get the required exploitation
characteristics. One of the essential characteristics of the sliding-
friction pairs is the lifetime which is largely determined by the
process of wear. The given calculation model for friction surfaces
with nano-coatings is described by a separate section of the
probability theory - random field theory using standardized 3D
surface roughness parameters, detail’s physical-mechanical
characteristics, sliding surface constructive-kinematic
parameters. The wear process is explained using fatigue theory
approach.
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. INTRODUCTION

The wear process of surfaces (including surfaces with nano-
coatings) is complex and is characterised and affected by a
variety of parameters: geometry of surface peaks (roughness,
buckles, form deviation, ect.), condition of physical mechanical
upper layer, sliding-friction details material, wear temperature,
wear conditions, etc. Due to the wear process complexity it is
not possible to take into consideration all the parameters and
therefore the wear calculation development in the course of
time went into several directions (see Table 1.). Each direction
was based on theoretical calculations taking into account
assessing sets of the affecting quantities.

I1. SURFACE ROUGHNESS MODEL AND INITIAL PARAMETERS

When studying irregular surface roughness, the random
function theory method is efficient, thus the surface micro-
topography can be described by a two-dimension random
function, i.e. random field h(x,y) with two variables x and y.

Random function is a function the value of which at each
specified argument (or several arguments) value is a random
size and when the random function depends on several
parameters, it is called a random field. The random field can be
normal, i.e. ordinates of such field are distributed according to
the normal distribution law.

An important random function characterising value is
correlation function pointing at correlation between random
function points, thus the faster the correlation function wears
out, the more chaotic is the random function. The correlation
function depends on two variables 11 and 12, where 11 and 12 are
the projections of vector 1, connecting two surface points, on
the of abscissa and ordinates axis in Cartesian coordinate
system.

In this case an irregular character friction surface model can
be defined in the following way: surface roughness is described
by a normal uniform two variable x and y random field h(x, y),
possessing ergodic properties and whose correlation function
is uninterrupted and has uninterrupted derivatives.

TABLE |
SHORT SURVEY OF HISTORICALLY DEVELOPED WEAR CALCULATION MODELS

Calculation model group according to assessing sets of affecting
parameters

Formula/calculation scheme

Positive/negative features

First group - calculation model is closely connected with the
application of the probability theory for the prediction of fitting’s

possible to predict unexpected friction pair operation failures.

service life, calculating it mathematically. Using this approach it is|p - the fitting’s non-failure probability|- parameter 1 must be found previously
operation;
A - the failure intensity (A=const )

_ + simplicity of the method;
P(t) = e At phicity

(making experimental researches);

- method not connected with the factors
affecting component operation directly, i.e.,
component  physical and  mechanical
properties, load, movement speed, etc.

Second group - calculation model is closely connected with the laws
of classical physics. The supporter of this model R.Holms connects
the wear process with interaction of the atoms of contacting surfaces
and following atom separation, thus proposing to calculate the
volume of worn-out material. In its turn C.D.Strong believes that
during the wear process material particles separate according to the
dislocation theory principles, yet E.Rabinovich links surface particle
separation with surface energy phenomena.

N — load affecting components;

HB — Brinell material hardness;

z — probability of atom separation from
the surface in case it comes into contact
with an atom of another body.

N - impossible regulation of wear processes on

W=z the level of engineers work.

Third group - calculation model links the wear speed y with specific
pressures p of friction pairs and relative sliding movement speed v.
The representative of this approach professor Pronykov identifies two
wear types — surface wear and friction fitting’s wear.

x and y — friction surface coordinates.

+ calculations are based on the material wear

Ah=f(xy) regularities and assess fitting’s configuration;
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Calculation model group according to assessing sets of affecting
parameters

Formula/calculation scheme

Positive/negative features

Surface wear is characterised by the change of component size into
the direction that is perpendicular to the friction surface Ah. In general
case wear spreads on the friction surface irregularly.

- the component wear resistance coefficients
K1 un K; included are determined only as a
result of long lasting experiments (no use to

In case of friction of two fitted surfaces, both surfaces are wearing

make wear calculations previously).

simultaneously. This leads to the changes of mutual position of the| []
fitted surfaces. Friction pair’s wear is determined by analysing /
changes of geometrical position of fitted components created during
interaction of these components.

It is crucial that these calculations are based on the material wear
regularities and assess fitting’s configuration, however the
component wear resistance coefficients K; un K; included in the
formula are determined only as a result of long lasting experiments
and therefore there is no use to make wear calculations previously.

Abrasive wear of cone-shaped fitting:

o= (R-r)cosa

P — load affecting components;

n — number of revolutions;

K; and K, — component wear resistance
coefficients;

R, r — maximum and minimum friction
surface contact radius.

