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INTRODUCTION

The current stage of development of tribology is characterized by the
creation of methods for calculating friction pairs for wear. It has long been
considered that the creation of such methods is impossible due to the extreme
complexity of wear processes. If there are no calculation methods, respectively,
there will be no methods for predicting wear resistance and durability of
tribosystems. Development of analytical methods of calculation of wear
resistance of tribosystems is complicated by nonlinearity of models of wear
owing to difficult interrelations of mechanical, thermophysical and frictional
properties. To obtain correct results, analytical methods for calculating tribo-
systems require proof by numerical methods using powerful computing
systems. Cylindrical tribosystems of sliding in many power, technological
and transport machines are one of the main elements that determines the
durability and reliability of the machine as a whole. Therefore, the creation
of a system of computational and experimental methods and numerical models
for predicting the durability of cylindrical sliding tribosystems, taking into
account the variety of operating conditions is an important scientific problem.

The monograph consists of four chapters. The first chapter deals with
the issues of modeling the laws of wear and solving wear-contact problems
for cylindrical tribosystems. A literature review of the current state of the
problem of calculating the wear of cylindrical tribosystems is carried out. A
model of wear of a sliding bearing in conditions of boundary friction was
proposed. The wear model was presented in a form of dimensionless
complexes taking into account geometric, kinematic, friction and lubrication
characteristics of sliding bearings. The wear-contact problem for cylindrical
sliding bearings was solved. A calculation-experimental procedure for
identifying parameters of wear resistance based on the two-factor model of
wear. An approximate method is proposed for solving a direct wear-contact
problem for a sliding bearing. Trigonometric functions in the solution process
were replaced by approximate power series expansions. The variational-
experimental method for determining the distribution of contact pressure in
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a cylindrical slider bearing is proposed. The functional problem is obtained
as a deviation of the experimental function from the integral equilibrium
condition. For the calculation the kinetics of wear and contact parameters, a
step-by-step procedure is proposed.

In the second chapter, computational and experimental approaches
to the analysis of the processes of friction and wear of tribosystems taking
into account the properties of lubricants are proposed. The theory of the test
method for wear with lubrication according to the four-ball scheme with the
determination of the parameters of steady-state wear models is proposed.
The approximate solution of the problem is based on the assumption of a
uniform distribution of contact pressures at any moment of testing. The
calculation procedure for determining the parameters of wear models has
been determined. A methodical example of the method implementation is
given. A two-factor model of wear (contact pressure, sliding speed) in a
dimensionless form, taking into account the properties of structural and
lubricants of a friction pair, is proposed. The proposed methodology for
identifying wear laws based on laboratory tests is recommended for predicting
wear and optimizing the design and performance characteristics of lubricated
tribosystems. The methods of determining the basic characteristics of
viscous friction are proposed based on the model of pendulum oscillations:
coefficient of energy absorption and dynamic viscosity. The obtained method
for calculating the indicator of dynamic viscosity of a lubricant according to
the decrement of pendulum oscillation damping is recomended for the
practical application. The questions of the influence of the lubricant on the
conditions of deformation in the contact of solids are considered. The
microstructures of the structure of the surface layer are studied under various
conditions of deformation. The diagrams of the relative deformation of the
surface layers are constructed. The mechanism of the formation and
distribution of internal stresses for dry and greased contact is described.
Experimental studies of the introduction of a moving steel indenter into a
lubricated surface have been carried out. The analogy between wear resistance
of technical surfaces with a discrete relief and the similar problems in the
wildlife is lead. As a result of carried out scanning research it is established,
that parameters geometrical structures of a skin of finitenesses in the majority
coincide with optimum parameters of a microrelief of technical surfaces.

The third chapter of the book offers modern ideas on diagnostics of
tribological systems based on quantum theory and acoustic experimental
methods. The experimental results of the tribo-acoustic control in real time
the integrity of nominally stationary friction joints under conditions of
fretting are presented. The physical mechanisms have been investigated that
form and transform the corpuscular-vortex-wave thermal complexes of
disturbances in contact tribosystems based on the quantum-mechanical
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exchange interaction. This investigation gives specific technical examples
of the generation of thermal complexes at fretting, during the friction of
sliding and rolling, and at cutting. It has been established that the destructive
nature of the process of fretting at low values of reverse sliding speeds is
caused by the generation and collapse of the corpuscular-vortex-wave thermal
complexes. It is shown that the properties of a servovite film under the
mode of selective transfer are provided by the collapse processes in the
system of disturbances. On the basis of the laboratory diagnostic complex
studies of the characteristics of friction during movement with a low speed
of the loaded plate on the working surface in the presence of lubrication
were carried out. As a result of processing the experimental data, statistical
characteristics of the friction parameters were obtained, which characterize
the effect on them of the load and lubrication mode. The quantitative
characteristics of the plate motion, which characterize the deformation
properties of the contact layer, are established.

The fourth chapter of the monograph describes some modern
approaches to technological reliability assurance based on the wear criterion
of cylindrical tribosystems. The study of the efficiency of hardening the
parts working in spalling conditions through reeling with rollers were
performed with the help of physical simulation and showed the high effect
of hardening cast steels. A procedure for determining conditions of reeling
with a wedge roller was developed. A method, technology, and a device for
reeling the rope blocks with a wedge roller were developed to provide low
roughness and high degree of work hardening of the surface. Optimal
reeling conditions were found due to experiment planning using the steep
convergence method. A new method of increasing the wear resistance of
steel parts by discrete electromechanical processing has been developed by
forming linear reinforcement areas with controlled geometry. A computer
simulation of the conditions of the contact between the tool roller and the
machined shaft has been carried out. The contact areas, contact stresses,
depths of deformation and temperature distribution in depth are calculated.

The book can be useful for scientists and young researchers in the
field of creating computational and experimental methods for predicting the
durability of friction pairs of modern machines by the criterion of wear
resistance.



CCHAPTER 1)

Wear-contact Problems and Wear Models
for Cylindrical Sliding Tribosystems

1.1. Modern studies of tribological bearing systems

Bearings are technical devices that are part of the supports of rotating
axles and shafts. They take radial and axial loads applied to the shaft or axis
and transfer them to the frame, housing or other parts of the structure. At the
same time, they should also keep the shaft in space, provide rotation, swing
or linear movement with minimal energy loss. The quality of bearings,
efficiency and durability of the machine largely depend on the quality of
bearings. This review presents the results of studies of bearings, published
in the world specialized scientific journals over the past 3 years.

The article [1] employs an adaptive wear modeling method to study
the wear progress in radial sliding bearings contacting with a rotary shaft.
Mixed Lagrangian—Eulerian formulation has been used to simulate the contact
condition between the bearing and the shaft, and the local wear evolution is
modeled using the Archard equation. In the developed wear processor
algorithm, not only remeshing is performed on the contact elements, but also is
executed for their proximity elements. In this way the wear simulation
becomes independent of the size of the contact elements. Validation was
done for a laminated polymeric composite bearing. The composite has been
modeled as a linear orthotropic material. The wear coefficients were obtained
from flat-on-flat experiments and were applied as pressure and velocity
dependent parameters in the wear processor. Finally, the effect of the
clearance on the wear of the radial bearings has been studied numerically.
The simulations also demonstrate how the contact pressure evolves during
the wear process, and how the clearance influences this evolution.

The study [2] aims to predict the wear in journal bearings during steady-
state operation in the mixed-lubrication regime starting with a critical
assessment of commonly used wear laws. A novel numerical method is
introduced that calculates journal bearing wear on macroscopic and asperity
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contact scale. For validation of the numerical method, the friction and wear
behavior was studied on a special test-rig for journal bearings. Both experimental
and numerical results show an initial period of high friction and wear. After
the first minutes of operation reduced friction can be observed. The simulations
clarify, that this is caused by bearing wear on asperity roughness scale. By
considering the reduced asperity interaction due to wearing-in in the calculation
of contact conditions a higher accuracy of wear prediction is achieved.

Leaded tin bronze alloys are widely used in heavy machinery
bearings operating in boundary and mixed lubrication regions due to the
excellent dry lubrication properties of lead. However, restrictions on the use
of lead have created an increasing demand for lead-free or low-lead bearing
materials. In the study [3], suitability of a novel bismuth bronze bimetal
material for possible substitution of leaded tin bronze was studied with a
special thrust bearing test device, which simulates the contact conditions in
the main thrust bearing of mineral crushers. The oil-lubricated test bearings
have a flat-on-flat type contact with oil grooves and a constant eccentric
motion against a case hardened steel counter plate under a periodically
increased axial pressure. The test was continued until a sudden rise in
friction, which indicates bearing failure and risk of an imminent seizure.
The bismuth bronze showed a load capacity of the same level with the
reference material, continuously cast CuSn10Pbl0. Characterization by
electron microscopy showed that the dry-lubricating bismuth precipitations
had a fine grain size and an even distribution, which explains the good load
carrying capacity. It was concluded that the bismuth bronze has potential for
substituting the leaded tin bronzes in the studied operating conditions.

The paper [4] investigates the performance of a ferrofluid based
hydrodynamic journal bearing system considering different combination of
shaft and bearing materials. An investigation was first carried out for the
material combination of ferrous and non-ferrous for shaft and bearing
respectively, in the presence of a ferrofluid. Thereafter, analysis was
conducted for the ferrous with ferrous material combination. Film pressure
and temperature rise were measured for varying speeds and loads. It was
noticed that the film pressure generation failed owing to the attraction in the
case of ferrous and ferrous material combination for the bearing and magnetic
shaft. Further, the temperature rise was found to be nearly double in the
case of ferrous with ferrous, in comparison with ferrous with non-ferrous
material combination under certain operating conditions. Besides, for moderate
loads and speeds, the film pressure in case of ferrofluid lubrication for
ferrous and non-ferrous combination increased considerably as compared to
that of the conventional lubricant based journal bearing systems. Moreover,
the temperature rise was much smaller for ferrofluid lubricants as compared
to conventional lubricants, thus, making the system cooler while running.
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Finally, wear analysis was carried out on the ferrofluid based journal
bearing system by microscopic observation of the bearing surfaces, weight
loss and DLS of fluid. This study indicated that the ferrous and non-ferrous
material combination could probably turn out to be a suitable option for the
ferrofluid based journal bearing system.

Hydrodynamic sliding bearings are designed to operate under fully
flooded conditions to enable adequate film formation. In actual operating
conditions, journal bearings could operate in a mixed or even boundary
lubrication regime, for example, during the start-up/shut-down period. To
prevent bearing destruction, a specific surface texture can be created on the
sliding zones. One of the roles of surface irregularities is to maintain a
certain amount of oil in the case of its shortage.

