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GENERAL CHARACTERISTICS OF THE DOCTORAL

THESIS
Actuality of the topic

The issue of ensuring the wear resistance of friction pair surfaces always remains relevant.
The ability to control and predict wear allows us to optimize several processes: 1) part
manufacturing — choice of suitable materials and processing modes to obtain a product with the
required mechanical properties and quality; 2) lubrication procedures; 3) operating parameters
— load, speed, temperature, to extend the normal exploitational period. Also important is the
planning of technical maintenance, with the help of which you can reduce downtime and
maximize the service life of components.

As is known, the wear intensity of parts is influenced by several factors: the material and
its properties, environmental conditions, lubrication, load, pressure, and the quality of the
surface, which has particular importance in this matter, since the type of processing and
roughness parameters largely determine the operational properties and service life of the
surface. In friction pairs of machine components, surfaces treated with abrasive tools are mainly
used, which provide the necessary surface smoothness and accuracy. Surfaces, after such
treatment, are characterized by an irregular arrangement of micro-irregularities and a
pronounced direction of the machining traces. In turn, such texture features make it difficult to
accurately determine the roughness parameters both in an analytical way and using computer
processing programs. First, this is due to the deviation of the ordinate distribution from the
normal distribution law, as well as the features of the roughness profile parallel to the processing
traces, which do not allow to accurately determine the roughness step in the friction direction.
An important role is played by computer processing of the surface texture, which greatly affects
the surface geometry and roughness parameter values.

Existing wear calculation models include 2D roughness parameters, the correctness of the
application of which and the accuracy of determination are not justified, which reduces the
reliability of the obtained results. To correctly and accurately determine and predict the wear of
friction pair surfaces, it is necessary to create an improved wear determination model with
correctly determined roughness parameters. For this purpose, the following goals and
corresponding tasks were formulated.

Aim and tasks of the work
The aim of the doctoral thesis
To develop a specified calculation model for wear and a linear wear intensity for a sliding
friction pair, based on the theory of material fatigue, and ensure the accuracy of the
determination of the roughness parameters included in this model.

Tasks

Research and analysis of information sources.

Experimental determination of 2D and 3D surface roughness.

Selection of a leveling operation for determining the surface geometry and the mean plane.
Verification of the mathematical model of a 3D surface with irregular roughness.
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2.1.

2.2.

2.3.

2.4.

Verification of the accuracy of the determination of the 3D and 2D roughness parameters.
Development of a calculation model for linear wear and wear intensity.

Research methods

Experimental determination of 2D and 3D surface roughness was carried out by the contact
method (stylus — the surface under study) with a profilometer Mitutoyo Formtracer avant
S-3000.
Processing of experimental results was carried out in the computer processing program
McubeMapUltimate 10.
Leveling of the surface texture was carried out by the least squares method, the minimum
zone method and mean subtraction.
The compliance of the surface ordinate distribution function with the normal distribution
law was checked by the 3rd and 4th moments of the normal random function.
Random functions/field theory was used to mathematically express the 3D roughness
parameters of irregular surfaces.
Robust Gaussian filtration was used to determine the surface roughness step in a direction
parallel to the processing traces.
Calculations of the linear wear and wear intensity of the friction pair of parts were based
on the theory of material fatigue.
The Excel program was used for the calculation part, comparison of results and construction
of graphs.

Scientific novelty

A new model for the calculation of wear and wear intensity, which includes 3D and 2D
roughness parameters of the contact surface and material fatigue characteristics for elastic
and plastic contact cases.

A new approach for ensuring the accuracy of roughness parameters:

Application of leveling operations and correction coefficient for the determination of the
roughness step RSm; at the standardized evaluation length.

Inclusion of the kurtosis value of the roughness ordinate distribution function in the
calculations of the arithmetic mean height Sa.

Evaluation of surface roughness anisotropy using the 3D roughness parameter St — surface
texture aspect ratio of the standard ISO 25178-2.

Determination of the volume of deformed material using the standard ISO 25178-2 3D
roughness parameter Vm — material volume.

Practical application

A new wear and wear intensity calculation model can be adapted to the finite element
environment to determine and predict the wear of friction pair surfaces for a specific
number of cycles.

The formulas for roughness parameter calculation can be used to control roughness
parameters in the finite element environment during the surface wear simulation period.
The obtained relationships can be used in studies of real friction components.
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GLOSSARY

skewness of surface ordinates distribution;
kurtosis of surface ordinates distribution;
surface root mean square height, pm;
surface arithmetic mean height, um;
surface texture aspect ratio;

surface maximum height, um;

areal material ratio, mm?;

material volume, mm?>;

surface level, pm;

relative deformation level,

Laplace transform;

mean width of profile elements, mm;

mean roughness profile element spacing in X-axis direction, mm;
mean roughness profile element spacing in Y-axis direction, mm;
mean waviness profile element spacing in Y-axis direction, mm;
profile arithmetic mean height, um;

skewness of profile ordinates distribution;

kurtosis of profile ordinates distribution;

profile root mean square height, pm;

mean profile peak height, pm;
mean profile pit depth, pm;
coefficient of anisotropy;
evaluation area (nominal area), mm?;

number of profile intersections with the mean line;
number of zeros per unit length, mm;

correction coefficient;

autocorrelation function;

autocorrelation length, mm;

radius of autocorrelation function, mm;

level of the autocorrelation function section;
expected value;

dispersion;

evaluation length, mm;

section length, mm;

least square plane leveling;

total least square plane leveling;

minimum zone plane leveling;

polynomial;

root mean square deviation, um;



hx max, — ~maximum deviation of the X-axis profile mean line from the mean plane, pm;

hy max  — maximum deviation of the Y-axis profile mean line from the mean plane, pm;
nse — number of measurement experiments;
tg — tabulated value, depending on the confidence level B3;
¢ — relative error of the parameter, %;
o — correlation function approximation parameter;
Jh — linear wear intensity;
V' — volume of deformed material, mm?;
h — linear wear depth, um;
n — number of cycles to failure;
d - contact length, mm;
KK — contact type criterion;
@ — elastic constant of the material, MPa™';
Oum — total elastic constant of material, MPa™';
u — Poisson’s ratio;
E - elastic modulus, MPa;
H - hardness, MPa;
oo, @0 — extrapolated values of the fatigue curve;
te, tiast —  fatigue curve parameters;
qel, piase  — load, MPa;
kei, kpiast  —  coefficients that depend on the anisotropy of the surface;
or — material yield strength, MPa;
Lper —  friction path, mm;
f — coefficient of friction;
V' — rotation speed, m/s;
t — working time, s.
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1. LITERATURE REVIEW

1.1. Application of surface roughness parameters in wear calculations of
friction surfaces

The issues of provision of wear resistance are relevant in all areas of mechanical
engineering. Calculations of wear intensity make it possible to determine the relationships
between wear and material properties, surface roughness, environmental conditions and
operating parameters. Basically, there are three main methods of wear determination:
analytical, experimental and numerical simulation.

The analytical method includes models for wear calculation. Thus, in the 18th century,
Amonton and Coulomb invented the three main basic laws of tribology, based on which the
geometric model of friction was created [1]. Tribologist Desanguliers had proposed the concept
of adhesion friction at that time [2]. He considered that adhesion was one of the processes that
takes place during friction, but this contradicted experiments. In 1950, Desanguliers’ concept
of adhesive friction was further developed, as it was successfully used by Bowden and Tabor
in the studies of metal-to-metal contact [3]. Bowden and Tabor showed that the static friction
force between two sliding surfaces is strongly dependent on the real contact area, which was
expressed as the ratio of the normal load to the hardness of the softer material.

In 1953, Archard developed a wear prediction model, which was also based on the
adhesive wear mechanism [4]. Archard's model states that in the case of plastic contact, the
amount of material worn Vv is directly proportional to the load F, the sliding distance sz and
the wear coefficient &, and inversely proportional to the material hardness H:

k
V1;=EXFX5R (1.1)

In 1958, Rabinowicz proposed a wear prediction model that included surface energy effects
[5]. His theory establishes a link between the friction coefficient and the surface energies of
solids. In 1968, Kragelsky formulated an opposite condition for low wear to Archard's model
— the principle of a positive gradient of mechanical properties [6]. This means that the surface
layers must have a lower strength than the deeper layers, otherwise catastrophic wear will occur.
Kragelsky considered that friction is characterized by overcoming molecular interaction force
at the points of real contact area and the resistance of the deformable material to the
displacement of microirregularities by a harder body in it.

In 1980, Fleischer invented a wear determination model based on the energy approach,
where the energy generated during sliding friction accumulates in the material [7]. If the
accumulated energy reaches a critical limit, then the lattice energy of the material is overcome,
and wear occurs. This was described by the friction energy density ez. In 2016, Chun, based
on the wear determination models of Rowe and Archard, included the effect of lubricants on
the contact in his calculations [8]. He introduced the parameter ¥, which characterized the ratio
of the real contact area to the nominal contact area. Chun considered the deformation of surface
irregularities as elastic-plastic. In 2018, Lijesh invented a thermodynamic approach to wear
determination [9], [10]. In his works, the degradation coefficient B appears instead of the wear
coefficient &, which forms a relationship between the wear rate and the entropy coefficient.
However, the author does not take into account the influence of surface texture on wear.
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Xiang also has a modern approach to wear determination, which includes two wear
mechanisms: roughness peak deformation and fatigue mechanism [11], [12]. The author
proposes to determine the amount of worn material by the fraction of wear due to plastic
deformation and the proportion of fatigue cracks developing below the contact surface. In the
calculations of the real contact area, the Greenwood and Williamson statistical model was used
to describe rough surfaces [13], [14]. Here, it is assumed that the distribution of surface
roughness ordinates corresponds to the normal distribution law to describe the contact of
roughness as a function of the thickness of the lubricant film.

In 2023, Springis updated the wear calculation model of Rudzitis and Konrads based on
the theory of material fatigue [15], [16], integrating into it the 3D surface roughness height
parameter Sa [17]. The basic relationship for wear determination is similar to the expression
used in the work of scientist Xiang. Springis included several factors affecting wear in the wear
calculation model — surface roughness characteristics, mechanical properties, and material
fatigue characteristics. However, the given model is limited by the type of contact, since it is
suitable for the case of elastic contact and the Gaussian distribution of the surface ordinates.