_ PR(K;+Ky)

Fourth group - calculation model includes the friction pair’s
structural characteristic quantities and physical and mechanical
parameters of the material of friction components, as well as

conditions  (lubrication, environment) and the constructive

particularities of friction pair.

area,

geometrical parameters of component surfaces. This model takes into|k — coefficient assessing the actual
consideration the effect of material hardness and load size on the|deformed volume;

friction pair, characteristic quantities of definite material’s flexibility, |, v — approximation coefficients of
mode of component operation (load, speed, temperature), external|surface relative support area;

& — relative approximation;
a— coefficient characterising the stress
and kinematic situation in the contact

Rmax — the top height of profile
roughnesses;

A. — contact area surface;

n — number of effects leading to material
destruction.

-non-standard roughness parameters b and v

kbe"*AR
~M0e” ARy, are used.

¢ (v+Dan

Fifth group - calculation model compared to the previous one, in
addition to the above mentioned parameters, when calculating

modelling the surface micro-topography with a definite part of the
probability theory

the regularities of fatigue theory.

fitting’s wear process, takes into consideration the standardised 3D |y - volume of all peaks separated as a
surface roughness parameters according to ISO 25178-2:2012, when|result of friction:

Nt — actual number of cycles the surface

) o . . peaks are exposed to;
- random field theory and friction surfaces destruction according to|N, — number of cycles leading to upper

layer peak destruction.

N + takes into account standardized 3D surface
roughness parameters;

+ takes into account constructive — kinematic
parameters of sliding-friction pair;

+ takes into account fatigue characteristics of
friction component material, material fatigue
destruction parameters and mechanical
characteristic quantities of material.

Since we can assume that the area has been set if its
dispersion and standardised correlation function are known, the
requirement to find the area dispersion leads to finding Sa
(standard arithmetic deviation from the midplane) for the
surface and the task p(t1, 72) — to the determination of the
corresponding roughness step parameter RSmi  (step
perpendicular to the processing foot direction along midline)
and RSm; (step towards the processing step along the midline).
Step parameters RSy and RSm2 allow determining the
anisotropy coefficient ¢ [5]:

_E{n,O)}
“TEn O3 (1)

where ni1(0) and nz(0) — number of zeros in two mutually
perpendicular directions of surface cuts x and y (i.e. in
the longitudinal roughness and cross roughness
directions of surface).

The same formula can be shown in the following way [5]:
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o ESm} @
E{Sm,}

The anisotropy coefficient ¢ varies from 0...1. At c=1 the
area is isotropy, but at ¢c=0 maximum stretched, thus in one
direction taking a straight line.

Thus we can formulate the rough surface initial parameter
cluster — according to the height, rough surface can be
described using Sa, but in longitudinal direction - using
roughness steps in longitudinal direction Sm: and cross
direction Smy.

One of the most important parameters of wear processes is
the number of contacting surfaces’ peaks and it is crucial to
know the mathematical expectation value E{Ny} of rough
surface peak number, which is calculated as follows[5]:

7cE*{n,(0)}

e
2427 4

where y — relative cut height standardized by o;
e — designation of exponent function.

7
2

E{Ny}» ®)

The relative cut height y can be calculated like this:

_u
r=- @
where u — cut height from average area value;

o — surface roughness standard deviation.

I11. FRICTION SURFACE WEAR ACCORDING TO FATIGUE
THEORY PRINCIPLES

According to a series of researches it can be assumed that
the wear process has the fatigue character - contacting material
wearing process results in the formation and spreading of slits,
which finally leads to the material particle separation.

Under the effect of cyclic loads varying stresses can exceed the
limit over which the material upper layer suffers damages,
arises and broadens slits (see Fig. 1.)

—

v\surmce roughness peaks

AN
AN

Fig.1. Irregular rough surfaces: a-peak mutual effect loading scheme; b-stress
change scheme

Thus the average number of cycles for material destruction
can be determined according to the following formula [1]:

76

E(N} - ot )

where t; — non-dimensional stress relation;
No — number of material durability cycles at symmetric
load;
m — indicator of fatigue curve equation degree.

In its turn, t; is being calculated using the following coherence

[1]:

t, ==t
° E{o,} ©)

where o.1 — material durability limit.

The number of material destruction cycles is connected with
the value of stress amplitude o2 Which can be determined as
follows:

N rwoE{n (0)}E
E{aa}z—\/_ K({e)l( 4 7
where o — standard deviation;

E{n1(0)} — mathematical expectation value of the
number of zeroes (towards x direction of surface cuts);
E — material elasticity modulus;

K(e) - first order elliptical integral from contact
surface eccentricity.