The aim of the study [5] was to identify the characteristic parameters,
such as the sliding velocity, Hersey number, and friction torque or friction
coefficient, when the transition of lubrication regimes occurs for different
journal bearing types. The study demonstrates the results achieved in experimental
investigations conducted on journal bearings, with the oil pockets on the
journal surface mating with the smooth bearing and with the texture on the
bearing surface co-acting with a standard smooth journal. The obtained results
were also compared with the tested effects of the classical, smoothly
finished journal bearing. It was found that, during shut-down, the textured
journal bearings remained in hydrodynamic lubrication for longer and moved
to mixed lubrication at lower speeds compared to the smooth journal bearing.

Oil contamination resulting from externally ingested particles is one
of the major causes of journal bearing failure in industrial machinery. The present
study has been carried out to assess the case of externally ingested particle
contaminants in a journal bearing lubrication using acoustic emission (AE)
and vibration monitoring techniques. Besides quantitative evaluation, the features
of AE and vibration spectra have been classified and key parameters for condi-
tion monitoring deduced. Furthermore, cases involving different particles
sizes and concentrations have been exhaustively examined and illustrated;
and the capability of these two methods described in terms of detectability.

This paper [7] investigates the impact of heat transfer between leading
and trailing pad free surfaces and the space between pad regions of high-
speed tilting-pad journal bearings. General influence on pad metal temperature
distributions as well as magnitudes of resulting heat convection coefficients
are theoretically analyzed and validated with test data for sliding speeds up
to 94 m/s and specific loads up to 3.0 MPa. Results indicate significant
impact of trailing pad free surface heat transfer on maximum pad metal
temperatures as well as potential for optimization based on the general flow
pattern. Moreover, limitations, extensions, and improvements of the presented
study are comprehensively discussed.
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In [8] a transient Mixed Lubrication-Wear coupling model (MLW
coupling model) is developed to investigate the mixed lubrication and wear
performances of journal bearings, and a wear experiment for journal bearing
is performed to support the validity of the developed numerical model. In
the coupling numerical model, the transient interaction between the behaviour
of mixed lubrication and wear is considered by incorporating the wear depth
distribution, which is determined by the developed friction fatigue wear
model, into the film gap equation. The evolutions of the worn surface profile,
wear rate, fluid pressure and asperity contact pressure over operating time
are calculated by the developed numerical model. The simulated results
demonstrate that the transient wear process affects the distribution trend of
lubrication performances significantly, and a worn surface profile may exist
that provides an optimal tribology performance of journal bearings. The
simulated results also demonstrate that there are two wear stages, identified
by initial and steady wear stage, of journal bearings under mixed lubrication
condition. Furthermore, the effects of the input parameters, including the
radius clearance (C), surface roughness (o), asperity curvature radius (B)
and boundary friction coefficient (u.), on the predicted mixed lubrication
and wear performance are evaluated.

Currently used turbulent lubrication model [9] that considers the effects
of surface roughness can only handle the isotropic rough surfaces and cannot
handle the rough surfaces with directional properties. In this paper, based on
the stochastic method and the Ng-Pan turbulent model, the stochastic turbulent
lubrication models of one-dimensional longitudinal rough surface, one-
dimensional transverse rough surface and isotropic rough surface are derived.
The turbulent lubrication performance of a journal bearing with isotropic
rough surface is calculated by the stochastic turbulent lubrication model.
The results are in good agreement with the corresponding experimental data.
Moreover, the proposed stochastic turbulent lubrication models are also
suitable for parts of friction pairs such as journal bearing and thrust bearing.

The dynamic contact behavior of hydrodynamic journal bearings
during start-up is investigated [10]. The hydrodynamic oil force and asperity
contact force are obtained by solving the mixed lubrication model. The
motion of the journal center, the contact time, and the lift-off speed of the
bearing are determined. The effects of the relative clearance and acceleration
time are discussed. The result shows that the hydrodynamic oil force increases
sharply during the early stage of the start-up process, leading to a sharp
decrease in the contact force. An increase in the relative clearance of the
bearing generates a decrease in both the contact force and the contact time.
Also, a high start-up acceleration leads to a sharp decrease in the contact force.

This paper discusses the further development of an analytical model
to calculate the minimum film thickness and the transition speed in journal
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bearings with consideration of bearing deformations. The focus of the
development was on generalising an existing model to include any relative
eccentricities and width/diameter ratios. Furthermore, the influence of different
bearing types and the layer structure of plain bearings on the deformation
are taken into account. Using two white metal journal bearings as examples,
the results of the new approach are discussed and compared with previous
analytical models and full numerical calculations.

Hydrostatic assistance is a commonly used method to improve limited
load carrying ability of tiltingpad thrust bearings during transient states of
operation of vertical shaft hydro-generators [12]. Despite of special hydraulic
equipment (as pumps, valves, etc.), it also requires manufacturing of special
recesses/pockets at pad sliding surfaces, into which oil is injected under
high pressure. It allows to lift the rotor before start-up of the machine and form
a hydrostatic film between pads and collar. There is a quite wide variety of
geometry of recesses (shape, depth, and size) met in practical large bearing
applications. The presence of a hydrostatic pocket (usually located in the sliding
surface above the pivot area, where thin film, high oil pressure and temperature
are observed) affects bearing performance under hydrodynamic operation.

In theoretical researches, there is an almost common practice not to
include hydrostatic recess in thermohydrodynamic (THD) or thermoelasto-
hydrodynamic (TEHD) analysis. This is probably due to the problems with
obtaining solution for oil film geometry with pocket, the order of magnitude
of the pocket depths being larger than gap thickness. In this paper, an
attempt was taken to study the effect of lifting pocket on THD performance
of a large tilting-pad thrust bearing of Itaipu power plant. Bearing per-
formance was evaluated including recess shape for several cases of its
depth. The results show that hydrostatic recess changes calculated bearing
properties quite significantly, especially in vicinity of the pocket.

It has been shown [13] before that liquids can slip at a solid boundary,
which prompted the idea that parallel-surfaces bearings can be achieved just
by alternating slip and non-slip regions in the direction of fluid flow. The
amount of slip at the wall depends on the surface tension at the liquid—solid
interface, which in turn depends on the chemical state of the surface and its
roughness. In the present study a heterogeneous surface was obtained by
coating half of a circular glass disc with a coating repellant to glycerol. A
rotating glass disc was placed at a known/calibrated distance and the gap
was filled with glycerol. With the mobile surface moving from the direction
of slip to non-slip region it can be theoretically shown that a pressure build
up can be achieved. The pressure gradient in the two regions is constant,
similar to that in a Rayleigh step bearing, with the maximum pressure at the
separation line. The heterogeneous disc was placed on a holder supported
by a load cell thus the force generated by this pressure increase can be
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measured accurately. Tests were carried out at different sliding speeds and
gaps and the load carried was measured and subsequently compared with
theoretical calculations. This allowed the slip coefficient to be evaluated.

In the study [15], based on the classical Archard adhesion wear theory,
a three-dimensional finite element model was established, with the aim of
simulating the failure process of self-lubricating spherical plain bearings in
the swinging wear condition. The results show that the self-lubricating spherical
plain bearings go through two different stages during the wear process,
namely, initial wear stage and stable wear stage. Because the large contact
points wear out during the initial wear stage, the maximum contact pressure
decreases as the test period increases. The relatively larger wear depth
region shows elliptical distribution, and the maximum distribution appears
in the central contact area. The wear depth reaches 0.974 mm after swinging
25,000 times. PTFE fibers, which possess a good friction performance but
poor abrasion resistance, abundantly exist on the friction surfaces of the
fabric liner. Consequently, the friction torque during the initial wear stage is
slightly smaller than the friction torque during the stable wear stage;
however, the wear rate during the initial wear stage is high. The reliability
and effectiveness of the finite element model are verified by experiment.
The developed finite element model can be used for the analysis of the wear
mechanisms of bearings and the prediction of the service life of bearings.

I paper [15] developed a technique to assess the workability of sealed-
for-life greased rolling bearings after a long-term storage. In this frame-
work, we devised a model of equivalent transition between the conditions of
natural ageing under daily and seasonally fluctuating temperature, and the
conditions of accelerated thermal ageing at a constant high temperature. The
tested bearings were thermally aged, and then their steady state friction and
outer ring temperature were examined in a custom high-speed spindle.
These results were compared to the performance of a reference new bearing
tested under the same loading conditions. Our findings suggest that long-
term storage can significantly degrade the performance of sealed-for-life
greased rolling bearings. However, a proper running-in can substantially
deter the ageing-driven degradation of the bearings.

The paper [16] presents a numerical study for nonlinear rotordynamic
response with bifurcations of tilting pad journal bearings when pad-pivot
friction forces are taken into account. A Stribeck friction model is employed
to determine the friction coefficient for the contacts between the pads and
the spherical-type pivots. The boundary/mixed/hydrodynamic friction mode
is determined for each pad surface based on the instantaneous angular
motion of the pads. A Jeffcott type rotor supported on 5-pad tilting pad
journal bearings is used for the structural model, and finite element fluid
film models are utilized to calculate the reaction forces and moments on the
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pads. The simulation results show that pad—pivot friction plays an important
role in determining the stability of the rotor system. For the autonomous
condition, the friction induces a Hopf bifurcation and generates limit cycles
at high rotor spin speed (>14 krpm), which were originally stable equilibrium
states with a no friction condition. For the nonautonomous condition, the 1x
synchronous response becomes subsynchronous/quasiperiodic responses in
the high-speed range (>14 krpm) with the appearances of Neimark-Sacker
bifurcations. It is shown that the outbreak points and corresponding response
types are highly dependent on the state of disk imbalance. A comparison of
the linear and nonlinear models clearly illustrates the importance of
retaining nonlinear forces to determine potential deleterious vibration.

In [17] it becomes impossible to use conventional fluid film journal
bearings in the hot working environments (500-800 °C) due to rapid thermal
degradation of lubricating oils. Under this situation, powder lubricants
prove beneficial in spite of high friction values associated with them in
comparison to lubricating oils. Thus, reduction of friction in powder-
lubricated journal bearings is an essential task for making the operation
energy efficient. Hence, the objective of this paper is to explore the reduction of
coefficient of friction in a powder-lubricated journal bearing employing
different pocket shapes (elliptical, parabolic, rectangular, and trapezoidal)
placed on bore surface. Based on the investigations reported herein, it is
found that the journal bearing having rectangular pocket yields least
coefficient of friction among all the cases.