Table 1.1 shows the main wear determination models, in which surface roughness
parameters are integrated.

Table 1.1
Application of Roughness Parameters in Wear Calculation Models

# Author Roughness parameters
06— root mean square gradient

I Rabinowicz [3] r — arithmetic mean peak curvature
2. Archard [4] R — arithmetic mean peak curvature

b, v — parameters of material ratio curve
3. Kragelsky [6] Rmax — maximum height

R — arithmetic mean peak curvature

n — density of pits

4. Cun [8] B — arithmetic mean peak curvature

o — equivalent root mean square height

Ra — profile arithmetic mean height

¢ — coefficient of anisotropy

Pc — density of pits

RSm1 — roughness step in X-axis direction
RSm> — roughness step in Y-axis direction
B — arithmetic mean peak curvature

D — density of pits

6 — root mean square height

y — texture direction

Sa — surface arithmetic mean height

Str — surface texture aspect ratio

7. Springis [17] Pc — density of pits

RSm1 — roughness step in X-axis direction
RSm> — roughness step in Y-axis direction

Rudzitis [15],
Konrads [16]

6. Xiang [11], [12]

Several wear calculation models include the wear coefficient. It is determined by
performing friction experiments on a tribometer. However, to determine the wear rate
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accurately, it is necessary to perform a series of experiments and statistical analysis, which
requires a long time and equipment usage. In addition, the application of tribotests is limited by
the testing range. Therefore, it is important to note the usefulness of the finite element method
(FEM). It allows predicting surface wear mechanisms and visualizing the contact stress
distribution for a specific friction pair, based on the results of tribotest measurements and an
analytical wear calculation model.

Today, there are several computer programs that provide contact modeling and wear
calculation, e.g., Abaqus, ANSYS, REDSY, MATHLAB, Prepromax, etc. Several wear studies
include the Abaqus module UMESHMOTION, which can process changes in the geometry of
contacting surfaces. Depending on the task, researchers use 2D or 3D wear simulation models.
There are different options for modeling contact between two surfaces: 1) contact between two
smooth surfaces; 2) contact between a rough and smooth surface; 3) contact between two rough
surfaces. There are several options for generating a rough surface. Thus, the developers of the
ABAQUS program in [18] and [19] offer 1) to import the 2D/3D geometry of the surface taken
by the profilometer into the UMESHMOTION environment; 2) to generate a rough surface in
ABAQUS with the function “Rough surface generator plug-in”; and 3) to import the rough
surface generated in Matlab.

Researcher Liang Yan’s team performed a large-scale analysis of models for wear
prediction using the FEM method [20]. Thus, most researchers, about 70 %, use the Archard
model, and the second place takes the energy dissipation model, 20 %. The popularity of these
models can be explained by their simplicity and fast calculation time. Other wear prediction
models include electrochemical equations for corrosion wear [21], the power hardening law for
thermo-mechanical wear [22], and elastic-plastic deformation models [23], which are adapted
for the Archard model.

When analyzing the relevant literature, it was investigated how often researchers simulate
wear processes using a rough surface contact model [24]-[35]. Thus, several scientists in their
studies had simplified the surface contact model, assuming that both surfaces are smooth, i.e.
roughness was not taken into account. This type of contact modeling simplifies wear calculation
but affects the accuracy of the results. Most researchers note that the results of wear calculations
using the Tribotest and FE methods differ, the error in some cases reaching 30 %, which can
also be explained by the assumptions of the FE model. But here it is important to note both the
effect of roughness on the accuracy of the model, as well as the ignoring of factors such as
material fatigue, corrosion, oxidation, transverse shear stress, temperature, lubricants, etc.

1.2. Possibilities for calculating 2D and 3D surface roughness parameters

When calculating and predicting the wear of friction pair surfaces, it is important to
mathematically express the roughness parameters and compare whether the experimentally
determined parameter values correspond to the results of analytical calculations. This
comparison will make it possible to apply analytical formulas for controlling roughness
parameters during wear, which can be adapted for the finite element environment. In the Thesis,
only those roughness parameters were analyzed whose precise determination is necessary in
wear calculations according to the material fatigue theory.
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Thus, one of the most important roughness characteristics is the parameter Sa, which
characterizes the height properties of the surface. Husu and Ruzitis had used the random field
theory for the analytical determination of the parameter Sa [36]—[38]. The authors consider the
case when the distribution of surface ordinates is described by the normal distribution law
function f{z). Due to the stationarity of the random field, it was proposed to calculate the
arithmetic mean height according to the following formula:

E{Sa} ~ Sq\/%. (1.2)

The authors note that Relation (1.2) is strictly true only in the case of the normal distribution
law at a small signal/noise ratio.

Surface machining traces also affect the wear process. Thus, Springis, studying wear on a
steel-bronze friction pair, used the parameter RSm» in the direction parallel to the machining
traces, which is in the friction direction [17]. Figure 1.1 shows the profilogram of the surface
of the wear-activating ball after the running-in stage.

pm

0.1 4

0.0

0.1

0.2 4

T T T T T T T

T T T
0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 08 0.9 1.0 mm

Parameters Value Unit
Length 1.0886 mm

IS0 4287 - Roughness (S-L)
Spacing parameters
RSmy 0.0968 mm £

Fig. 1.1. Surface profile of wear-activating ball in the direction of machining traces [17].

The RSm> value for the roughness profile is only 0.0968 mm according to the data of the
surface computer processing program. This does not correspond at all to the geometry of the
profile, for which one wide step with a length of about 0.6 mm can be visually distinguished,
determining the RSmo in both directions of the profilogram.

Inaccuracy in the determination of the parameter RSm> was also noticed in the work of Buj-
Corral, in which the effect of printing orientation on surface roughness using the fused
deposition modeling method (FDM) was investigated [39]. Thus, with an increase in the
printing angle from 55 degrees to 85 degrees, the so-called “subroughness” appeared in the
roughness profile, which negatively affected the result of RSm; reading.

Kumermanis, when studying ground surfaces, also obtained the incorrect values of
roughness step. The profile evaluation length of 0.8 mm had only a few intersections with the
mean line, which served as “zero” elements; respectively, there were no intersections with the
mean line for roughness step determination [40]. In this situation, the problem may be explained
by the insufficient evaluation length of the profile.

14



The peculiarities of the surface texture in different directions also play a great role in friction
processes. Rudzitis used the anisotropy coefficient C in wear calculations, which determines
the relationship between the steps of the surface profile perpendicular to and parallel to the
machining traces [36], [37]. The author proposed to determine the surface anisotropy according
to the following expression:

c =8m (1.3)

RSmM,

Accordingly, if the surface is isotropic, RSmi=RSm> and C=1. But if the surface is
anisotropic, RSmy—o0, C—0. This parameter is not standardized but is actively used in surface
roughness studies.

Springis, Boiko, et al. proposed to use the standardized 3D roughness parameter Str to
determine surface anisotropy [41]. In the standard EN ISO 25178-2, the parameter Str — surface
texture aspect ratio — is defined as the ratio between the horizontal distances of the correlation
function fACF(#x,ty), which are characterized by the fastest and slowest decay of the function
in the interval from 0 to 1. A similar approach was used by the 20th century researcher Husu,
studying the effect of surface roughness anisotropy on wear resistance [38]. The possibility of
application of the parameter Str in wear calculations needs to be verified, since studies on the
identity of the surface texture aspect ratio and the parameter C have not been conducted. If the
values of the given parameters have a high congruence, then it will be possible to use the
parameter St in roughness step calculations.

The volume of worn material is included in several wear calculation models. For the
mathematical determination of the given parameter, some authors use a set of 3D and 2D
roughness parameters. Thus, Springis expressed the total deformed volume as the product of
the volume separated from the i-th peak by the number of deformed peaks [17]. Rudzitis had a
different formulation for the volume of worn material [37]. He introduced the parameter Vu —
the volume of peaks at the surface cross-level u. The calculation of the given parameter was
also based on the normal random field theory. The author proposed determining the parameter
Vu by integrating the surface cross-sectional area A(u) by levels, counting from the mean plane.
After performing the relevant transformations, it was proposed to calculate the given parameter
analytically using the following formula:

1 c? c c
E{Vu}~Sq X Aa X {E exp <— 25q2> - 5 [1 - o (5)]} (14)

Kumermanis had compared the Vu values expressed by Formula (1.4) with experimental
data — the parameter Vm [40]. The author noted that in the running-in stage (¢ < 30 %) and the
normal wear stage (u ~ 30...70 %), the Vu values are less than Vm; only in the catastrophic wear
stage, when u > 70 %, the values of the Vm parameters were close to the theoretical ones.

Kumermanis, when comparing the analytically determined values of the material volume with
experimental data, did not take into account the difference in units of measurement. Thus, when
determining the material volume theoretically according to Formula (1.4), the unit of
measurement of the Vu parameter is mm®, while the computer processing program determines
the parameter values mm®/mm?. Therefore, in order to make conclusions about the possibility
of applying Formula (1.4) to determine the material volume, additional research is required.
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Due to the fact that wear calculations and analytical formulas for the determination of
roughness parameters for surfaces with an irregular character are based on random field theory
and the normal distribution law, it is important to determine whether the deviations from the
normal distribution law will affect the accuracy of the calculation results.

1.3. Evaluation of the surface roughness ordinates distribution

As mentioned in the previous chapter, several wear calculation models were based on the
specific assumption that the roughness of surfaces with an irregular character is described by
the normal random function. Such an assumption was made based on studies conducted in the
middle of the 20th century on the correspondence of the surface roughness ordinates
distribution to the Gaussian distribution. The distribution of the ordinates was checked on
probability paper, by correlation functions, the agreement criterion nw? [15], [38], [42], [43],
the Pearson and Kolmogorov criteria, asymmetry, kurtosis, and material ratio curve [17]. In
addition, the results of the studies indicated a partial correspondence of the ordinate distribution
to the normal distribution law.