Since the irregular character surface roughness in the given
model has been described with a normal random field h(x, y),
the high peaks of this field can be described with elliptic
paraboloids, the volume of whose segment is [1]:

zh?
Vi=—7 (8)
K 2
where  hg — the height of paraboloid segment measured from
the top (thickness of separated particle);
K — roughness peak Gauss’ bending, which is
calculated as follows:

E{K?}~~ E{(kk,)? » ’cE{n(0)}E{n,O)}y  (9)

It must be mentioned that ho depends on the situation of the
upper layer and other physical and mechanical factors
determining particle formation during friction process. Value hg
must be evaluated based on the analyses of the upper layer
condition. Making necessary alterations, the average value of
the separated volume of one peak can be determined as follows:

4o

S oy

(10)

Volume of all peaks separated as a result of friction are [1]:
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E{V,}~ EVIEN 3= 22

377 (11)

Formula (11) allows determining the deformed volume per
field unit. Where friction takes place in the field S:

20S
E{Vz}z -

3o (12)

Whereas the friction area is calculated in the following way:
Sy =Lyl (13)

where L, — total length of component friction path;
I, — width of component friction foots.

Now formula (11) could be represented in the following way:

2oLl
E == b
{V:} 3 (14)
IV. WEAR CALCULATION ALGORITHM

The wear process usually can be characterised by three stages
(see Fig.2) — running-in period, normal wear and disastrous
wear, at the emergence of which the service life of a friction
pair is stopped because wear affects further operation.

U|

Unnax

B
— t
7 7 m
0 TP Tn -
Fig.2. Dependence of wear value U on fitting operation time t;
I running-in period; Il — normal wear; Il — disastrous wear

According to the given calculation model, running-in period
and disastrous wear period take only a small part of the whole
stability time, thus maximum wear can be determined as
follows:
U =U, +U, (15)
where Uy, U, — the average wear value during attachment and
normal operation stages.

It must be mentioned that in the given case the running-in
period process parameter (Up) is determined experimentally.
This is due to the fact that during running-in period there is a
big number of parameters that are highly variable and therefore
it is impossible to evaluate them and include into calculations.
That’s why according to the offered calculation model the

average wear value Uy must be determined experimentally and
initial data must be determined after fitting’s running-in period.

One of the ways how to define the fitting’s lifetime is to
characterize it with the linear wear, which can be found using
the following formula [1]:

(16)

where  N¢r — actual number of cycles the surface peaks are
exposed to;
N¢ — number of cycles leading to upper layer peak

destruction.

The actual number of cycles can be calculated in the
following way:

Ly

T ea
SmZ

ch

(17)

where Lba— length of friction path;
S,, - average step of surface roughness towards
friction for surface favouring wear of another surface.

Thus using formula (17) and carrying out the necessary
alterations we will obtain a linear wear calculation formula [1]:

L, 5m!(7r\/;)m

E{ch } _ 2

E o
‘s = |1

E{U }~ E{V;} E{N_} T3 S%, (BKUZ(e))m (01] {Sml

"1
J > (18)

where y- relative surface deformation level.

Deformation level can be determined using basic coherences
of contact theory:

k' Ra
qel =
RS .0

! F1(7) (19)

ml

where  ge— pressure on contacting surfaces in elastic contact;
k:' — coefficient depending on the roughness
anisotropy coefficient c;

F1 - (y) function depending on deformation level v;

0 — constant of elastic properties of material.

Whereas pressure on the contacting surfaces:

Uq :E

where A, —nominal contact area.

(20)

Elastic property constant for the material can be determined
as follows:

(21)
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According to the previously mentioned formulas, the
following wear calculation sequence can be proposed (see
Fig.3.):

Determination of initial
data necessary for
calculations:

- constructive-kinematic Determination of

characteristics os sliding data ‘m"

pair (rated area A, of runnin-in period:

wearing component, load - surface

P, sliding movement . mughﬁess

speed v, movement time parameters (S Detéiratnatic
1); Q S - n of

- fatigue characteristic of Smt> Sna: Spa'): exploftation
friction component - initial wear U, Breod
material (friction and corresponding

coefficient f (f<0,1) and time Tp;

material fatigue ;

destruction parameters i}tolemﬁed weat

(m, o, No); i

- mechanical

characteristic quantities
of material (E, p).

Fig.3. Wear calculation sequence of sliding-friction pairs

V.CONCLUSIONS

It must be stated that the offered calculation model and wear
calculation sequence for sliding-friction pairs could be used
taking into account definite wear conditions. However, in real
fitting’s exploitation period one could observe also other
phenomena that could affect the final calculation results and
due to this fact it is necessary to make further research in order
to consummate and, if necessary, also supplement the above
mentioned wear calculation model.
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Guntis Springis, Janis Rudzitis, Armands Leitans, Anita Avi§ane. DilSanas aprékina modelis slides pariem ar nanoparklajumiem