Surface texturing is a technique for improving frictional and hydro-
dynamic performances of journal bearings because microtextures can serve
as reservoirs for oil or traps for debris and may also generate hydrodynamic
pressure. Over the past two decades, many researchers have experimentally
demonstrated that texturing of various tribological elements can reduce
friction force and wear, contributing to improvement of lubrication performance.
Some numerical studies have examined the hydrodynamic lubrication
conditions and reported that surface texturing affects the static characteristics
of journal bearings, such as their load carrying capacity and friction torque.
However, the validity of these numerical models has not been confirmed
because of a lack of experimental studies. This study [18] proposes a
numerical model that includes both inertial effects and energy loss at the
edges of dimples on the surface of a journal bearing in order to investigate
the bearing's static characteristics. Experimental verification of journal bearings
is also conducted with a uniform square-dimple pattern on their full-bearing
surface. The results obtained by the model agree well with those of experiment,
confirming the model's validity. These results show that under the same
operating conditions, textured bearings yield a higher eccentricity ratio and
lower attitude angle than the conventional ones with a smooth surface. This
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tendency becomes more marked for high Reynolds number operating
conditions and for textured bearings with a large number of dimples.

By enhancing surface properties and by reducing weight and size of
machine elements, future trends in resource efficiency for machines can be
fulfilled. Rolling element bearings are widely used machine elements. By
improving their boundary zone properties, there is a potential to extend
maintenance-free operating periods, postpone replacements or increase the
lifespan of the complete system. The aim is to set favorable boundary zone
properties by enhancing the residual stress state within the manufacturing
process. For this, the processes hard turning and deep rolling were
investigated in [19]. The influence of the initial residual stress state on
fatigue life was calculated using a model based on the approach of
loannides and Harris. The resulting residual stresses after the manufacturing
process and their changes during operation in a bearing test rig are
discussed and compared to those of standard bearings. The tests prove that
pre-induced residual stresses increase is able to significantly delay rolling
contact fatigue-related bearing failures.

The friction properties of a range of viscosity modifier-containing
oils in an engine bearing have been studied in the hydrodynamic regime
using a combined experimental and modelling approach [20]. The viscometric
properties of these oils were previously measured and single equations
derived to describe how their viscosities vary with temperature and shear
rate (Marx et al. Tribol Lett 66:92, 2018). A journal bearing machine has
been used to measure the friction properties of the test oils at various oil
supply temperatures, while simultaneously measuring bearing temperature
using an embedded thermocouple. This shows the importance of taking
account of thermal response in journal bearings since the operating oil film
temperature is often considerably higher than the oil supply temperature.
For Newtonian oils, friction coefficient measurements made over a wide
range of speeds, loads and oil supply temperatures collapse onto a single
Stribeck curve when the viscosity used in determining the Stribeck number
is based on an effective oil film temperature. Journal bearing machine
measurements on VM-containing oils show that these give lower friction
than a Newtonian reference oil. A thermo-hydrodynamic model incorporating
shear thinning has been used to explore further the frictional properties of
the VM-containing oils. These confirm the findings of the journal bearing
experiments and show that two key factors determine the friction of the
engine bearing; (i) the low shear rate viscosity of the oil at the effective
bearing temperature and (ii) the extent to which the blend shear thins at the
high shear rate present in the bearing.

Ultra-high molecular weight polyethylene (UHMWPE)/graphene
nanoplatelets (GNPs) nanocomposite coatings were developed [21] to
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reduce friction and wear in the absence of liquid lubrication. UHMWPE
nanocomposite powders with different loadings (0.25, 1, and 2 wt.%) of
GNPs were prepared and electrostatic spraying technique was then used to
deposit the nanocomposite powders on aluminum alloy to form a thin coating.
Friction and wear tests were conducted on the coatings against a flat-end
pin, made of hardened tool steel to determine the best loading of GNPs.
That was further tested to investigate the effect of sliding speed and contact
pressure on its tribological properties and to establish coating operating
limits. Results showed that UHMWPE nanocomposite coating reinforced
with 1 wt. % GNPs showed the best tribological performance. It reduced
wear rate by about 51 % as compared to the pristine UHMWPE coating. The
coating sustained a maximum sliding speed of 1 m/s at a contact pressure of
4 MPa equivalent to a pressure and velocity (PV) value of 4 MPa.m/s.

Wind turbine drive train system failures have been the major source
of down time and costly repairs. One of the main failure modes associated
with gearbox failures is the formation of white etching cracks (WECS) in
bearings. In this paper, low-speed intermediate shaft (LSIS) and high-speed
intermediate shaft (HSIS) bearings are collected from failed gearboxes to
examine microstructural alterations and evaluate damage [22]. Butterfly
wing formations are detected in LSIS bearings around nonmetallic inclusions
at depths of up to about 260 pm from the contact surface and the measured
span length ranging from 5 to 70 pm. Circumferential cracks oriented
parallel to the contact surface are detected at depths greater than 300 pm.
Irregular white etched cracks are revealed in HSIS bearings with random
crack orientations. The crack depth is measured to be 7000 pm in the cross
section perpendicular to the bearing axis. The bearing characterization revealed
that microstructural alterations can occur with and without the formation of
cracks. Evidence found supports the existing hypotheses that (1) white etch
areas precedes crack formations and (2) cracks are prerequistes for white
etch formation. The microstructural alterations detected in LSIS and HSIS
bearings are observed to have different crack morphology and could be
initiated by different mechanisms. The results presented in this paper can be
used to develop materials-based prognostic life prediction models. This can
be achieved by linking WECs and butterfly wings qualitative observations
to turbine real operating conditions, bearing design, and manufacturing process.

A general, CFD-based frequency response method for obtaining the
dynamic coefficients of hydrodynamic bearings is presented [23]. The method
is grounded in experimental parameter identification methods and is verified
for an extremely long, slider bearing geometry as well as short and long journal
bearing geometries. The influence of temporal inertia on the dynamic response
of the bearings is discussed and quantified through the inclusion of added
mass coefficients within the mechanical models of the hydrodynamic bearing
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films. Methods to separate the dynamic stiffness into static stiffness and added
mass contributions are presented and their results compared. Harmonic
perturbations are applied to the bearings at varying frequencies to determine
the frequency dependence of the dynamic coefficients and to facilitate the
decomposition of the dynamic stiffness into its constituents. Added mass
effects are shown to be significant for the extremely long slider bearing
geometry and negligible for the short and long journal bearing geometries
under operating conditions motivated by those typical of marine bearings.
The paper [24] focuses on the operating behavior of journal bearings for
industrial machinery application during run-ups. For this purpose, a numerical
simulation code that is based on a two-dimensional extended and generalized
Reynolds equation and a full three-dimensional energy equation, was advanced
by a theoretical model considering the effects of mixed friction and warming of
journal components during start-up. The mixed friction routine contained
the elastic half-spaces model proposed by Boussinesq, which considers the
influence of rough surfaces by implementing flow factors and calculates
additional stiffness and dissipation in areas with solid interactions. Furthermore,
a transient term was added in the energy equation to consider the thermal
inertia of journal, and bearing to ensure a realistic heating during run-ups.
Results of the prediction were compared to experimental data taken from a
special test rig built up for validation procedures. Besides the conventional
sensors for temperature, oil flow, and relative motion between shaft and stator, a
contact voltage measurement was installed to determine the intensity of
mixed friction. The evaluation of experimental data by Stribeck curves,
based on a shaft torsion measurement, indicated a significant influence of
run-up time on frictional moment. The friction coefficient of the rotor bearing
system was strongly influenced by the run-up time. A short run-up time
reduced the frictional coefficient in the mixed lubrication regime while the
opposite behavior was observed in the hydrodynamic lubrication regime.
The numerical code predicted these tendencies in good agreement with
experimental data, however, only if the transient energy model was applied.
A comparative study between a conventional- and leading edge
grooved (LEG) tilting pad journal bearing (TPJB) segment is performed in [25].
The developed model uses the Shear Stress Transport (SST) turbulence
model, coupled with the energy equation and a partial differential equation
for the fluid domain mesh displacement to predict the thermal flow
characteristics. Instead of using an effective boundary condition to determine
the inlet temperature of the LEG pad and excluding the additional LEG
portion, as is common practice, the whole geometry of the LEG is modeled.
Several sizes of the LEG portion is investigated and it is shown to have
quite a small influence on pressure, temperature, film thickness and
turbulence intensity. Moreover, the results also show that the conventional
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pad gives rise to higher levels of turbulence in the mid plane compared to its
LEG counterpart, while the latter has a marginally higher value of turbulence
when the volume average value is computed. The maximum value of
turbulence is however present in the conventional model.

New stress-based life models are introduced to define “dynamic stress
capacity” in rolling bearings for the first time. The generalized stress capacity
equations are formulated, for both point and line contacts, in terms of distinct
geometrical and materials parameters while the empirical constants are now
material independent [26]. Life equations are first developed for individual
rolling element to race contacts and then statistically combined to estimate
lives of both races, rolling elements, and, finally, the whole bearings for both
ball and roller bearings. An estimate of the empirical constant for the ball
bearing equation is derived by regression analysis of available experimental
data. The applicable constant for roller bearings is then derived by relating the
ball and roller bearing constants to the fundamental subsurface fatigue hypothesis
applicable to both point and line contacts. For AISI 52100 bearing steel at
room temperature, life predictions with the new stress-based equations are in
complete agreement with those currently provided by widely used load-based
formulations, where the empirical constant contains the elastic properties of
AISI 52100 bearing steel. In addition to these life equations based on the
magnitude and depth of maximum orthogonal subsurface shear stress and
the volume of material stressed, a new model that eliminates life dependence
on the depth of maximum orthogonal shear stress and relates life to only the
subsurface maximum shear stress and the stressed volume is presented. Though
the predicted life estimates with the currently used and newly introduced
life models are comparable in the contact stress range of 2 to 3 GPa, the
new model provides significantly higher lives at low contact stresses.

In the article [27], a method for identification of equivalent stiffness was
proposed based on a genetic algorithm by studying the stiffness characteristics
of autoeliminating clearance auxiliary bearing devices (ACABDs) in static
condition. Subsequently, the equivalent stiffness damping model and the
Hertz contact theory were combined to establish the theoretical equations of
the ACABD. Moreover, the linear equivalent model of the ACABD was
established to eliminate the influence of contact of the revolute pair on mode
shape and mode frequency of the rotor. In addition, simulations and experiments
were carried out to verify the effectiveness of the genetic algorithm-based
stiffness identification method. The results indicated that the relative errors
between the equivalent stiffness in the X and Y directions identified by the
linear equivalent model and the theoretical values were 6.22 and 7.19 %
respectively, demonstrating the feasibility of this identification method.