There are very few modern studies on the correspondence of the surface roughness model
to the normal distribution law. Karkaloes attempted to analyze the surface roughness model
after hydroabrasive cutting by comparing the asymmetry Rsk and kurtosis Rku values with the
parameters of the normal distribution function [44]. The difference between the measured and
standardized Rsk values was more than 100 %, the Rku values differed by 40 %, and only a few
samples showed a visible coincidence. Wechsuwanmanee compared the statistical distribution
of the roughness ordinates with the fitted normal distribution curve, analyzing the effect of
surface roughness on cold formability in bending processes [45]. The results indicated a close
correspondence to the Gaussian distribution. Quezada, studying the surfaces of prosthetic
dental acrylic resins after manual and mechanical polishing, used the ordinate distribution
function and its characteristics Rsk and Rku to verify the surface model [46]. The author noted
that after mechanized polishing, the Rku values were close to 3, deviation was about 10 %, but
there was a visible asymmetry in the ordinate distribution — the Rsk values tended to 1. Based
on the authors' studies, it can be concluded that the distribution of the ordinates is only close to
normal but does not completely correspond to it. This can be explained by the evaluation of the
individual roughness profiles, which cannot fully reflect the character of the 3D surface.

There are many methods for checking the distribution of a random variable for compliance
with the normal distribution law. Thus, in 2021, Hernandez conducted an extensive analysis
of existing normality tests, including 55 different methods, and their comparison according to
the Monte Carlo power criterion (1-f) to determine the ability of the test to correctly identify
the sample [47]. Hernandez summarized 20 studies from 1990 to 2021, in which the power of
normality tests was compared. He considered the results obtained only for a small sample
(n < 35), because the differences in power between the tests were the most obvious. The best
results were shown by the Shapiro-Wilk regression test, the Anderson-Darling test based on the
empirical cumulative distribution function, and the Hosking L-moment test.

16



When measuring the surface roughness geometry, a surface consisting of millions of points
is generated, so the power of most normality tests will reach 100 %. And since in any case the
ordinates distribution function of surfaces with an irregular character will have a single peak
and will decrease indefinitely with argument increase in absolute value, the density of the
distribution will differ from the normal one mainly in the values of skewness and kurtosis.
Therefore, if there is a known assumption about the type of deviation from the normal
distribution law, i.e. when considering a distribution whose skewness and kurtosis values differ
from those typical of a normal distribution, it is useful to use moment-based tests. This means
that the evaluation of the surface roughness ordinates distribution can be limited by the
determination of the skewness Ssk and kurtosis Sku values.

Rsk<0 ; { Rku <3
Rsk=0 Rku=3
{ bl
Rsk >0 L a8, 8 R ] Rku >3
(a) (b)

Fig. 1.2. Representation of the surface ordinates distribution depending on the values of
skewness (Rsk) and kurtosis (Rku) [48].

1.4. Influence of surface computer processing operations on the precision of
determining the roughness parameters

After performing a measurement experiment of surface roughness, it is very important to
process correctly the topography taken in order to obtain an accurate 3D and 2D surface
roughness geometry and a series of parameters that reveal the surface features and characterize
its exploitative properties [49], [50]. For these purposes, it is necessary to level the surface
and/or remove form to generate a mean plane/mean line for determining the roughness
parameters [51]. These operations have a primary impact on the surface roughness geometry.
Computer processing programs such as MCube Map Ultimate, TalyMap, MountainsSPIP, etc.
offer several types of leveling: by the least squares method — LSP or TLSP leveling; by the
minimum zone method — MZP leveling; as well as by leveling each line individually to align
them on the same flat reference — line by line leveling. The surface roughness standards ISO
25178 and 21920 give recommendations and explanations for surface filtering and its sequence,
but do not define which operators and filters should be applied for a specific surface type.

Necas has conducted extensive research on how leveling changes the result of 2D roughness
measurements, and how to avoid it [52], [53]. Necas illustrated profile leveling with 1st, 2nd
and 3rd order polynomials, where background adjustment removed not only the true
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background B, but also the roughness components (Fig. 1.3). Therefore, the roughness
parameters of the leveled surface have reduced values.
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Fig. 1.3. General scheme of how the adjusted background distorts the surface geometry
data [53].

Because the wear calculations include 2D roughness step parameters, their values have to
be determined by performing separate 2D measurement experiments or by extracting individual
profiles from the 3D leveled surface. But sometimes, individual 2D measurements are
physically impossible due to the peculiarities of the surface texture and other factors [54]. In
turn, the ISO 25178-3 standard warns [55] that profile and texture filtering with the same filter
type and cut-off/nesting index can give completely different results. Studies on the influence of
3D surface leveling on the geometry of individual profiles were not found when analyzing the
relevant literature. Therefore, it is important to determine a suitable leveling operation that
would preserve the geometry of the profiles. Among them, there is a topical issue of the mutual
arrangement of the profile mean line and surface mean plane, because from the unified surface
description, the reference bases of the 2D roughness parameters — the mean lines, must be at
the level of the surface mean plane, only then the 2D parameters will characterize the 3D
surface, but it, in turn, is also affected by the leveling operations.

1.5. Conclusions

According to the literature analysis, the following problems can be identified related to the
application of surface roughness parameters.
1. Wear calculations of friction surfaces.

1.1. Several wear calculation models with integrated roughness parameters are limited by:

* 2D roughness parameters;

» assumption of the compliance of the ordinate distribution with the normal distribution
law;

+ one specific type of contact.

1.2. When performing wear simulation and calculation in the finite element environment,
in several cases, Archard and Fleischer wear calculation models are used, and the type
of friction pair contact — smooth surface-smooth surface is chosen, which reduces the
reliability of the results.

18



2.

Determination of roughness parameters.

2.1. The influence of the ordinate distribution on the calculation of the arithmetic mean
height Sa is not specified.

2.2. The computer processing program gives reduced values of the roughness step RSmo.

2.3. The correspondence of the surface texture aspect ratio Str to the anisotropy coefficient
C has not been checked.

2.4. Correct analytical determination of the material volume Vim has not been performed.

Computer processing of 2D and 3D surface geometry.

3.1. The influence of 3D surface leveling on the geometry of individual profiles has not
been studied.

3.2. The question of the mutual location of the profile mean line and surface mean plane,
which influences the determination of 2D roughness parameters, has not been studied.

Evaluation of the roughness ordinates distribution law.

4.1. The results of the normality tests indicate a partial compliance of the ordinates
distribution to the normal distribution law, which may limit the application of equations
based on random field theory for the determination of the roughness parameters.

Hypothesis: Specified determination and integration of the 3D and 2D surface roughness

parameters, as well as the use of individual material fatigue characteristics in wear intensity

calculations and prediction, will increase the reliability of the results for elastic and plastic

contact cases.
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2. EXPERIMENTAL DETERMINATION OF SURFACE
ROUGHNESS

2.1. 3D and 2D roughness measurement experiment

In this Thesis, the process of measuring the 3D and 2D surface roughness parameters was
carried out using the contact method. The Mitutoyo Formtracer avant S-3000 profilometer was
selected for the experiments. The given device is equipped with a standard stylus 12AAC731
with a diamond tip; the tip radius is 2 pm, the cone angle is 60 degrees, and the measuring force
is 0.75 mN.

The TESA RUGOTEST Roughness Comparison Specimens from stainless nickel and other
experimental samples from steel were selected for the experiments. Since surfaces with
irregular roughness were studied in this Thesis, specimens after abrasive treatment and electric
erosion were selected for measuring experiments. For each specimen, surfaces with different
arithmetic mean heights and cut-off values were studied.

For 3D roughness measuring experiments, the dimensions of the evaluation area (square
edges) were defined: L = 5/ (according to the recommendations of the ISO 25178-2 and ISO
21920-2 standards); for 2D measurements, the evaluation length of roughness profile was
limited by the sample dimensions, i.e. the maximum possible evaluation length in the X and Y-
axis directions was selected.

2.2. Correct selection of texture leveling operation

The data obtained from surface topography after the 3D roughness measurement
experiments were processed in the McubeMapUItimate 10 computer program [56]. Different
leveling operations were applied to the studied surfaces with the aim of finding the optimal
variant for preserving the surface geometry and, accordingly, ensuring the accuracy of the
roughness parameters.

Analysis of the 3D geometry of the ground surface and the extracted profiles perpendicular
and parallel to the machining traces before computer processing indicates that the profiles in
the X-axis direction do not have a pronounced skew, whereas in the second direction, there is
a clearly pronounced slope, which does not allow an adequate assessment of the roughness step
in this direction. With the help of the function “Subtract”, the reference lines (least squares
lines) of the original profiles were obtained in directions perpendicular and parallel to the
machining traces (Fig. 2.1).
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Fig. 2.1. Slope of the reference line of the original profile:
a — perpendicular to the machining traces; b — parallel to the machining traces.

Comparing the profiles before and after leveling it can be concluded that the slope of the
reference line of the original X-axis profile is several times smaller in comparison with the Y-
axis profile, and the ordinates distribution of the profile in relation to its mean line is minimally
changed after leveling. Accordingly, for the Y-axis profile before leveling the number of
intersections with the mean line will give an erroneous value of the roughness step RSmy. To
solve the given problem and choose the optimal type of profile leveling, different types of
leveling operations were performed for a freely selected profile of the Rugotest 104 surface N.6
— LSL, TLSL and MZL leveling. Comparing the profile roughness parameters before and after
leveling (Table 2.1), it can be seen that the values of the arithmetic mean height Ra after leveling
decrease, whereas the values of the roughness step RSm increase and in this case correspond to

the profile geometry, which is provided by the least square leveling method.

Table 2.1
Roughness Parameters of the Original Profile P and LPveled profiles
Parameter P Prsui Prrsui Puzui
Ra 1.06 0.57 0.57 0.66
RSm 1.45 1.71 1.71 0.81

The next step was surface leveling, using different leveling operations, with further profile
extraction. To check the degree of coincidence of the originally leveled profile with the
extracted one from the differently leveled surface, the parameter RMS (using the function
“Subtract”) — root mean square deviation, which was calculated over the length of the overlap
zone, was used. Table 2.2 shows the RMS values for surface profiles depending on leveling
type. The smaller the RMS value, the higher the degree of coincidence of the profiles. Within
the study, 100 profiles of the ground surface in the X-axis direction and the same number of
profiles in the Y-axis direction were selected for comparison in order to check which of the
directions is more affected by 3D leveling operations.