Misdienu tehnologisko procesu attistiba dazadas razosanas sféras lauj nodrosinat galaprodukta kvalitates uzlabosanos. Dil§anas un ar to saistito procesu aktualitate
vienmér ir bijusi liela, tadgjadi laika gaita tika izstradatas vairakas dilSanas teorijas, kuru pamata ir dazadas zinatniskas pieejas, kuras savukart lauj prognozet
salagojuma aptuveno kalposanas laiku. Tacu, veicot iepriekSminéto dilSanas aprékina pieeju analizi, jasaka, ka tam pastav ari butiski trikumi, kas tiesa veida
ietekm@ rezultatu precizitati un dazos gadijumos zid jéga rékinat salagojuma kalpoSanas laiku, jo dazi aprékina ieklautie parametri sakotngji ir jaatrod
eksperimentali. Piedavatais slides-berzes paru ar nanoparklajumiem dil§anas aprékinu modelis ietver vairaku zinatnu nozaru pamatsakaribas, kuras lauj péc iespgjas
pilnigak aprakstit dil§anas procesa veidosanas likumsakaribas un aprékinam nepiecieSamos parametrus. Dotais aprékinu modelis berzes virsmu apraksta, izmantojot
varbutibas teorijas atsevisku sadalu - gadfjuma lauka teoriju, virsmas mikrotopografijas apraksta pielietojot standartizetos 3D virsmas raupjuma parametrus, berzes
para detalu fizikali-mehaniskos raksturlielumus, salagojuma konstruktivi-kinematiskos parametrus, aprakstot detalu dilSanas procesu ar nogurumteorijas
likumsakaribam.

T'ynruc Cnipunruc, Siauc Pysuruc, Apmanjc Jleiitane, Auura Apuiane. Pacuernas Mojiesib H3HOCA /1151 CKOJIB3SILIHX NAP ¢ HAHONOKPHITHSIMU.

PasBuTHE COBPEMEHHBIX TEXHOIOTHIECKHUX IPOLIECCOB B PA3IHYHBIX cepax MPOM3BOACTBA 00ECIICUHBAET IIOBBIIIEHHOE KaUeCTBO KOHEUHOTO MPOAYKTA. JI3HOC H CBSI3aHHBIE C
HUM TIPOLIECCHI BCEr/ia ObUIM aKTYaJIbHBIMH, TTO3TOMY C TeYEHHEM BPEMEHH ObIIO Pa3paboTaHO HECKONBKO TEOPHIA H3HOCA, KOTOPBIE OCHOBBIBAIOTCS HA PA3THYHBIX HAYYHbBIX
TIOAXO/[aX, KOTOPBIE, B CBOIO OYepeIb, MIO3BOJIIOT MPUOIM3HTEIBHO IPOTHO3HPOBATH CPOK CITyXKOBI conpspkeHyst. OIHAaKO MPOBEIEHHbII aHAIN3 TTOKA3bIBAET, YTO y JAHHBIX
TIOIXOJIOB II0 PacueTy W3HOCA CYIIECTBYIOT CEphe3HbIE HEJOCTATKH, KOTOPhIE HEIIOCPEICTBEHHO BIMSIOT HAa TOYHOCTD PE3Y/IHTATOB, & B HEKOTOPBIX CIydJasX TEPSICTCS CMBICIT
PacCUMTHIBATL CPOK CITYXKOBI, TaK KaK HEKOTOPBIC MapaMeTphl, BKIIOYCHHBIC B IIEPBOHAYAIBHBIN pacyer, cHavYana HeoOXOIMMO HaWTH dKCIiepuMeHTaIbHO. [Ipemiaraemas
MOJIeNb pacdeTa H3HOCa CKOJB3AIIeH Mapbl TPEHHS ¢ HAHOMOKPBITHSME BKIIOUAEeT B ceOsI HECKOMBKO chep HayKH, KOTOPbIE MO3BOILTIOT O0Iee MOMTHO OMKCATh 3aKOHOMEPHOCTH
(hopMHpoOBaHKs TIpoLiecca M3HOCA M pacyeT HEOOXOIMMBIX NapaMeTpoB. JlaHHas MOJIENb pacueTa MOBEPXHOCTH TPEHHS OIMMCHIBACT, HCTIONb3Ysl OTACIBHBIA Pa3aen Teopun
BEPOATHOCTH, METOJ] TEOPUH CITyJalHBIX (DYHKIIHIA, YIUTHIBAS CTAHIAPTH3UPOBaHHbIE 3D mapamMeTps! MEepoXOBaTOCTH IIOBEPXHOCTH, (DH3MKO-MEXaHUIECKIE XapaKTePUCTHKU
TIapbl TPEHHS, KOHCTPYKTHBHO-KHHEMATHYECKUE NTAPAMETPBI, ONKCHIBasl IIPOLIECC M3HAIIMBAHMSL, UCTIONB3Ys TEOPHUIO YCTATIOCTHOTO Pa3pyHIEHHS.
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