A method for forming an exact self-similar solution to the problem of
hydrodynamic calculation of a radial plain bearing that operates in a steady-
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state friction mode in the presence of a lubricant has been constructed [28].
Based on the equation of motion for a viscous incompressible electrically
conducting liquid in the case of a “thin layer,” the continuity equation, and
expressions for the dissipation rate of mechanical energy, an analytical relation-
ship for the molten surface profile of fusible coating on a bearing bush taking
into account the viscosity and electrical conductivity of a liquid lubricant
depending on pressure is obtained. The effect of the parameters characterizing
the dependence of viscosity and electrical conductivity on pressure and the
effect of a parameter caused by melting the fusible coating surface of the
bearing bush exerted on the bearing capacity and friction force are demonstrated.

The second version of the original Bearing Builder Finite Element
Method (BBFEM) software and its application for analyzing the hydrodynamics
of cylindrical sliding bearings has been briefly described [29]. The two-
dimensional problem of the lubricating fluid flow in a bearing clearance
taking into consideration the different types of deviations in the contact surface
from a cylindrical shape has been solved by the finite element method. The
bearing design that leads to the formation of several hydrodynamic friction
zones (fluid wedges) has been considered. The role of the contact compliance
of a shaft and a bush and the operation factors that cause the deviation from
the initial cylindrical shape of a bearing, including the deformations and the
misalignment of the shaft and bush is shown by citing specific examples of
antifriction composites of different compositions.

Effective conditions of friction in units that ensure performance and
maximum longevity have been created by flood lubrication under the
conditions of elastohydrodynamic (EHD) lubrication. In connection with
this, prolonging the service life of friction units by ensuring local requirements
to the amount of oil in the contact area and establishing the optimum choice
of lubricating material in terms of its viscosity ratings is a topical problem
for rolling bearings. Thus, it is suggested to determine the parameter of the
lubricating layer (M) values for the conditions of flood lubrication (A,) and
progressing (Aos) and catastrophic (A ) oil starvation for a wide spectrum
of lubricating materials of different viscosity, since, in oil starvation mode,
the efficiency of EHD conditions is violated, the lubrication mode is
disturbed, and the bearing capacity of the EHD lubricating layer is lost.

The issues of creating efficient structural bearing assemblies, including
through the use of new hybrid materials and structures, are considered.
Much attention is paid to the problem of bearing wear and reducing the
coefficient of friction. Separately considered issues of computer modeling
of working conditions and design of structures. Considered modern approaches
to the calculated evaluation of bearings, the solution of contact problems.
This review allows scientists and engineers to do the right task setting when
planning further research on bearing tribosystems.
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1.2. The wear models of cylindrical sliding tribosystems

The current stage in development of tribology is characterized by
creation of methods for calculating the wear of friction units. It was
believed for a long time that creation of such methods is impossible because
of an extreme complexity of wear processes. At the same time, if there are
no methods of calculation at the stage of designing and machine creation,
then respectively there will be no methods for predicting wear resistance
and durability of the friction units. Development of analytical methods for
calculating wear resistance of tribosystems is complicated by nonlinearity of
wear models because of complex interrelationships of mechanical, thermo-
physical and frictional properties. To obtain correct results, analytical
methods for calculating tribosystems require a humber of parameters that
characterize real operating conditions. Cylindrical sliding bearings in many
manufacturing, transport and power machines are among the main
components determining durability and reliability of the machine as a
whole. Thus, creation of calculation and experimental methods and models
of wear resistance for predicting wear-related durability of cylindrical
sliding bearings taking into account the variety of operating conditions is a
focal scientific problem.

Creation of methods for calculation and wear test of cylindrical
sliding bearings is currently being given considerable attention.

1.2.1. Solution of the wear-contact problem

for a cylindrical sliding bearing

The wear-contact problem is the problem of determining maximum
linear wear in the bearing depending on the friction path (1.working life). In
this case, the bearing parameters of design, loading and kinematics as well
as regularity of wear depending on wear-resistance parameters were taken
as the starting data.

By their design scheme, cylindrical sliding bearings represent an internal
contact of two cylinders of close radii with a radial clearance A (Fig. 1.1).
The shaft with radius R; is loaded with force Q and rotates at a sliding
velocity V in the bearing bush 2 having radius R. In the process of force
interaction of the shaft and the bearing bush, the contact pressure o distributed
over the arc of contact 2¢q arises at the place of contact of two cylinders.

Assuming wear resistance of the shaft much greater than the wear
resistance of the bushing (1.direct friction pair), an arc zone of wear with a
maximum wear Uy value at the contact center is worn out during operation
in the inner surface of the bushing.
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Fig. 1.1. Calculation scheme of a cylindrical sliding bearing

For analytical solution of the problem of the sliding bearing wear
calculation, in addition to the indicated geometrical, force and kinematic
parameters, a mathematical form of wear regularity is also taken as the
initial value. Representation of such regularities in a form of dependence of
the wear rate on the determining parameters of the process (1.contact
pressure, sliding velocity, temperature, etc.) was of the greatest use. Here,
we propose regularity (1.model) of wear in a form of a dimensionless set of

determining factors:
n p
duy _ (Ej (\Bj , (L.1)
ds HB %

where Uy is bearing wear; S is friction path; f is coefficient of friction in
the shaft-bushing pair; o is normal contact pressure; HB is hardness of
the bushing material; V is sliding velocity; R is bearing (1.bushing) radius;
v is kinematic oil viscosity; Cyw, N, p are parameters of wear resistance.
In the basic dependence (1.1), value of the contact pressure will be
determined from the mean values (1.equation of equilibrium):

o= 2 (12)
2bReo,

where Q is load acting on the bearing; b is width of the contact

between the shaft and the bushing; ¢y is half-angle of the contact between
the shaft and the bushing.
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The relationship of the maximum wear Uy and the contact angle is
determined from geometry of the internal contact of two cylinders with an
initial radial clearance A from the dependence:

Uy (@) =A(sece, —1). (1.3)

For further use, it is convenient to represent function secgg— 1 in a
form of a power approximation. For the range of changes in the contact
angle 0..m/2 (Table 1.1), use the Excel program to construct graphical
dependence of function secgo — 1 on the contact angle ¢o (Fig. 1.2) and
obtain a power approximation of this function.

Table 1.1
Numerical dependences for the function of contact angle in the bearing
¢o, rad 0.2 04 0.6 0.8 1.0 1.2 14

sec gg—1 0.02 | 0.086 | 0.212 | 0.435 | 0.851 | 1.76 | 4.88

_. /
3 /
: /
1 A

0 0.2 0.4 0.6 0.8 1 1.2 14
. rad

v=1 050925041

sec -1

Fig. 1.2. Power approximation of function sec ¢,—1 on the contact angle ¢,

With a sufficient accuracy, it can be assumed that

secq, —1~ ¢5°. (1.4)
Thus, expression (1.3) can be represented in the following form:
21
Uy = Ao (s) 2. (1.5)
Differentiate the dependence (1.5) in the friction path s:
1
d(‘:—;v = 2%A(po(s)15 dd%. (1.6)

23



Equate (1.1) and (1.6) and substitute into the left-hand side the
expression for the contact pressure (1.2) to obtain:

p n n 11
C\N(\BJ (Lj _Q =2lA(p0(S) 2%. 7
v HB ) | 2bReg, 2 ds
Transform (1.7) to the form:
JML(YBJp( fQ :rz ni15 9% (1.8)
2,5A\ v HB 2bR ds
or
26y (VR p( fQ jn n+15
W —=—| ds=qp" de,. (1.9)
5A ( v J HB2bR Po TP

This is an ordinary differential equation with separating variables.
Integrate equation (1.9) to obtain:

n+2,5 n
%0 " _ 26y (\B] R Vi, c (1.10)
n+25 5A v JL HB2bR

Assuming that the contact angle ¢o = 0 at the initial moment of the
wear process (S = 0), the integration constant C = 0.

Thus, the dependence of the contact angle on the friction path takes
the form:

1
(PO:[M(\BT( fQ ]nsr*”_ (1.11)
5A v ) \AB bR

Or finally, taking into account dependence (1.5), the calculation
formula for dependence of the maximum wear Uy in the sliding bearing on
the magnitude of the friction path s will be:

25

UWZA[%(V_R)"(f_Q]“S]M_ 112
5A v HB bR

In the obtained formula (1.12), the wear resistance parameters Cy, N,

p show the degree of influence of the determining factors of the bearing

wear process. As a rule, their numerical values are determined experimentally

by laboratory tests. On the one hand, these tests will not be cumbersome with

the use of geometrically simple specimens and on the other hand, the test
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conditions tend to be as close as possible to the actual unit operating conditions
in order to obtain a more adequate wear model. Further, the procedure for
calculating wear resistance parameters from the results of laboratory wear
tests is considered for a complete identification of formula (1.12).

1.2.2. Identification of wear resistance parameters
for the method of wear test by the ""cone — three balls'" scheme

Balls, cylinders, rollers, rectangular prisms, etc. were used in laboratory
tests as specimens. Here, it was proposed to use the "cone — three balls"
scheme of test to determine wear characteristics. Standard 12.7 mm diameter
steel balls made of steel SH15/1.3505 were used as control specimens. A
conical specimen of a corresponding bearing material was used as a test
specimen. Conical specimens are easily prepared and are characterized by
the wear spot dimensions changing during the test. The change of the wear
spot leads to a change of contact pressures which makes it possible to obtain
a set of test results by the load characteristics without changing the external
load on the conical specimen. Below, a calculation and experimental
procedure for identifying wear resistance parameters Cy, n, p in the model
of wear (1.1) for testing by the "cone — three balls" scheme is considered.

The calculation “cone — three balls" test scheme is shown in Fig. 1.3.
Three balls 1, 2, 3 of the same radius R are situated on the plane so that their
centers form an equilateral triangle O10,03. The cone 4 with vertex angle y
is contacting the lower placed balls at points 414,43. Force Q applied to the
cone is transmitted to the lower balls along perpendiculars to the cone
generatrix with equal forces Q; = Q, = Q3

Fig. 1.3. The calculation "cone — three balls' test scheme:
front view (a); top view (b)
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The cage 5 ensures immobility of the balls under action of loading
from the vertical force and a moment around the vertical axis.