Table 2.2
RMS Values for Profiles Depending on the Leveling Type
RMSyia, RMSyia,
# Type of leveling nm nm
(X-axis) (Y-axis)
1 LSPL 1.45e-7 2.59¢-7
2 TLSPL 1.28e-7 2.66e-7
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Table 2.2 (continued)
RMSvid, RMSvid,

# Type of leveling nm nm
(X-axis) (Y-axis)
3 MZPL 1.87e-7 2.78e-7

Leveling line by line — subtract the mean + LS-
polynomial, P =1
Leveling column by column — subtract the mean
+ LS-polynomial, P =1

2.35e-10 3.54e-7

5 1.09¢-6 2.89¢-10

According to the data in Table 2.2, it can be concluded that leveling line by line + LS-
polynomial P =1 gives the most accurate match with the X-axis originally leveled profiles,
while leveling column by column + LS-polynomial P =1 gives the most accurate match with
the Y-axis originally leveled profiles. Due to the fact that the 3D geometry of the surface must
be taken perpendicular to the processing traces, choosing leveling column by column is not
correct, because artificially generated extreme peaks will appear on the surface. Accordingly,
based on the RSM,is value, leveling line by line together with LS-polynomial is the best variant.

2.3. Determination of the mutual location of the profile mean line and
surface mean plane

In this section, it is graphically substantiated how the mean lines of the profiles are related
to the mean plane of the surface and how their location is affected by leveling operations. For
this purpose, in the MCubeMAP Ultimate 10 computer program, two grooves were artificially
created for the 3D surface after various types of leveling in order to compare the location of the
profiles’ mean lines in the X-axis and Y-axis directions in relation to the mean plane of the
surface (Fig. 2.2).

b

Fig. 2.2. Surfaces with artificially created grooves after LSPL:
a — perpendicular to the machining traces; b — parallel to the machining traces.

For the given surfaces, all profiles in mutually perpendicular directions were obtained with
the help of the computer program function “Extract series of profiles”. Analysis of the profiles
indicates that the location of the groove for all profiles in the Y-axis direction varies from —
0.06 um to 0.06 um in relation to their mean lines. In turn, the amplitude of fluctuations of
groove location for the X-axis profiles is significantly smaller, from —0.015 pm to 0.025 um in
relation to their mean lines.
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To select the optimal leveling method, the mutual locations of the surface mean plane and
the profile mean lines after different leveling operations were compared, determining the
maximum deviations of the profile mean lines from the mean plane /x_maxand Ay _max, in relation
to the surface maximum height, Sz.

Table 2.3 shows the maximum deviations of the profile mean lines from the mean plane in
the directions parallel and perpendicular to the processing traces for differently machined
surfaces. Thus, when performing leveling by the least squares method, deviations of the mean
lines from the location of the mean plane are visible in both directions: the deviation along the
X-axis reaches 6 %, but along the Y-axis — 17 %. Line-by-line leveling ensures complete
coincidence between the mean lines of the X-axis profiles and the mean plane, but column-by-
column leveling — complete coincidence between the mean lines of the Y-axis profiles and the
mean plane. When performing /ine-by-line + PL leveling, the hi max/Sz value for isotropic
surfaces in the longitudinal direction is significantly smaller than for anisotropic ones. The
analysis results indicate that the trend of the leveling effect remains for all samples. Taking into
account the direction of measurement and the complete coincidence between the mean plane
and the mean lines of the X-axis profiles, leveling line by line together with the LS-polynomial
is the optimal variant for preserving the surface geometry.

Table 2.3
Maximum Deviation of the Profiles’ Mean Lines from the Surface Mean Plane Depending
on the Type of Leveling
Maximum deviation 4; max/Sz, depending on the
leveling type, %
Type of treatment | Axis . Line by | Column | Column
Line .
LSPL by line line by by column
Y +PL | column +PL
o X 4.9 0 0 10.5 6.2
Surface grinding

y 16.1 17.8 17.0 0 0

Cylindrical X 5.6 0 0 11.2 7.1
grinding y 15.2 18.2 17.7 0 0
Electro erosion X 1.8 0 0 13.2 9.6
y 10.6 3.8 3.5 0 0

i X 2.2 0 0 12.1 9.3

Shot blasting

y 11.4 4.5 4.1 0 0

) ) X 3.2 0 0 12.8 10.1

Grit blasting

y 12.1 6.2 5.8 0 0

. X 6.3 0 0 11.8 7.3

Polishing

y 17.4 18.7 18.2 0 0

Laoni X 4.3 0 0 11.1 7.1

appin

Pping y 15.8 17.3 16.5 0 0
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2.4. Conclusions

1. The type of leveling has a different effect on the mutual location of the surface mean
plane and the profile mean lines.

1.1. The complete coincidence between the X-axis profiles’ mean lines and the surface

mean plane is observed when choosing the line-by-line leveling.

1.2. The complete coincidence between the Y-axis profiles’ mean lines and the surface
mean plane is observed when choosing the column-by-column leveling.

1.3. In the case of LSP leveling, the deviation between the mutual location of the surface
mean plane and the profiles’ mean lines is observed in both the X and Y-axis
directions.

2. Taking into account the parameter RMS value and the analysis of the mean plane and
the mean line mutual location, it was concluded that the leveling function leveling line
by line together with LS-polynomial is the most optimal variant for preserving the
surface geometry.
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3. CALCULATIONS OF 3D AND 2D SURFACE ROUGHNESS
PARAMETERS

3.1. Checking the compliance of the irregular surface roughness model with
the normal distribution law

In this section, the surface roughness model of the samples was checked by comparing the
theoretical values of the model parameters with experimental data. Figure 3.1 shows the
histograms of the roughness ordinates distribution for surfaces with an irregular character after
abrasive treatment. After visual analysis of the histograms, in the first approximation, it can be
assumed that the ordinates distribution corresponds to normal, which is indicated by the bell
shape of the histogram with an unexpressed asymmetry.

a b c d
Fig. 3.1. The ordinates distribution histograms of surfaces with an irregular character:
a — grit blasting; b — shot blasting; ¢ — surface grinding; d — polishing.

The conformity of the surface ordinates distribution function with the normal distribution
law was checked according to two criteria: Ssk — asymmetry, and Sku — kurtosis.

Figure 3.2 shows the experimentally obtained asymmetry values of the roughness ordinates
distribution function and the theoretical Ssk (line at the zero value). When comparing the
experimentally obtained values of the parameter Ssk with the theoretical one, it can be
concluded that for no sample does the Ssk value fall within the relative deviation +/— 10 %, it
reaches 100 %. The measured values of the parameter Ssk are in the interval —
0.58 < Sskexp < 0.18.
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Fig. 3.2. Experimental and theoretical values of the parameter Ssk.
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Figure 3.3 shows the values of the roughness parameter Sku. As mentioned above, according
to the normal distribution law, the kurtosis value should be equal to 3. Graphical analysis shows
that for all surfaces, the difference in Sku theoretical and experimental values reaches +/— 13 %.
The measured values of the parameter Sku are in the range 2.7 < Skutey, < 3.4.
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Fig. 3.3. Experimental and theoretical values of the parameter Sku.

When comparing the 3D and 2D roughness parameters, it can be concluded that the Rsk
values perpendicular to the processing traces quite accurately coincide with the Ssk values and
the difference is less than 15 %, while in the longitudinal direction the Rsk values correspond
to the Ssk values only for those samples which do not have a pronounced direction of the
machining traces, i.e. surfaces after electro erosion, grit blasting, shot blasting. The kurtosis
values of the surface ordinates distribution function are very close to the Rku values
perpendicular and parallel to the processing traces, but the exception is also surfaces with a high
degree of anisotropy, for which the Rku values in the Y-axis direction differ from the Sku values
by more than 15 %. This disparity can be seen in Fig. 3.4 a.

When performing separate 2D roughness measurements at an increased evaluation length —
L =280/, a completely different distribution of roughness ordinates can be observed. In
Fig. 3.4 b, the bell-shaped distribution of the roughness ordinates is clearly visible. In this case,
Rsk>=—0.25, Rku>=3.25. Such differences in parameter values can be explained by the limited
evaluation length for the Y-axis profiles.
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Fig. 3.4. Distribution of points of the ground surface profile in the direction parallel to the
machining traces: a— L =5/;b— L =801/
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3.2. Surface arithmetic mean height Sa

Surface arithmetic mean height, Sa, characterizes the height properties of the microrelief.
As mentioned in Section 1.2, in the case of the normal distribution of ordinates, this parameter
is determined by Formula (1.2). Because in practice, the roughness ordinates of surfaces with
an irregular character are not ideally distributed by normal distribution law, it is important to
understand how the asymmetry Ssk and kurtosis Sku of the surface ordinates distribution
function affect the values of the arithmetic mean height Sa.

The random process z(x,)) can be viewed as the normed random process z ’(x,y). The density
of the ordinates distribution with £=0 and D =1 can be approximated by the Edgeworth
series [15]:

(S u— 3) (5)(21) - (31)

fo(2) =f(z") - —fb(‘*)( )+
where f(z') is the normal distribution density of the random variable z’, and ®®(z’) is the
i-th derivative of the Laplace function.

Based on the relationship between the derivatives of the Laplace function and the Hermite
polynomials Hn(p) [15], the fourth and fifth derivatives of the Laplace function were
determined. After transformations, the following formula for calculation of the arithmetic mean
height was obtained:

Ey{Sa} = E{sa} x (1 - E2=2), (3.2)

4!

If the distribution of the surface ordinates is normal, then Relationship (3.2) passes into
Relationship (1.2). Analysis of the obtained relationship indicates that the value of E»{Sa}
depends on the kurtosis. The values of the asymmetry Ssk appear in the process dispersion, and
at a constant dispersion, Ssk do not affect £>{Sa}.

E,{Sa} = qu% X (1 - (51“27,_3)> (3.3))

In Fig. 3.5, it is seen that the effect of the kurtosis value is not so significant, since Sku
values greater than 1.2 change the value of the roughness parameter Sa only by 5 %. However,
the results of roughness measurement experiments indicate that the Sku values are in the range
of 2.7..3.4; therefore, theoretically, without loss of accuracy, the normal distribution law
function can be used as a basis.
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0,0
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1,8 2,8

-10,0 Sku
Fig. 3.5. The influence of the kurtosis of the ordinates distribution function on the value of
the roughness parameter Sa.

The next stage is to compare the experimentally determined values of the arithmetic mean
height with those calculated according to Equations (1.2) and (3.3).
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Table 3.1
Comparison of Experimentally and Analytically Determined Values of the Parameter Sa

Type of treatment No. Sﬁ"r’;ip’ Sﬁ’;‘;” S‘:LR;;;JZ) |AS;{;90,\, |AS§2L¢CJZ\,
1 0.042 | 0.048 | 0.048 0.01 0.27
Surface grinding 2 1.419 1.414 1.414 0.33 0.36
3 3.307 | 3.291 | 3.335 0.48 0.84
Cylindrical grinding 4 0.049 | 0.049 | 0.049 0.14 0.95
5 0.111 0.112 0.114 0.98 2.71
6 1.202 | 1.198 | 1.182 0.37 1.72
Electro erosion 7 0..733 0.728 0.726 0.76 1.08
8 1.199 | 1.197 | 1.184 0.14 1.26
9 2.905 | 2904 | 2.892 0.05 0.47
10 0485 0.485 | 0.484 0.14 0.20
Shot blasting 11 1.263 | 1.265 1.260 0.15 0.25
12 3.429 3.426 3.425 0.09 0.11
13 0.501 | 0.499 | 0.502 0.36 0.25
Grit blasting 14 1.067 1.064 1.072 0.25 0.43
15 2417 | 2393 | 2442 0.99 1.00
Polishing 16 0.205 | 0.207 | 0.210 0.75 2.31
Lapping 17 0.021 | 0.021 | 0.022 0.83 2.52

According to the data in Table 3.1, it can be concluded that the calculated values of the
arithmetic mean height according to Equation (3.3) exactly coincide with the experimentally
determined ones, and the deviation from the theoretical values is less than 1 %. When
calculating the roughness parameter Sa according to Formula (1.2) at Sku = 3, the deviation
reaches 3 %.

Equation (3.3) differs from the corresponding expression for the determination of the 2D
parameter Ra only by the root mean square deviation. If its values are the same for both the
field and the process, then it can be concluded that the profile mean line coincides with the level
of the surface mean plane. In Chapter 2, it was justified that there is a certain offset between
the surface mean plane and the profiles’ mean lines. To check how this offset affects the values
of the parameter Ra, for all sample series after leveling line by line + LS polynomial 1, the
arithmetic mean height Sa and 2D parameters Rai and Ra> in directions perpendicular and
parallel to the machining traces were determined, where the values of Rai and Ra, are the
average values of all X-axis profiles and Y-axis profiles.

The results of the study indicate that the values of the profile parameter Ra in the direction
perpendicular to the machining traces quite accurately coincide with the values of the parameter
Sa, the maximum deviation reaches only the 5 % limit. This is a particularly good indicator,
which can be used to conclude that the profile mean lines coincide with the surface mean plane
level. In turn, for surfaces with pronounced anisotropy, the parameter Ra values in the direction
parallel to the processing traces differ from the 3D arithmetic mean height, and the deviation
from the Sa values reaches 34 %. This can be explained by the offset of the Y-axis mean lines
relative to the surface mean plane.
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3.3. Surface texture aspect ratio Str

In this Thesis it was proved that for the evaluation of anisotropy, it is useful to use the
standard EN ISO 25178-2 parameter Str — surface texture aspect ratio, which is defined as the
ratio between the horizontal distances of the correlation function ficrusn), Which are
characterized by the fastest and slowest decay of the function in the interval from 0 to 1. This
definition can be written as follows:

ty, 0 € R\[t2 + t2 G4
te, tX € R\JtZ + t2

_ Rmin (3.5)
" Rmax’

Str

Str

where R = {(ty, ty): facr(tx, ty) < s}, and Rmin and Rmax are the main radii of the central

threshold portion of the correlation function.
The surface correlation function in the case of general anisotropic surface roughness can be
oriented differently relative to the coordinate axes X and Y (Fig. 3.6).
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Fig. 3.6. Schematic arrangement of the main radii of correlation functions:
a — the correlation function is oriented along the X and Y axes; b — the correlation function
is not oriented along the X and Y axes.
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The magnitude of the decrease in the value of the correlation function is characterized by
the correlation length, Sal or Rmin. So, if we assume that the correlation function facr(#.t) is
oriented along the main directions of an anisotropic rough surface, then Rmin =Tx» in the X-axis
direction and Rmax = Txy in the Y-axis direction, since in the direction perpendicular to the
machining (friction) traces the surface profile has a higher density of irregularities, at which the
correlation function also decays faster. According to Equation (3.5):

Str = Hkx, (3.6)

Tky

It is important to note that in the standard EN ISO 25178-2, the autocorrelation function is
intended to be determined at the level 0 <s < 1 (recommended s = 0.2). However, at any level
s, the ratio retains its principal value; therefore, without losing the general approach,
Formula (3.6) can be used to characterize the parameter Str at any value of s. Then, using studies
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of the correlation function of an irregular rough surface profile [36], [37], for a monotonically

decreasing correlation function:
Tkn

T = Emoy 3.7

where Tk, is the normed value of the correlation interval (it is a constant for a specific
correlation function [36]); and E{n(0)} is the number of zeros per unit length.
According to Formula (3.6) for a decreasing correlation function:
_ E{n,(0)}
 E{ny (0)Y
where indices 1 and 2 characterize the transverse and longitudinal profiles, respectively.

Str (3.8)

The following relationship exists between the number of zeros per unit length and mean
roughness profile element spacing:

2
Accordingly, Equation (3.8) can be rewritten as follows:
_ RSmy
= RSmMy’

Str

(3.10)

Comparing the obtained equation with Equation (1.3), we obtain a theoretical justification
for the application of the surface texture aspect ratio in the assessment of surface anisotropy:

Str =C. (3.11)

Since Equation (3.11) is suitable for cases when the surface mean plane coincides with the
profiles’ mean lines, it is important to accurately determine the RSm> value for surfaces with an
irregular character, because profiles’ mean lines in the direction parallel to the processing traces
will have deviations from the mean plane location after leveling.

3.4. Mean roughness profile element spacing RSm

In the ISO 21920-2 standard, it is defined that the parameter RSm is calculated at a certain
vertical limit (height discrimination H) —at 10 % of Rp (mean profile peak height) and 10 % of
Rv (mean profile pit depth) at the standardized evaluation length. In turn, as mentioned above,
for surfaces with an irregular character, not all profiles are suitable for evaluation of the
roughness step in the longitudinal direction, since the number of profile intersections with the
mean line may be insufficient to identify profile elements. However, there are many cases when
the number of profile intersections with the mean line is too large due to local subroughness. In
this case, the values of the average roughness step RSm2 will be greatly reduced. Within the
Doctoral Thesis, it was determined that to solve the given problem, it is necessary to choose the
appropriate height discrimination that would exclude unnecessary components from the
roughness step, because by increasing the height discrimination to 30—40 %, the RSm> values
of the profiles begin to correspond to the real value. Since each profile will have a different
height discrimination in this Thesis, it was proposed to determine the RSm> value using the
waviness step, because its size at a correctly selected cut-off is comparable to the roughness
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profile step. It is important to note that in this case, the waviness profile reflects not the shape
deviation that occurs during the mechanical processing of the part, but directly the roughness
step size in the direction of the machining traces. With the help of the function “Filtered
profiles”, it is possible to obtain a waviness profile by selecting a robust Gaussian filter, which
is not affected by local surface defects, measurement noise, extreme pits and peaks.

To check the correspondence of the WSm: parameter value to the roughness step RSm2, 100
profiles were selected, for which RSm> values at the thresholds H = 30-80 % and WSm> values
at H=10 % were determined, using computer program calculations. The results of the study
showed that the WSm, parameter values coincide very well with RSmy at H = 3040 %, the
difference in the results is less than 5 %. In turn, there is a question: what cut-off value should
be chosen for the waviness profile not to lose important elements and vice versa — not to repeat
the sub-roughness. Figure 3.7 shows waviness profiles with different cut-offs. The larger the L-
filter value, the wider the waviness step will be.

Fig. 3.7. The effect of the cut-off size on the waviness step.
Ac = 0.08 mm (green), Ac = 0.25 mm (red), Ac = 0.8 mm (blue).

After comparing the values of the parameters RSm» and WSm; at different cut-offs, it was
concluded that for waviness profiles, a cut-off of one unit smaller than the standardized one
should be chosen.

The next point was the comparison of WSmy values for profiles after 2D and 3D
measurements. Based on experimental data, it can be concluded that for profiles with an
increased evaluation length, the values of the parameter WSm, are greater than after 3D
measurements, the difference is 8-25 % (on average 16 %), which can be explained by the
deviation of the profiles’ mean lines from the mean plane location. The question arises, which
of the WSm; values should be chosen for wear intensity calculations? Here, it is important to
note the role of the roughness parameter Str. In this Thesis, the comparison between the ratio
Stry of all extracted X and Y-axis profiles of the filtered surface with the surface texture aspect
ratio Str, and the ratio Str;, of the steps RSm , and WSm: , of the separately taken profiles with
the same parameter St was made. For this purpose, 2D roughness measurement experiments
of the X-axis profiles were additionally performed at the increased evaluation length.
Comparison of the roughness step values perpendicular to the processing traces shows that the
RSm values after 3D and 2D measurements coincide very precisely; the difference in values is
a maximum of 5 %. Accordingly, it can be concluded that the RSm , values of the profiles
extracted from the leveled surfaces can be used in surface anisotropy assessment (RSmi v
=RSm1 p).
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In Fig. 3.8, three combinations of surface texture aspect ratio are shown. It can be concluded
that the values of the parameter W.Sm: , ensure complete coincidence between the roughness
step ratio and the parameter Str.