The forces acting on the balls are expressed through a common force
by the relation:

—0.-0.-_ 9 (1.13)
A=Q=0Q= 3cos(y/2)’

To determine linear sliding velocity of the cone on the balls, it is
necessary to know the distance r from the cone rotation axis to the points of
contact with the balls.

From similarity of the triangles OO,C and OAB, the following is

obtained:
_ _R 1.14
r=0,C (1 j (1.14)

The value of O;C is defined as the radius of the circle circumscribed
around the regular triangle O,0,0x3:

oc(i- ]

00
Then from aright-angled triangle (Fig. 1.3):
00, - O _ 23R

cosy/2 3cosy/2’

After intermediate substitutions, the following is obtained:

r= R(%—cos(ym)}. (1.15)

Take the shape of the worn-out cone surface as a circular groove
with a profile radius a. Assume also that the contact pressure under the rigid
wear-free ball is evenly distributed over the worn-out cone surface. Then
the following relation holds:

oo & (1.16)

The relation of the maximum wear Uy with dimensions of the wear
spot a is determined from the geometry of contact of the conjugated cone of
radius R with a cylinder of radius r. With a sufficient accuracy, the sought
dependence is represented as:
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Uy ()= , 1.17)

where R* is the equivalent radius in the cone - ball contact:
* Rr

R = .
R +r

In determining wear resistance parameters, use equivalent radius of
the ball - cone contact in the model of wear resistance (1.1) instead of the
bearing radius.

Represent the experimental dependence of the radius of a circular
groove worn out in the cone as a power approximation:

a(S)=csP, (1.18)

where C and [} are the approximation parameters determined from the
results of the wear tests.

Integrate the regularity of wear (1.1) to obtain an integral form of the
model of cone wear:

St (R 119
wN(S)—cwg( O Y . (119)

Substitute the expression for wear (1.17) in the left side of the
obtained dependence and the expression for the contact pressure (1.16) in
the right-hand side to obtain:

a’(s) . Y[ f@ )1 (R p _
2R :CW'([I:[TEEZ(S)Jﬁ} (TJ %, (20

or taking into account (1.18) and integrating along the friction path, the
following is obtained:

22 n *\P 10
CS*B=CW( lej VR™)" s (1.21)
2R c?nHB v | 1-2pn

From the condition of satisfiability of equation (1.21) for all values
of S, it follows that:

2B =1-2pn, (1.22)
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whence:
1-2B3
2B

To determine parameter p, tests should be carried out at two values
of the sliding velocity V; and V, from which two groups of experimental
data with approximating functions are obtained:

a, =c,SP;a, =c,SP. (1.24)

Consider the problem of determining parameters of wear according
to the results of testing specimens with the contact spot a (1.S) changing in
the process of wear. The change of the wear spot causes the change in the
values of the contact pressures ¢ (1.a). The exponent n in expression (1.1)
characterizes the rate of change of contact pressures during wear. It is
directly related to the exponent B of the experimental dependence (1.18)
which, accordingly, characterizes the rate of change of the contacting spot
during wear. The relationship between n and [ in the accepted wear
regularity (1.1) is uniquely described by relation (1.23). Since the sliding
velocity V in the considered ratios does not depend on the friction path S, it
does not affect parameters n and B during the tests. In this case, the change
in the slip velocity V affects just the scale factor Cyy in expression (1.1). The
above reasoning is confirmed by the test results.

Substitute expressions (1.24) into (1.21) and obtain a system of

equations:
n *\P
C12|3:CW fQ, VIR | .
R c,’nHB v |’
¢,%B Q ) (VR
2P _¢, 1 2 _
R (sznHBJ[ v ]

Divide the first equation by the second and obtain the following after
transformations:

n= (1.23)

(1.25)

(. 1¢,)*™2 = (V. IV,)". (1.26)
whence:
p=(2n+2) 9a/C) (1.27)
lg(Vv1 /V5)
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To determine coefficient Ky, use one of the equations (1.25):

Cy = Be,”"*? [SnHB cosa]n( v *Jp' (1.28)

) fQ ViR

R
Thus, the calculation-experimental procedure for identifying wear
resistance parameters for the "cone — three balls" scheme of wear test based
on the two-factor wear model of the sliding bearing (contact pressure,
sliding velocity) was proposed.

1.2.3. Experimental setup and the test procedure
The experimental setup for the "cone — three balls" scheme of testing

is shown in Fig. 1.4.

a
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Fig. 1.4. The experimental setup

The test specimen 1 with a hardened conical surface is fixed in a
universal self-centering drilling chuck 2. The specimen 1 is pressed with a
vertical load Q onto the lower placed balls made of a ball bearing steel and
is given a rotational motion from the spindle 4 of the experimental setup.
The control ball specimens 3 are placed on the flat hardened surface of the
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support 7 and are centered by a special nut 6 with a conical working
surface. Before testing, the cup 5 is filled with lubricant. A two-row self-
centering bearing 10 located in the bottom housing 11 of the setup is used
for self-adjustment of the specimens.

The tests were carried out under the following conditions.

The vertical load acting on the conical specimen was taken equal to
Q =100 N. The forces transmitted to the lower balls along the normal were
determined from formula (1.2):

= Q =40,6 N.

3sin55°

The cone angle of the conical sample was y = 110°. Diameter of
the lower control ball specimens was D =12.7 mm. The radius of the
circular slipping path of the conical sample over the balls was calculated by
formula (1.4):

2\3

r= R(T—cos(y / Z)J =3,68 mm.

The equivalent radius of the ball — cone contact will be R* =2.35 mm.

The tests were carried out at two rotation velocities of the setup
spindle: n; =500 min™® and n,=1000 min®. These rotation velocities
corresponded to linear sliding velocities for the conical sample:

;. 3,14-3,68-500
30 30

V, = M2 _ 384 mms.
30

Vi

=192 mm/s;

The conical samples were made of tin-phosphorous bronze CuSn10P
having hardness HB =90 MPa. The balls were made of ball-bearing
steel SH15/1.3505. The samples were lubricated with engine oil Magnum
15W - 40 (TNK, Ukraine) having kinematic viscosity v = 40 mm?s at the
operating temperature. Friction coefficient of bronze rubbing against
lubricated steel was taken f = 0.08.

The cone wear in the form of an annular groove on its generatrix was
measured by the width of the worn-out groove using an MBC-10 microscope
with an accuracy of 0.05 mm. A special device (Fig. 1.5) for locating the
conical sample in the measurement plane was used in measurements. The
cone generatrix of the sample 1 was arranged parallel to the table of
microscope 4 by turning the bracket 2 relative to the body 3 of the device.
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The depth of the worn-out groove was taken as the maximum normal
wear of the bushing. The degree of wear can be calculated from the width of
the worn-out groove according to geometric relationships if the shape of the
groove profile is admitted to be circular.

Fig. 1.5. The scheme of cone specimen holder for measuring width
of the worn-out groove

To determine shape of the worn surface and the amount of linear wear Uy,
a projector with a x77 magnification on the screen was used (Fig. 1.6).

( -

[ 1
< '6 Uw

Fig. 1.6. Scheme of measuring the shape and depth of the worn surface:
lighting lamp (1); lens (2); specimen (3); condenser (4);
projection of the specimen on the screen (5)

Analysis of the worn out groove profile at a x77 magnification by
the projector confirms its maximum closeness to a circular shape with a
diameter equal to the ball diameter D = 12.7 mm. Thus, the amount of wear
during testing depending on the width of the wear groove can be calculated
from the above formula (1.6).

For example, a bronze specimen was tested under load Q =100 N at
sliding velocity V =0.19 m/s and friction path S=342 m. During the
measurements, the depth of the worn-out groove on the projector screen was
12 mm, or 12/77 = 0.15 mm taking in account the x77 magnification. The
groove width was 2a = 205/77 = 2.66 mm, respectively. The amount of wear
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calculated from formula (1.6) depending on the half-width of the groove,
was Uy =0.14 mm. That is, discrepancy between the measured and calculated
values did not exceed 7 % which permits the use of the calculated dependence
of the depth of the groove of a circular profile on the groove width.

During the tests conducted to determine the wear resistance parameters,
the wear values were measured every 10 minutes at a sliding velocity of
0.19 m/s and every 5 min at a sliding velocity of 0.38 m/s.

1.2.4. The results of sliding bearings wear tests and calculations

To determine wear resistance parameters Cy, n, p of the model (1.1)
of the plain bearing wear, conical specimens of bronze CuSn10P were
tested. For statistical representativeness, each test cycle was carried out for
3 identical specimens. The averaged values obtained in measuring width of
the worn-out groove are shown in Table 1.2. The value of the coefficient of
variation characterizing scatter of the obtained measurement results was in
the range v =0.15...0.2 which indicates sufficient homogeneity of the
experimental sample.

Table 1.2
Results of measuring width of the wear groove and calculating the wear depth
s m V;=0.19 m/s V,=0.38 m/s
a, mm Uw, MM a, mm Uw, MM
115 0.4 0.01 0.45 0.012
231 0.45 0.012 0.475 0.016
346 0.465 0.014 0.55 0.018
462 0.55 0.016 0.6 0.026
577 0.55 0.019 0.625 0.031
693 0.6 0.021 0.675 0.036

Graphical interpretation of the test results, that is, the dependence of
the half-width of the wear spot and their power approximation are shown in
Fig. 1.7. Fig. 1.7 also shows the power approximation with parameters and
the magnitude of veracity of approximation R.

Thus, to determine the parameter of influence of the slip velocity on
the wear resistance p, the following parameters of approximating functions of
the form (1.24): were obtained: ¢;=0.0337; ¢, = 0.0376; B~ P, =P =0.21.

Further, calculate the wear resistance parameters Cy, N, p using
formulas (1.23), (1.27), (1.28).

As a result of calculation when testing steel sliding on bronze, parameters
of wear resistance were obtained: n = 1.38; p = 0.68; Cy, = 9.625 - 10°.
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Fig. 1.7. Dependences of the half-width of the wear spot on the friction path
and their power approximations

Using a similar procedure, wear resistance parameters for other
bearing materials (brass, aluminum alloys) can be determined and used for a
calculation assessment of the plain bearing wear. At the same time, using
the averaged initial data characteristic for the working conditions of sliding
bearings, these results can be used as normative parameters of wear resistance.
To obtain values of the wear resistance parameters as close as possible to
the real operating conditions, it is necessary to conduct laboratory tests
according to the proposed scheme under specified conditions.

The following is an example of calculating wear of a sliding bearing
with the found parameters of wear resistance.