0,036

0,034 %

0032 + %
o 003

“ 0,028

0,026 % % %
0,024 %
0,022

N1 N2 N4 N6 N8
Rugotest 104 Surface No. St mStr-v X Strp

Fig. 3.8. Correspondence of the roughness steps ratio to the surface texture aspect ratio Str.

Based on the results obtained in the study, it was proposed to use the correction coefficient
kpr=1.16 for determination of the surface roughness step parallel to the machining traces at the
evaluation length L = 5/, which takes into account the deviations of the profile mean lines from
the mean plane. Accordingly, the roughness step RSm;, can be determined by the following
equation:

RSM, = Ky X WSM,. (3.12)

3.5. Material volume Vm

The volume of the microirregularities of a rough surface at level ¢, counting from the mean
plane, is an important parameter in the wear calculations. The volume of the surface material at
a given level expresses the volume of the deformed material during the friction process. The
roughness parameter ¥m of the ISO 25178-2 standard is expressed in mm? per unit area mm?,
while in the calculations of the wear intensity, it is important to know the absolute volume of
the deformed material, expressed in mm?>. For this purpose, it is useful to use the function
“Slices” of the MCubeMap Ultimate 10 software, with the help of which the generated surface
is divided into two parts: material and voids. By choosing the required level (designated as
“Threshold” in the program), it is possible to obtain the required values of absolute material
volume, Vm' (volume of material), expressed in wm?.

Based on the research of Rudzitis, the average material volume can be obtained analytically
by integrating the surface cross-sectional area A(c) by levels, counting from the mean

plane [37]:
Vm = f A(c)dc, (3.13)
c
where A(c) is cross-sectional area, mm?.
By integrating the cross-sectional area, determined by the Laplace transform, there is a
possibility to obtain the mathematically expected value of the material volume:
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E{Vm} = Sq X Aa X {\/%exp(—O,Syz) —vy[1- CD(y)]}, (3.14)
where v is relative deformation level, y = ¢/Sq

Expression (3.14) indicates that the material volume Vm changes depending on the relative
deformation level y. When y changes from —o to +oo, the volume of the material decreases. At
y values 1 <y <3, it can be assumed that the volume of deformed material does not change
according to a linear law.

Calculations of the material volume and comparison with experimental data were performed
for all studied samples (see Table 3.2). The results show that at deformation levels y =-3...0
the experimental and theoretical values of the material volume coincide very precisely, the
relative deviation |AV,;| <4%. Aty =1 for several samples, the difference is less than < 10 %,
while at deformation level y > 1, the difference between the calculated and experimentally
determined value reaches 100 % in some cases. This could be explained by the insufficient
evaluation area of the sample surface; the experimentally determined material volume Vm' at
v > 1 is less than the theoretical one.

Table 3.2
Comparison of Calculated and Theoretical Values of the Roughness Parameter Vim' at
Different Relative Deformation Levels

! ! !
I B AR VA VAR TN
Typeof | at at at —o - — _3
treatment y=-3, | y==2, | y=-1, at};— > aty;— > a'[\f)— ) at«{)— 5
% % % % % % %
1 0.07 0.18 0.15 —0,15 -2 -36 -78
Surface
. 2 0.05 0.26 1.04 0.36 -15 -60 -86
grinding
3 0.02 0.57 2.02 -1.82 -25 —65 —96
o 4 0 0 1 1 —4 =37 =70
Cylindrical
Lo 5 0.18 0.83 1.58 -3.74 -25 —46 —68
grinding
6 0 0 1 2 -8 -50 -100
7 0.02 0.25 1.25 1.06 -10 -70 -99
Electro
. 8 —0.01 —0.01 0.42 1.21 —6 —42 -93
erosion
9 0.00 0.04 0.23 0.44 —4 -26 —78
10 0.01 0.01 0.18 0.07 -3 -8 0
Sh(.)t 11 0.01 -0.03 0.14 0.21 -1 -9 51
blasting
12 0.02 0.20 1.04 0.10 -10 =51 -95
) 13 0.03 3.04 0.94 —0.15 5 59 —66
Grit 14 | 0.03 0.24 084 | 036 3 43 86
blasting
15 0.04 0.30 0.87 -1.52 -9 -14 198
Polishing 16 0 0 1 -2 7 4 -99
Lapping 17 0 0 -1 -2 5 56 290
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3.6. Conclusions

Results regarding the compliance of the irregular surface roughness model with the
normal distribution law

For surfaces with an irregular character, the ordinates distribution does not comply with the
normal distribution law according to the 3D asymmetry Ssk; the deviation reaches 100 %.
For surfaces with an irregular character, the ordinates distribution complies with the normal
distribution law according to the 3D kurtosis Sku; the maximum deviation is 13 %.

The values of the roughness parameters Rsk and Rku of the X-axis and Y-axis profiles
coincide with Ssk and Sku only for isotropic surfaces; for anisotropic ones, in the Y-axis
direction, the deviations from the 3D values reach 100 %.

At an increased evaluation length of Y-axis profiles, the asymmetry Rsk and kurtosis Rku
of the ordinates distribution correspond to the 3D roughness values.

Results regarding the surface arithmetic mean height Sa

For mathematical determination and prediction of the roughness parameter Sa,
Expression (3.3), which includes the kurtosis value of the ordinates distribution function,
has to be used. The difference between the calculated and experimentally determined Sa
values is less than 1 %.

The values of the parameter Ra in direction perpendicular to the machining traces have a
minimal deviation from the value of the 3D parameter Sa (up to 5 %), which confirms the
coincidence of the mutual location of the mean lines of the X-axis profiles and the mean
plane after leveling line by line + LS-polynomial.

The values of the parameter Ra in the direction parallel to the machining traces have
significant deviations from the value of the 3D parameter Sa (up to 34 %), which can be
explained by the displacement between the mean lines of the Y-axis profiles and the surface
mean plane.

Results regarding surface anisotropy

The surface texture aspect ratio Str of the standard ISO 25178-2 corresponds to the
anisotropy coefficient C and expresses the ratio between the roughness steps perpendicular
to and parallel to the machining traces.

Results regarding the surface roughness step RSm;

To determine the surface roughness step in the direction parallel to the machining traces,
the waviness step value WSmy at the threshold H = 1 0% should be used.

When determining the parameter WSma, a cut-off should be selected which is one unit
smaller than the standardized one (depending on the value of the parameter Sa).

When determining the value of average roughness step RSmy’ for profiles taken at L = 51,
the correction coefficient k,-= 1.16 should be used.

Results regarding the material volume Vm

For mathematical determination and prediction of the material volume V'
Equation (3.14) should be used.

The experimentally determined values of the material volume Vm’ aty > 1 are smaller than
the theoretical ones, which could be explained by the insufficient evaluation area of the
sample surface, which will be checked in Chapter 5.
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4. PRECISION OF DETERMINATION OF ROUGHNESS
PARAMETERS

The practical application of roughness parameters requires their accurate determination
experimentally. The measurement accuracy of surface roughness is related to the determination
of the dimensions of the surface evaluation area. In practice, the evaluation area is limited by
the dimensions of the sample and the specification of the measuring equipment; therefore, it is
necessary to determine the optimal evaluation area and the required number of experiments that
would ensure sufficient accuracy for performing engineering calculations. In engineering
calculations, the permissible relative error € should not be greater than 0.1, and the confidence
level B is usually in the range of 0.8-0.95. Accordingly, in this Thesis, the measurement
accuracy of roughness parameters was determined at ¢ = 0.1 and 3 = 0.9.

4.1. Arithmetic mean height Sa

The required number of measurements for the accurate determination of the parameter Sa
is calculated as follows [36]:
tgz X T (4.1)
ngg = 2 ’
4 X g2 X Str X oy X Aa
where a, is the approximation parameter of the correlation function in the direction
perpendicular to the machining traces.

Graphs in Fig. 4.1 reflect the values of the number of measurements for the parameter Sa
depending on the evaluation length L (or the length of the edge of the evaluation area) for
anisotropic surfaces. Each graph has 5 sections that correspond to the size of the evaluation
length L, which includes 1, 2, 3, 4 or 5 section lengths /.. Depending on the Sa value, the section
length value changes in accordance with the data of the Standard ISO 21920-2. From the graph,
it can be concluded that for very smooth surfaces, with Sa < 0.05 pm, the minimum evaluation
length L should be equal to two section lengths to achieve the required accuracy within one
measurement. For surfaces with Sa > 0.05 pm, accurate measurements at ns,=1 will be
achieved by choosing the evaluation area with an edge equal to one section length.

4.3 025
4 }
3? —o—Sa=0.05 um
Sa=0.8 um
525
= 2
1,5 508
1
0,75
0,5 R K L6 24 32 4
0
0 0,5 1 1,5 2,5 3 3,5 4 4,5

2 L, mm
Fig. 4.1. Number of measurements for the parameter Sa depending on the evaluation length
L for anisotropic surfaces. € = 0.1; § = 0.9.
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4.2. Mean roughness profile element spacing RSm

The required number of measurements to determine the parameter RSm is calculated according to

the formula:
t B 2 T[\/E

4x g2 x Lo

The results of calculating the determination accuracy of the roughness parameter RSm in
the X-axis and Y-axis directions at € = 0.1 and = 0.9 are presented in Table 4.1. The N(0)
values, determined from the profilograms, once again prove that the smaller the Sa values, the
finer the roughness step and, accordingly, the greater the number of profile intersections with
the mean line along the evaluation length. In the direction perpendicular to the machining traces,
the number of N(0) is approximately 30 times greater than in the direction parallel to the
machining traces, which characterizes the anisotropy of the ground surfaces.

4.2)

Npsm =

Table 4.1
The Required Number of Measurements for Determining the Parameter RSm for
Ground Surfaces at € = 0.1 and = 0.9

Specimen ,ifn Direction me nfm N(0) mZ’,Z NRSm Z:i’u;’;;lln’illz
[l{gi?tl\elit 0.025 é 0.251 125 120 7079989 324 412{1218
l}gzgi?fl;t 005 302|125 — PO
e Il et A
eI e e
Toans | 32y 28128 T s

According to the results of the calculation of determination accuracy of the RSm parameter,
it can be concluded that in the direction perpendicular to the machining traces, it is necessary
to perform 1-2 2D profile measurements, but in the Y-axis direction — more than 30
measurements, to obtain reliable RSm values at the evaluation length L = 5/. When performing
one measurement experiment in the direction parallel to the processing traces at the given
€=0.1and B = 0.9, a significantly large evaluation length is required. Still, not in all cases the
sample dimensions are sufficient to take a long profilogram.

In the case of 3D roughness measurements, several profiles are taken within one
experiment; theoretically, additional experiments are not required to ensure the accuracy of
RSma. The number of profiles in the X-axis direction is several thousand, and in the Y-axis
direction, several hundred. It means that one 3D roughness measurement experiment includes
the calculated ngsm for the profile.
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4.3. Material volume Vm

The following relationship was used to determine the required number of measurements ny;,
of the material volume Vm:

Cggxamx (- o]+ Z;izizii! [0 m)]°)

Nym =

(4.3)

v? '
€2 X L2 X Str X ay X {\/%e'T —yl1- CD(Y)]}Z

Table 4.2 shows the necessary data for determination of ny, of the ground surface at € = 0.1
and = 0.9 depending on the relative deformation level y and the evaluation length L.

Table 4.2
The Required Number of Measurements for Determination of the Parameter Vm at
Different Relative Deformation Levels

No. L Str Ni(0) ai Y | nvm
1 0.25 34 | 91181.6 144
2. 0.5 68 91181.6 36
3. 0.75 0.025 102 | 911816 1 16
4 1 136 | 91181.6 9
5 1.25 170 | 91181.6 6

No. L Str Ni(0) ai Y | Avm
1 0.25 34 | 91181.6 482
2. 0.5 68 91181.6 120
3. 0.75 0.025 102 |91181.6| 2 | 54
4 1 136 | 91181.6 30
5 1.25 170 | 91181.6 19

No. L Str Ni(0) ai Y | nvm
1 0.25 34 | 91181.6 1660
2. 0.5 68 91181.6 412
3. 0.75 0.025 102 | 91181.6| 3 | 185
4. 1 136 | 91181.6 103
5. 1.25 170 | 91181.6 65

According to the data in Table 4.2, it can be concluded that for the accurate determination
of the material volume Vm, even at standardized size of evaluation area, several separate 3D
roughness measurements must be performed. In addition, as the deformation level increases,
the volume of measurement experiments increases several times. This is evidence of why the
experimental values of the parameter Vm in Section 3.5 had significant deviations from the
calculated ones.
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4.4. Conclusions

* The accuracy of determination of the roughness parameters Sa, RSmi and RSm at a relative
error of 0.1 and a confidence level of 0.9 will be ensured by performing one 3D roughness
measurement at a standardized evaluation length, which consists of 5 section lengths.

* To ensure the accuracy of the determination of material volume Vm at a relative error of 0.1
and a confidence level of 0.9, from 6 to 65 3D roughness measurements have to be
performed, depending on the relative deformation level.

4.5. Recommendations for the determination of the roughness parameters

The developed recommendations are suitable for complex experimental and analytical
determination of the roughness parameters Sa, RSm1, RSma, Str, and Vm for surfaces with an
irregular roughness and pronounced anisotropy.

1. Before a 3D surface roughness measurement:

1.1. Choose the size of the edge of the evaluation area (square) that would correspond to
5 section lengths. The section length is chosen depending on the previously
determined or already known Ra/Sa value according to the standard ISO 21920 data.

1.2. Depending on the dimensions of the evaluation area, choose the appropriate distance
between the surface points along the X and Y axes and the number of points, taking
into account the specification of the measuring device and the limitation of the
measurement experiment (e.g., the maximum number of points).

1.3. Ensure that the topography is taken in a direction perpendicular to the machining
traces. If the sample dimensions are less than 5 section lengths, additional experiments
must be performed according to the equations in Chapter 4.

2. After a 3D roughness measurement:

2.1. Perform surface leveling using the leveling line-by-line function together with a 1st
or 2nd order polynomial.

2.2. To determine the parameter Sa, the appropriate computer operation “Calculate”
should be selected.

2.3. The parameter RSm is determined between all profiles in the X-axis and Y-axis
directions, using the function “Extract all profiles” and selecting the relevant profile
direction.

2.4. To determine the parameter RSm; for all X-axis profiles, use the computer operation
“Calculate” — standard ISO 21920— and a threshold of 10 %.

2.5. There are two options for the determination of the parameter RSm>:

2.5.1. The parameter RSm; is determined using the surface texture aspect ratio Str
according to Equation (3.10).

2.5.2. Extract all Y-axis profiles from the leveled surface. Using the computer program
function “Calculate” — standard ISO 21920, select the “Waviness” profile with
a cut-off one unit smaller than the sampling length — threshold 10 %. Calculate
RSm;>’ using the correction coefficient k- according to Equation (3.1).

2.6. To determine the parameter Str, select the appropriate computer operation
“Calculate”.

2.7. To determine the parameter Vm at a specific relative deformation level, select the
function “Slices”. Entering the required level: 1S¢q, 2S¢, etc., read the “Volume of
material” value.
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5. DETERMINATION OF WEAR INTENSITY AND LINEAR
WEAR

In this Thesis, the analysis of the process of surfaces contacting and wear resistance was
performed with the assumption that one surface is completely smooth and hard, which
eliminates the necessity to determine the probability of surface contact, which leads to complex
calculations. According to [6], the wear intensity /, is determined by the equation:
— V’

" nxdXAd

(5.1)

Iy
where

1’ — volume of deformed material, mm?;
n — number of cycles to failure;
d — contact length, mm.

At the beginning of solving engineering tasks, it is important to determine how the
microirregularities of the surface will deform, mainly elastically or plastically. The contact area,
to a greater extent, is characterized by the ability of the surface microirregularities to deform
elastically, which can be described by the contact type criterion KK [37]:

RSm; X O X H

KK=—72"""" (5.2)

Sa
where 6 is the elastic constant of the material, MPa™!, and H is the hardness, MPa.
The elastic constant of the material is calculated by the formula:
1—p3
0= , 53
X E, (5-3)

where u is Poisson’s ratio, and E is the elastic modulus, MPa.

If the value of the contact type criterion is > 1.74, then the condition of elastic deformation
is fulfilled, but if KK < 0.7, the contact is plastic.

Determination of the wear intensity according to Equation (5.1) also requires the study of
the contact size, which can be expressed as the length of the real contact area d in the friction
direction [57]:

d = RSm[1— db(y)]eg. (5.4)

The relative deformation level y and the number of cycles to material failure are determined
depending on the contact type — elastic or plastic.

Analyzing Equation (5.1), it can be concluded that there is no need to look for the exact
value of the volume of deformed material, since ¥ in any case will be corrected by the semi-
empirical value n — the number of cycles to material failure. Therefore, instead of the parameter
7, the parameter Vm of the standard ISO 25178-2 (using the function “Slices”), determined at
the specific relative deformation level, can be used.
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5.1. Wear calculation in the case of elastic contact

After defining the type of elastic contact, the next step is the determination of the relative
deformation level y:

Fi(y) = (%52 x (%), (5.5)

where

Fi(y) —tabulated function [37];
gei— load, MPa;
ke — coefficient that depends on the anisotropy of the surface [37];
0,.m — total elastic constant of material, MPa™'.
The total elastic constant is calculated taking into account the physical-mechanical
characteristics of both contacting parts:
1-pf 1-1

0 = . 5.6
sum T[XE1+T[><E2 (5:6)

The calculated value of the function Fi(y) determines the deformation level y [37]. The
number of cycles to material failure after some transformations can be expressed by the

360, RSm,\"
Ng = ) (57)

4l Zn(ly 75 . Sa

following equation [6]:

where
k — constant, depending on friction-fatigue characteristics [6];
f— coefficient of friction;
oo — limit of durability of the material, MPa;
te1— fatigue curve parameter [6].

The wear intensity in the case of elastic contact is proposed to be calculated according to
the following formula:
Vi

Ih_el =
(5.8)

( 300, RSm,

akfJ2n(hy —72) S

According to Equation (5.8), it can be concluded that changes in the friction coefficient lead

teg 2 )
Y
) X RSm,[1 — ®(y)]ez x Aa

to significant changes in the wear intensity, especially if f=0.2...0.3. Wear increases with an
increase in the elastic modulus. With an increase in the values of Poisson's ratio p, the wear
intensity decreases. An increase in the value of the parameter oy reduces the wear value, the
larger the fatigue curve parameter ¢ is. The wear intensity depends on the arithmetic mean height
Sa and the roughness steps RSm1 and RSmo. The analysis indicates that by reducing the Sa value
and increasing the RSm value, the wear intensity reduces, because in this case, the surface
microirregularities have a sloping character.
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5.2. Wear calculation in the case of plastic contact

In the case of plastic contact, the relative deformation level y is determined by the calculated
value of the function F>(y):

qplast.

F. =—
2 (Y) H % kplast

(5.9)

where

F(y) —tabulated function [37];
qplast — load, MPa,
kpiast — coefficient that depends on the anisotropy of the surface [37].

The calculated value of the function F>(y) determines the deformation level y [37]. The
number of cycles to material failure in the given case is expressed by the following
Equation [6]:

tplast
€ joT —2fH 1 RSm, (5.10)

== X X ,
Mptast 21 |or +2fH " mw(4y—v?) "~ Sa

where oris the material yield strength, MPa, and #us is a fatigue curve parameter [6].

The wear intensity in the case of plastic contact is proposed to be calculated by the following
formula:

Vm
t 7 -
op—2fH 1 RS plast hd 5.11
(;—2 6;+2;Hxn(4y—v2) 57:2) XRSmM,[1-D(y)]e 2 xAa ( )

The linear wear value 7 is expressed by the following equation:

Ih_plast =

h = Jn X Lper, (5.12)

where Lpe, is the friction path, mm.

Lyer =V X t, (5.13)

where V is the rotation speed, m/s, and ¢ is working time, s.