Calculation will be carried out for materials of a friction pair "steel -
bronze". Radial load on the bearing Q =500 N; hardness of bronze CuSn10P
HB =90 MPa; width and radius of the bearing: b =20 mm, R =20 mm;
radial clearance A =0.1 mm. Lubricant Magnum 15W-40 ail (TNK, Ukraine)
was used with viscosity v =40 mm?s; coefficient of friction f=0.08.
Sliding velocity was assumed equal to 1 m/s which corresponds to the
rotation frequency of the bearing shaft 475 min™. The initial data were
substituted into the formula for calculating wear (1.12) and the results of
calculating wear as a function of the friction path are presented in Table 1.3.

Table 1.3
Results of calculating wear uyy, of the sliding bearing as a function
of friction path S and working time t

S, km 10 107 10° 10
t, hr 15 15 150 1500
Uw, mkm 4 17 76 338
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Beside calculation of wear for the specified lifetime, dependence
(1.12) allows one to analyze effect of design and operation parameters of
bearings on their wear. This makes it possible to select optimal parameters
of bearings at the stage of design preparation of the machine by the criterion
of maximum wear resistance. Fig. 1.8 shows the graphs of influence of sliding
velocity and load on the bearing wear obtained from the dependence (1.12).
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Fig. 1.8. Effect of sliding velocity and load on wear of the slide bearing
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Analysis of the obtained results has shown that all obtained dependences
for the bearing wear were nonlinear. This is because of the type of the
obtained calculated dependence (1.12). Such a character of influence of
determining factors is caused by the features of geometry of the sliding
bearing when the contact spot (contact arc) changes during the wear process
which leads to a change in the contact pressures and, correspondingly, the
wear rate. Besides, the proposed wear model in a nonlinear form (1.1) with
wear resistance indexes n and p can adequately take into account almost all
wear mechanisms including abrasive wear at n = 1. The calculated values of
wear are consistent with the operational data of the sliding bearing wear.

1.2.5. Results obtained in computational
and experimental modeling of cylindrical plain bearings wear
The resulting calculation model (1.12) for estimating wear of sliding
bearings assumes a simple algorithm for obtaining wear values from the
friction path under given operation conditions. This was achieved through
the use of certain assumptions in solution of the wear-contact problem. Firstly,
a uniform distribution of contact pressures over the wear spot was taken for
average values. Secondly, difficult for integral-differential transformations
trigonometric dependence of wear on the contact angle (1.3) was approximated
by plain power dependence (1.5). As a rule, known solutions require numerical
algorithms to overcome mathematical difficulties. At the same time, in solving
the problem, this approach has allowed us to use a nonlinear model of wear
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from the determining factors (1.1) which adequately describes the actual wear
processes. It is impossible to obtain numerical results using formula (1.12)
without the values of the wear parameters Cy, N, p. That is, the wear model
(1.12) can be applied in practice if an algorithm for determining parameters
of this regularity is known. It is the parameters that enable quantitative
estimation of the effect of determining factors (pressure and slip velocity).
The wear parameters can only be established by the test results which
makes the model approximated to the real tribosystem operation conditions.

The procedure for determining parameters of wear models was
developed based on solution of an inverse wear-contact problem. In this
case, dependences for calculating parameters (1.23), (1.27), (1.28) were
obtained according to the adopted mathematical form of the wear law (1.1),
the equilibrium condition (1.16), the geometric condition of continuity in
the contact (1.17) and the wear test results. In this process, a proper choice
of scheme of laboratory wear tests is very important. The scheme to be
chosen for the tests should be one which mostly corresponds to the real
tribounit as to its geometric and technological features. For example, the
widely used four-ball test scheme is suitable for the tribounits in which a
linear or dot contact takes place (toothed drives, cam mechanisms). For the
conjunctions in which the contact spot is commensurable with the
dimensions of the contacting bodies (slide bearings, ball bearings), it is
preferable to use the proposed "cone — three balls" scheme more adequately
corresponding to the actual contact.

Besides, it is advisable to use schemes when the contact pressure
changes during the test due to a change in the wear spot which allows one to
have results for the pressure range from the results of tests of one specimen.
In particular, the proposed "cone — three balls" scheme applies to this test scheme.

As a result, based on the obtained model of bearing wear, one can:

— predict bearing wear under various conditions on contact pressures
and sliding velocities at the stage of design calculation of the friction unit;

— optimize design and operation parameters of the friction unit by the
wear criteria.

The proposed approach does not ensure absolute correspondence to
the actual course of the wear process but is an indispensable step in
development of computational engineering methods for predicting wear
resistance of friction units. Further studies in this direction should be carried
out by extending the proposed methodology to other friction units of machines
and the corresponding schemes of laboratory wear tests.

Conclusions
1. A model of wear of a sliding bearing in conditions of boundary
friction was proposed in a form of a nonlinear dependence of the wear rate
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on the determining factors, i.e. contact pressure and sliding velocity. The
wear model was presented in a form of dimensionless complexes taking into
account geometric, kinematic, friction and lubrication characteristics of
sliding bearings.

2. The wear-contact problem for cylindrical sliding bearings was solved.
The dependence for average pressures in the bearing and the approximating
function of linear wear on the contact arc were used as determining
equations. The closed-form solution was obtained as a dependence of wear
on the friction path.

3. A calculation-experimental procedure for identifying parameters of
wear resistance for the wear tests by the "cone — three balls" scheme was
developed based on the two-factor model of wear. Calculation dependences
were obtained based on solution of an inverse wear-contact problem for a
cylindrical sliding bearing with the results obtained in wear tests of conical bronze
specimens with a variable wear spot and two sliding velocities taken as a base.

1.3. Direct wear-contact task for radial sliding bearing

In many energy and transport vehicles (internal combustion engines,
turbines, cars, etc.), plain bearings are one of the main components that
determine the durability and reliability of the machine as a whole. Analysis
of the current state of methods for calculating and designing sliding bearings
shows that they are lagging behind the general level and requirements.
Therefore, for engineering applications, it is advisable to use approximate
approaches. In this direction there is a small number of studies presented below.

In paper [31] using a generalized cumulative wear model, the tribo-
contact problem has been solved for a sliding bearing, the shaft of which
has small contour lobing with various forms. The effect of lobing on the
bearing life has been investigated at the complete single-area and mixed-
area contact. It has been found that the ovality and trilobing of the shaft promote
arise in the service life. Features of this effect are presented graphically.

The evolution of contact pressure is analyzed in paper [32] during
the wear of a thrust sliding bearing following the law of nonlinear wear. The
coating’s deformation properties are described using the nonlinear Winkler
model. It is demonstrated that steady wear can exist with a definite contact
pressure distribution.

In article [33] the problem of simultaneous wear of an elastic cylinder
and a cylindrical notch surface in an elastic space is discussed (in the planar
formulation). The contact problem formulation omits the limitation of the
contact area. The contact is solved in steps; the linear wear and contact
parameters of the shaft and bush are solved at each step in time. The
Multopp-Kalandia method is applied to the solution of the contact problem.
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The constructed model is used to investigate the evolution of contact
pressure and form changes of the shaft and bush in the process of wear.

The parameter of the wear law of bronze coupled with steel under
dry friction is identified by comparing the results of mathematical modeling
with experimental data [34]. The wear tests were carried out according to
the steel-ball—flat-bronze sample scheme under relative reciprocal sliding of
the tested samples. The modeling of the wear of the sample was based on
asymptotic behavior of the solution of the corresponding wear-contact
problem. The effectiveness of using this asymptotic behavior to identify the
wear law based on the tribological test results has been demonstrated.

Based on pin-on-disk friction and wear testing, the parameters of the
wear rate as a function of sliding velocity and pressure with account for
their distribution over the contact spot are computed in paper [35]. The
parameters are compared to those obtained assuming a uniform distribution
of velocities and pressures. It is assumed in the work that the contact spot
does not vary, the disk does not wear out, and the study is carried out under
steady-state wear conditions.

The kinetics of sample wear on a four-ball friction-testing machine using
various lubricants is analyzed in [36]. It is shown that the growth of the contact-
patch area on the balls obeys the kinetic second-order equation, which, within
the limits, corresponds to catastrophic wear. The linear wear rates and the
strain level of the ball material in different lubricating media are estimated.

The article [37] employs an adaptive wear modeling method to study
the wear progress in radial sliding bearings contacting with a rotary shaft.
Mixed Lagrangian—Eulerian formulation has been used to simulate the contact
condition between the bearing and the shaft, and the local wear evolution is
modeled using the Archard equation. In the developed wear processor
algorithm, not only remeshing is performed on the contact elements, but
also is executed for their proximity elements. In this way the wear simulation
becomes independent of the size of the contact elements. Validation was
done for a laminated polymeric composite bearing. The composite has been
modeled as a linear orthotropic material. The wear coefficients were obtained
from flat-on-flat experiments and were applied as pressure and velocity
dependent parameters in the wear processor. Finally, the effect of the
clearance on the wear of the radial bearings has been studied numerically.
The simulations also demonstrate how the contact pressure evolves during
the wear process, and how the clearance influences this evolution.

In our works [38-40], we have proposed experimental design approaches
for solving wear-contact problems for sliding bearings. On the basis of direct
and inverse wear-contact tasks, algorithms are presented for calculating bearing
wear and identifying the parameters of their wear laws. At the same time
there are difficulties in the engineering implementation of the solutions obtained.
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Therefore, for practical use, algorithms for calculating the service life
of bearings using simple algebraic dependencies and formulas are necessary.

Under the wear contact task is the task of determining the magnitude
of the maximum linear wear in a bearing, depending on the friction path.
The structural data, load, kinematic parameters of the bearing, as well as the
wear law with the parameters of wear resistance are taken as the initial data.

Cylindrical sliding bearings represent the internal contact of two
cylinders of similar radii with a radial clearance A (Fig. 1.8). The shaft of
radius Ry of the bearing is loaded with force Q and performs rotational
movement with sliding speed V along sleeve 2 with radius R. In the process
of force interaction of the shaft and bearing sleeve, a contact pressure o
appears along the contact arc 2y in the place of contact of two cylinders.