So, in the case of plastic contact, the friction coefficient f has a significant effect. At a
friction coefficient > 0.2, there is a rapid increase in wear intensity. In addition, as the value
of the parameter orincreases, the wear intensity decreases. As the hardness H increases and the
load g decreases, the wear intensity also decreases. The sensitivity of the wear value to the
Sa/RSm ratio is lower in comparison with elastic contact, which can be explained by an
additional link between the surface roughness parameters and the relative deformation level y.
In the case of elastic contact, the roughness parameters have a greater effect on the deformation
level.
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It is quite important to compare the influence of various parameters on the wear intensity
by determining its specific weight. For this purpose, relationships were constructed that reflect
the influence of various parameters on the wear intensity in the cases of elastic and plastic
contact, which can be seen in Fig. 5.1 a, b. They show changes in the parameter values and the
corresponding increase of /.
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Fig. 5.1. The influence of parameter changes on the wear intensity /:
a — in the case of elastic contact; b — in the case of plastic contact.

If we assume that the values of the parameters affecting wear change independently of each
other, we can conclude that the wear intensity is most influenced by the roughness parameters.
Such results can be explained by the existence of a correlation between individual parameters.
Such a link exists for the parameters Sa and RSm, Sa, f, etc. The roughness parameters Sa and
RSm have the same but opposite influence on the change in /;, which means that to increase the
wear resistance, it is necessary to reduce the height of the micro-irregularities Sa or increase
the roughness step RSm.
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5.3. Comparison of analytical calculation results and friction experiment
data

To verify the correctness of the wear determination model, it is necessary to compare the
analytical calculation results with experimental data. For this purpose, testing of the friction
pair steel (102Cr6)-bronze (CW307G) was carried out on the CSM Instruments tribometer
according to the pin-on-disk scheme [17]. The friction experiment scheme and the necessary
equipment are shown in Fig. 5.2. The pin surface was polished before the friction experiment
to ensure a constant nominal contact area between the pin surface and the rotating disk.

Fig. 5.2. Representation of the friction experiment:
a — CSM Instruments tribometer; b — testing according to the scheme pin (2) on disk (1).

To determine the linear wear, five experiments were performed at the disk rotation speed
v=0.3 m/s and the applied load ¢ = 1.45 MPa, and the average value was calculated. To
determine the linear wear, it was necessary to explore the tribotrack cross-sectional area. For
this purpose, measurements of tribotrack profiles were performed in four places, using the
computer program McubeMapUltimate 10.

The next step was the calculation of the wear intensity and linear wear of the steel-bronze
friction pair. Wear was analytically determined for the bronze disk after the running-in stage.
The constructive characteristics correspond to the settings of the friction experiment. The values
of the roughness parameters Sa, Str, RSm1, and RSm> correspond to experimentally determined
values after the running-in stage. Physical-mechanical and friction-fatigue characteristics were
determined according to material standards and manuals.

1) The elastic constant of the material was determined:

- 2
0 = == 0.24 X 1075(MPa ).

2) Accordingly, the contact type criterion KK:

0.035:0.24:1075-200
KK =——————=0.01.
1.7-10

We assume that in this case, plastic contact is provided (KK<0.7).
3) The relative deformation level y in the case of plastic contact was determined as follows:

Fly} = =0.63-1072.

200-1.147*
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*kpiast = 1.147 is the tabulated value, obtained at St = 0.03.

In this case, the calculated level y = 2.5.

3) The number of cycles to material failure:

Nplast =

4) The length of the contact area:

5) The volume of the deformed material:
= -3y ) L o=
Vm =3.46x2,.5x10 x{me

6) The wear intensity:

1.16

2T

0.39 J360 —2x0.18 X 200

360 + 2% 0.18 X 200 (4 X 2.5 — 2.57) 1.7 x 103

d =116 [1 - ®(2.5)]e 2 = 0.135(mm).

I

2.52

2 —2.5[1-®(2.5)]

1.49 x 107°

~ 4699 x 3.46 x 0.135

= 4699.

} =1,.9 X 10~5(mm?®).

=5.62x 107

7) The friction path was determined by the rotation speed and working time:

Ly = 0.3 x 13334 = 4000 (m).

8) Linear wear:

h=562x107° x 4000 x 106 =22.48 (um).

The experimentally determined and calculated values of linear wear for specific friction
paths are reflected in Table 5.1.

Table 5.1
Experimental and Calculated Values of Linear Wear
Value of a linear wear, pm
Type of value | After After After After After After After After
500 m | 1000 m | 1500 m | 2000 m | 2500 m | 3000 m | 3500 m | 4000 m
Theoretical 2.92 5.62 8.43 11.24 14.05 16.86 19.67 | 22.48
Experimental 3.07 5.75 8.41 11.22 13.53 16.67 18.74 21.33
Relative
NN —4.88 -2.26 0.24 0.18 3.84 1.14 4.96 4.95
deviation, %

Comparing experimental data with calculation results, it can be concluded that the

difference between the values is on average 5 %, which is a good justification for the high

accuracy of calculations based on the proposed wear calculation model.




5.4. Conclusions

The relative deviation between the results of the analytical calculation of wear and the
results of the experiment does not exceed 5 %.

Increment in the Sa/RSm ratio gives an increase in wear intensity.

For the correct determination and prediction of wear intensity, the correlation between
the roughness parameters Sa and RSm should be taken into account.

The smaller the surface anisotropy (the larger the Str value), the greater its effect on
wear intensity.

To increase wear resistance, the main attention should be paid to the selection of the
material of the parts of the friction pair, but to reduce the running-in time, to the
roughness parameters of the friction surfaces, so that the minimum Sa/RSm ratio is
ensured.

5.5. Wear determination methodology

The proposed methodology is suitable for the determination of wear intensity and linear

wear for flat friction surfaces with irregular roughness, if fatigue failure of the material surface

occurs. The calculation of wear intensity is performed in the following order:

1.

Determine the initial data:

1.1. Micro-geometric parameters of the friction surfaces: Sa, RSm;, RSma, Str, Vm;

1.2. Physical and mechanical characteristics of the material surface layer: H, E, L, f, oz,

1.3. Fatigue characteristics of the material: oy, ey, ¢,

1.4. Constructive characteristics: Aa, g, L.

The geometry of the friction surfaces is determined by performing a measuring
experiment on a profilograph-profilometer. The roughness parameters are determined
according the recommendations in Section 4.5. In the case of wear prediction, values of
Sa and Vm are determined analytically, changing the value of Sg.

The physical-mechanical and fatigue characteristics of the material are determined
according to the results of mechanical tests and technical manuals.

Constructive parameters are determined according to the drawing of the friction pair and
the set operating conditions.

Calculate the elastic constant of the material 6 for the wearing part and the total elastic
constant of material 0. for both friction surfaces.

Determine the contact type criterion KK.

Determine the relative deformation level y depending on the type of KK.

Calculate wear intensity and the linear wear for the corresponding contact type.

Figure 5.3 shows the wear intensity and linear wear calculation scheme, taking into account

the contact type criterion.
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Fig. 5.3. Determination scheme of wear \
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intensity /, and linear wear 4.
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MAIN RESULTS AND CONCLUSIONS OF THE THESIS

Today, several wear determination models have their own limitations: 2D roughness parameters,

the assumption of the normality of the ordinates distribution, as well as one specific type of contact.

When performing wear simulation and calculation in a finite element environment, in several cases,

researchers use Archard and Fleischer wear calculation models, and a simplified contact model of

a friction pair (smooth surface-smooth surface), where surface roughness is not taken into account,

which accordingly reduces the reliability of the results. In the existing wear calculation models, the

correctness of the application of roughness parameters and the accuracy of their determination are

not justified, which also reduces the reliability of the obtained results. To solve the existing

problem, the following hypothesis was advanced: The specified determination and integration of

the 3D and 2D surface roughness parameters, as well as the use of individual material fatigue

characteristics in wear intensity calculations and prediction, will increase the reliability of the

results for elastic and plastic contact cases. Confirmation of this hypothesis is visible in the

following achieved results:

1.

Because the type of leveling affects the roughness geometry, the mutual arrangement of the
surface mean plane and profiles” mean lines, the optimal 3D leveling method for preservation
of the geometry of the surface profiles was chosen — leveling line by line together with 1st/2nd
order LS-polynomial.

For surfaces with an irregular roughness, the distribution of ordinates is close to normal, but
does not completely correspond to it according to the experimental values of 3D asymmetry
and kurtosis criteria Ssk and Sku; in turn, it doesn’t have a strong influence on the analytical
determination of the arithmetic mean height Sa. However, to increase the accuracy of the
results, it was proposed to calculate the parameter Sa, taking into account the Sku value.

It was proven that the surface texture aspect ratio Str from the standard ISO 25178-2 complies
with the anisotropy coefficient; respectively, it can be used for the determination of the
roughness step RSm», which is complicated by the deviation between the surface mean plane
and the profiles’ mean lines.

The accuracy of determination of the roughness parameters Sa, RSmi, and RSm> at a relative
error of 0.1 and a confidence level of 0.9 will be ensured by one 3D roughness measurement at
the standardized evaluation length.

For the experimental determination of the volume of deformed material Vim at relative
deformation levels y > 1, a series of additional measurements must be performed to ensure the
accuracy of the determination of the given parameter. The parameter Vm values obtained within
the one measurement experiment are less than the calculated ones.

Within the Doctoral Thesis, the methodology for the determination of the roughness parameters
Sa, RSm1, RSma, and Vm was developed, considering the specific character of surfaces with
irregular roughness.
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The results of the analytical calculations of linear wear by the developed model give a high
congruence with the results of the friction experiment in the case of plastic contact; the relative
deviation is 5 %.

. Within the Doctoral Thesis, the methodology for the determination of the wear intensity and
the linear wear for flat friction surfaces with irregular roughness, if fatigue failure of the
material surface occurs, was developed.

. For the correct determination and prediction of the wear intensity, the correlation between the
roughness parameters Sa and RSm should be taken into account. Increasing the Sa/RSm ratio
increases the wear intensity.

RECOMMENDATIONS FOR FURTHER RESEARCH

To check the compliance of the wear determination model with experimental data in the case
of elastic contact.

To perform wear intensity calculations in the finite element environment (FEM) and compare
the obtained results with experimental data.
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