It is assumed that the wear resistance of the shaft is much greater
than the wear resistance of the sleeve (straight friction pair). During
operation, an arc zone is formed on the inner surface of the sleeve, with a
maximum value at the center of contact Uy,.

| /=R-R,

\;/<0
Fig. 1.8. The design scheme of the cylindrical sliding bearing

For an analytical solution of the problem of calculating the wear of a
sliding bearing, the mathematical form of the law of wear is taken as the
initial value. The representation of such laws as a dependence of the wear
rate on the determining parameters of the process (contact pressure, sliding
speed, temperature, etc.) is widely used. In our case, the law (model) of
wear is adopted in the form of a dimensionless complex of determining factors:
for an analytical solution of the problem of calculating wear of a sliding
bearing, the mathematical form of the law of wear is taken as the initial
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value. The representation of such laws as a dependence of the wear rate on
the determining parameters of the process (contact pressure, sliding speed,
temperature, etc.) is widely used. In our case, the law (model) of wear is
adopted in the form of a dimensionless complex of determining factors:

My (M]m (\ﬂj , (1.29)
ds E a

where Uy is the bearing wear;

S is the friction path;

f is the coefficient of friction in a pair of shaft-sleeve;

o is the normal contact pressure;

E is the modulus of elasticity of the sleeve material;

V is the sliding speed;

R is the radius of the bearing (sleeve);

a is the coefficient of thermal diffusivity of the bearing material;

Kw, M, n are the wear resistance parameters;

@ is the half angle of the contact shaft and sleeve

To calculate the maximum wear we use the values of the maximum
contact pressure. With a known contact angle, the maximum contact
pressures can be determined by the formula:

_Q  1-cosg, (1.30)
bR, ¢, —sin @, cos g,

We use the approximate decomposition of trigonometric functions in
the series:

Gy

1
1-1+ =,
oy =2 2% ~_3Q . @3y
b 1 1 4b
R (Po_((Po_6(Posj(1_2(Pozj R

where Q is the bearing load;
b is the width of the contact shaft and sleeve.

The relationship between maximum wear Uy and the contact angle is
determined from the geometry of the internal contact of two cylinders with

a radial initial clearance A according to:

uW:A[ ! _1) (1.32)

oS @,
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Where the contact angle is determined:

0, = arccos( j : (1.33)

Uy +A

More convenient approximate algebraic formulas for determining the
contact angle are possible. Formula (1.33) by decomposition of the cosine
in a power series and discarding the members of the highest order of
smallness is reduced to the form:

1 1
U (I P S N O (G e
u, +A 1+Alu, uy, /A+1

From (1.33) in the decomposition of the cosine:

N

A
u, +A

1

2u 2
(Poz[ . j
U, +A

Expression (1.33) can be inverted and presented as a secant:

’

Uy, +A Uy,

seco, = =—+1
Py A A

or

_ 2 _ Uy

secp, =1+—¢," =—+1,
A
1
2

%:(2%) . (1.35)

From the fact that (1.34) goes into (1.35) with small displacements, it
follows that expression (1.35) is more accurate. And the decomposition of
the secant with the same number of members is less accurate than the
decomposition of the cosine. This is confirmed by a numerical estimate of
the accuracy of determining the contact angle using formulas (1.33), (1.34),
and (1.35). Comparison results for different uy/A are presented in Table 1.4.
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Table 1.4
Comparison of the results of calculating the angle for different formulas

Ug /A 0.1 05 1,0 15 2.0
Formulas
(1.33) 2462 | 48.19 60 66,42 | 7053
(1.34) 2443 | 4678 57,3 62,76 | 66,16
(1.35) 25,62 57,3 8103 | 9924 | 1146

From the numerical comparison it follows that the calculations by the
formula (1.35) obtained by the decomposition of the secant are close to the
calculations by the original formula (1.35) only at angles not exceeding 20°.

From formula (1.35), the dependence for wear on the contact angle
in a bearing will look like:

u, = A‘LZO. (1.36)

The resulting expression (1.36) is differentiated along the path of
friction and together with expression (1.31) we substitute into (1.29). As a
result, we get:

A%(s)d% :wa[L] (\ﬂj . (1.37)
4bRo,(S)E ) \ a
Or:
0" dg, — K, f{ 39 J ( jds (138)
4bRE | | a

This is an ordinary differential equation with separable variables.
After integrating equation (1.38), we obtain:

o™ _ KWfL 3Q j ( j SiC. (1.39)
m+2 A |(4bRE a

If we assume that in the initial period of time S = 0 the contact angle

is zero @ = 0, then the integration constant C = 0.
Thus, the dependence for the contact angle will take the form:

(PO:[(mJFZ)KWf( 3Q j (\EJHS]W , (1.40)
A 4bRE a
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Finally, taking into account expression (1.36), the calculation formula
for maximum wear in a sliding bearing, depending on the friction path, will
take the form:

2n-1

2
y, =27 (m+2)KWf(£j (\ij s| . @A
2 4bRE a

The obtained dependence for the calculation of wear allows you to
analyze the effect on wear of structural and operational parameters of
bearings. This makes it possible to choose the optimal parameters of the
bearings at the stage of design preparation of the machine according to the
criterion of maximum wear resistance.

Example of calculating the wear of a sliding bearing.

We take the following initial data:

1. Clearance in bearing A = 0.05 mm;

2. Wear resistance parameters: Ky = 1.76 - 10'% m = 1.58; n = 1.14;
3. Coefficient of friction f = 0.05;

4. Normal bearing load: Q = 100...500 N;

5. Bearing working width b = 15 mm, bearing radius Ry = 25 mm;
6. The modulus of elasticity of bronze E = 1.15 - 10° MPa;

7. Sliding speed in bearing V; = 1 m/s, V, = 3 m/s;

8. Coefficient of thermal diffusivity of bronze a = 110 m?/s;

9. Bearing life T = 100 h (S = 10° mm).

The results of the calculation of wear as a function of loading and
sliding speed are shown in Fig. 1.10.
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Fig. 1.10. The wear as a function of loading and sliding speed in sliding bearing

It is shown that the calculated estimate of wear of friction units is
difficult due to the complexity of the interaction processes of the elements
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of the tribosystem. Nonlinearity of wear processes leads to mathematical
difficulties in the construction of wear models. The paper proposes an
approximate method for solving a direct wear-contact problem for a sliding
bearing. The calculation was carried out for maximum contact pressures at
the center of the wear area. Trigonometric functions in the solution process
were replaced by approximate power series expansions. An example is
given of the numerical implementation of the obtained closed formula for
calculating the wear of a sliding bearing.

1.4. Variational approach for determining tribocontact parameters
of sliding bearings

1.4.1. Fundamentals of the variational approach in contact mechanics

Bearings of sliding are one of the most important structural elements
of machines and devices and make up the main part of friction units. Techno-
logical failures are usually due to bounce of the bearings (along with the failures
of other nodes) and thus limit the durability of the machine as a whole. Bearings
of sliding, depending on the type of lubrication, operate in conditions of
limiting and liquid friction. With limiting lubrication, the surfaces of the shaft
and the bearing touch fully or in areas of great length. There is no layer of
oil separating the surface. The lubricant is on metal surfaces in the form of an
adsorbed film. In practice, the methods of calculating bearings are used
when wearing only the bearing (direct friction pair), only the wear of the
shaft (the reverse friction pair) and simultaneous wear of the shaft and
bearing (mixed friction pair). When creating reliable friction units of
machines, there is a need for calculations of contact pressures and stresses in
the contact area. Calculations are numerical implementations of mathematical
models, corresponding processes and states. Mathematical models of contact
interaction consist of calculation schemes, state equations and boundary
conditions. The basis of the estimated estimation of wear of bearings of
sliding is the solving of wear of contact tasks [41-45]. In this paper, a
variational-experimental approach was used to determine the contact
pressure in the bearing.

The variational-experimental approach [41] is characterized by the
introduction into the functional of the experimental dependence. Minimizing
the functionality is looking for a solution according to this experiment. The
contact problem of the theory of elasticity leads to a joint solution of a
system of two equations: continuity and equilibrium:

-S[cs(s)k(x —s)ds = f(x):

Q=[[o(x. y)dxdy.
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The traditional way of solving the main part is to solve the integral
equation of continuity, using the equilibrium condition as a limitation. This
function is supposed to be known from the geometry of contacting bodies.
The basis of the variational approach is that, as the basic equation for
solving the contact problem, we take the integral equation of continuity
rather than the equilibrium condition. In essence, this is also an integral
equation, since an unknown function is under the integral sign. But this is
an integral equation of a special type.

Next, the procedure consists in transforming the left side of the
equation of equilibrium from a constant into a function. To do this, it is
assumed that the experiment can find a function:

n
Q:CUO,

where U, is the maximal normal movement in contact.

This function reflects the entire load process, not just one process
point. After substitution:

cug = [ [o(x, y)dxdy,

get the condition of equilibrium at any moment of loading.

The function of contact pressures can be obtained from the following
expression, which reflects the mismatch of the experiment and the desired
function:

e=cug —[ [o(x, y)dxdy,

The result is a quadratic functional of the contact problem:
Up Up 2
F=] {cug —[ [o(x, y)dxdy} du, -
0

The traditional formulation of the contact problem contains two
equations: continuity and equilibrium, and two unknown functions of the
pressure ¢ (X) and size of the contact area a (Q). In the presence of an
experimental dependence a (Q), the dimensions of the contact area are
known and the conditions of continuity are satisfied automatically.

The task minimization procedure is performed traditionally using the
Ritz method. The desired function is represented in the form of a truncated
series taken from a series that has the property of completeness.

For simplicity, consider the flat problem. Then the desired function
can be represented as:

o(X) = 29 (X).
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After substitution, we have the function of many variables C;:

Up Ug 2
F(c)= j{cug | Zci(pi(x)dx} dx -
0 0

From the condition of the minimum of the function:
oF(c)

acj

0-

1.4.2. Calculation-experimental method of estimation of wear
of a bearing of sliding

Consider the application of the variational-experimental method [41]
to calculate the contact parameters of a cylindrical bearing of sliding (Fig. 1.11).

The contact interaction of a solid cylinder of a radius R; (shaft) and a
hollow cylinder (a bearing of a sliding bearing), a radius R, connected with
agap A =R, — Ry is considered.

Compression by force Q leads to plastic deformations in contact,

while from the experiment the dependence of the contact angle 2¢q on the
load in the form of a power function is known:

Q=cqy, (1.42)
where C, n are the dependency options:
Q
b )
where Q, is the load on the shaft; b is the size of the shaft on the creature.

Q=

Q R,

Fig. 1.11. Scheme of sliding bearing
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The second main condition of the problem is the equilibrium condition
of the external load and contact pressure o(¢) for the shaft:

Q= ZRT o(c)cospde - (1.43)
0

The condition of equilibrium must be fulfilled throughout the process of
loading. This requirement leads to a quadratic functional:

@ 2
F =T{Q(%) - 2R(Pj0 o(¢) COS(pd(p} do, - (1.44)
0 0

For the convenience of the solution, we take the function of the
projection of pressure on the direction of the force as follows:

c1(p) =o(p)cose, (1.45)

Then the functional takes the form:

O 2
o [0

R= {Q(%)—ZRI Gl((p)d(p} de, (1.46)
0 0

or taking into account (1.42):

[ @9 2
Fi=[|cp; —2R[ o1(e)de | doy- (1.47)
0 0

The solution of the problem of determining the function of contact
pressure we will look in the form of a power series of the form:

o (p) = Zklik (o5 —9"). (1.48)

wherek=1, 2, 3,...
After substitution (1.48), the functional (1.47) becomes a function of
many variables:

)

2
R0 = j{wg—zRJ;gk@g_wk)d@} dos.  (1L49)
0
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After taking the internal integral (1.49) turns into a form:

%o . . K 2
F(G) = £ {C(po —ZR;ékcpE l(k—ﬂﬂ dey - (1.50)

Minimization of the function (1.50) of many variables is realized
using the system of equations:

R (&) —0. (1.51)
%y

After the rise (1.50) to the square, integrating and differentiating we
arrive at the system of equations:

With a small number of members of a series, the system (1.52)
regarding the coefficients & is solved analytically. With a large number of
members in a series - numerically with the help of a computer.

After determining & the distribution function of pressure c1(9) is
determined by (1.50).

k K _ 1
;ak% (k+1)(Kk+p+3) n+p+2’
k, p :1,2,3; (152)
& =E.5; 5:2;3%

During wear, the contact angle ¢, of the shaft and bearing increases. If
you do not take into account the elastic deformation of the bearing, then the
relationship between the angle ¢, of contact and the linear wear U, is as follows:

0o = arccos[ Cose-A ] (1.53)
u, +A

The wear of a bearing will be determined by a algebraic form:
u, =ac"(¢p,)-t. (1.54)

Thus, in order to obtain data describing the kinetics of bearing wear,
it is necessary to use a step-by-step procedure. This procedure is as follows.
The whole process of wear is divided into small segments of time.

At=t, =t, =t,..t,. Determine the contact pressure from the system
(1.52) and the wear of the bearing according to expression (1.54) for the

first period of time to.
47



Then determine the new value of the angle of contact o (1.53) taking
into account the increase in wear Uy + AUy . The new value @ is determined
by the contact pressure 6(@g) (1.45). The procedure is repeated. Thus, based
on the results of numerical calculations it is possible to obtain a change in the
main parameters of the bearing in the process of wear: o(t), @o (t), Uy(t).

In the first stage, tests were performed on the press of the shaft into
the bearing with the determination of the experimental pressure diagram [42].

According to the test results, the parameters ¢ and n of the pressure
diagram were determined in the form:

Q n
— =CQy-
bA Po
The results of determining the parameters of the pressure diagram
(hard characteristics) are given in Table 1.6.

Table 1.6
Values of parameters of hard characteristics of a sliding bearing
Materials Parameters of hard characteristics

shaft bearing c,MPa n

Steel 40H HRC 43 — 47 2,93.105 3,05
Steel 45

HRC 38 — 43 Steel 20H HRC 60 3,02.105 3,50
Cast iron Z120 3,36.105 4,35
Bronze CuSn10P 2,36.105 3,95
Bronze CuAl8Fe3 2,26.105 3,63
Bronze CuSn5Zn5Pb5 2,15.105 3,74

Calculations of contact parameters were performed at the following
initial data:

R =45 mm, shaft length along a formative line b = 15 mm;

A =0,1mm, shaft material — steel 45; material of bearing — Bronze

CuSn10P;
C =2,36,105 MPa; n = 3,95.

The results of calculations of the angle of contact and pressure on the
proposed method are presented on Fig. 1.12 and on Fig. 1.13
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Fig. 1.12. Distribution of contact pressures
at the angle of contact at different load values

~_ &

0 AN
0.75 N\
0.5 :'\\:

01 02 03 04 ¢

Fig. 1.13. Comparison of the distribution of contact pressure according
to the proposed method [41] and by the method [43]

Comparison of the results of these calculations of contact pressure
with calculations according to the known method [43] (Fig. 1.13), shows the
sufficient accuracy of the proposed methodology.

1.4.3. Contact shaft and bearing, taking into account frictional forces

The contact of shaft and bearing on a large contact area in conditions
without slipping at each point of contact is considered. The functional task
based on minimizing the deviation of the work of external force on the way
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of convergence from the work of normal and tangential stresses on contact
movements was taken as:

2
F= I{Q((po)d(po 26J- .[G(u)duRd(p 26[ .[r(v)dde(p} do,

From contact geometry for normal displacements follows:

COoS
u(cp)=A( ?_ ]
COS ¢y

or approximation, expanding in a numerical series:

2 2 A 4 )
u(e) =AH%°—%]+(%—(;—4HE1+%’J.

For small first order: du(¢) =—-Apde.
For tangential displacements, respectively: v =u(p)tge,

2 2 4 4 3
o[ §-5 {522

2
dv(<p>=A[%° 3 Z]okp

2

The solution of the problem will be sought in the form of numerical

series: o(g) = 2d, (pf — %), () = ZB. (9% —¢%)o, k, 1=1, 2, 3.
The dependence of external load on the angle of contact is taken in
the form: Q=¢0; Q= Q .
Po: Q (6ch)
After the substitution of the resulting expressions, the functional is
reduced to the following:

€| 9 2R PV .
F= ]| ] Qoo)dpo === | [Zay (05 ~9")(-pA)do—Rdo—
0[O0 00

2
2R %0 ¢ 3
_TH o (05— (%—EQH dey.
00
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Parameters o, and {3, were determined from the condition of mini-

mizing the functional of the task: oF (a,, )/ o, =0.

After the integration and differentiation the system of equations was
obtained:

—  k+1 k n A+l I
—+
%a“% 3(k+ p+7)k+3 |ZB'(P° 4(|+3)X

L - B 1
l+p+9 l+p+8) (n+p+5)(n+1)’

Z&k@gﬂ k ( Pty 6 )_'_

X (k+3)\k+m+9 k+m+8

_ |
T m+21+11 %
; Poo " S0 g)

2
o Dot _ 9o(a6, +a,8) L _
2m+21+19  2(m+1+9)  2m+3l+17
__ P& 6
N+m+7 N+m+6
where k, p, I, m=12,3.....

(xk:akC_S,BeZBeC_Lc_S:%,
0
a = | +5 a — I +7 g _M+s o m+7
Y730+2) 7 201+4) Y 3m+2) 2 2(m+4)

This solution requires a complicated computational procedure for the
use of computer programs, in particular, MathCad.

The variational-experimental method for determining the distribution
of contact pressure in a cylindrical slider bearing, taking into account
frictional forces is proposed. In the solution, the experimental dependence
of the dimensions of the contact arc in the bearing on the external load was
used. In this work an example of determining the parameters of the
indicated experimental dependence is implemented. The functional problem
is obtained as a deviation of the experimental function from the integral
equilibrium condition. For the calculation the kinetics of wear and contact
parameters, a step-by-step procedure is proposed.
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1.5. Modeling of wear processes in a cylindrical plain bearing

The problem of wear of radial plain bearings with misalignment of
shaft and bush axes was considered elsewhere [46-50]. It should be noted
that the authors of [46-48] paid insufficient attention to the wear
mechanism of surface-profile formation at the initial moment of tribojoint
operation. Furthermore, wear governing factors were considered to be
determined values. In works [49, 50], the efficiency of plain bearings with
thin one-layer [49] and multilayer [50] antifriction coatings with misaligned
shaft and bush axes was considered stochastically; however, during the
construction of the model, it was assumed that the elastic deformation of the
coating is described by the Vinkler model, which reduces the applicability
of the obtained results to thin coatings.

The aim of the work is to analyze the formation of wear-surface
geometry in a radial plain bearing with misaligned shaft and bush axes. The
method of triboelements with the ANSY'S finite-element modeling package
[51] was used to solve the problem. The joint application of the methods
aims to extend the possibilities of the method of triboelements via using the
findings of finite-element analysis of the stress-strain state of tribojoint
elements as data for determining parameters of the triboelements model of
wear. The joint application of these methods made it possible to eliminate
some of the limitations in the calculation models.

A contact of a rigid shaft of R; radius with a cylindrical elastic
antifriction layer of € thickness in engagement with a rigid bush (Fig. 1.14)
was considered. The shaft is positioned at angle o to the bush. The axis Z is
directed along the bearing axis. The bearing wear and contact pressures depend
on the position of contact points. It is taken that only the antifriction layer is worn.

L A

Fig. 1.14. Calculation model
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General theses of the algorithm for the solution of wear contact
problems using the method of triboelements with ANSYS package are
discussed in [51]. In order to solve wear contact problems in a spatial
setting, one should take into consideration that, in this case, a cubic spline
of the worn surface is constructed. At each iteration of wear determination,
a cubic spline of the worn surface is constructed, the geometry of which
takes into account the wear of the previous step. The calculation scheme
allowed us to build a parameterized calculation model in the preprocessor of
the ANSYS package (Fig. 1.15).

Fig. 1.15. Calculation model: 1. antifriction element, 2. rigid shaft

The contact interaction of elements of the tribojoint was simulated as
a rigid—-compliant contact. Shaft 2 (Fig. 1.15), which is rigid, was taken as a
target surface. Antifriction layer 1 was taken as the contact surface. On the
contact surface of the antifriction layer, the geometric position of the
triboelements was determined. SOLID186 twenty-node spatial elements
were used to generate a mesh of the finite-element model of the antifriction
layer. Surface-surface contact elements were used to obtain a shaft—
antifriction element friction pair. The target surface is described by TARGE170
elements and the contact surface is described by CONTAL74.

Wear was considered to be a random Markov-type process with a
discrete time and state. At the moment of time t = 1, the probabilities of
finding TE in a given state were found as the product of the vector of initial

states [nj] by the transition-probability matrix (TPM) [Wﬂ:

[n;(t=1)]=[;(t=0)] [Wy], ii=12..Kc (155)
where [nj (t= O)J is the vector of initial states; [nj (t= 1)} is the

vector of unconditional probabilities of finding TEs in i-th states
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i=1...,Kc at the moment of time t=1; and [VV,] is the transition-

probability matrix.
The probabilities of TE states at a moment of time t > 1 were found

as the product [nj (t —1)] of the vector of unconditional probabilities at the

moment t —1 by TPM that specifies the behavior of TE at the moment t as
follows:

(7 (O ]=[m;(t-1)] [Wy], 1i=12...Kc (1.56)

Components of the vector of initial states [nj(tzo)}were

determined based on the assumption that, at the initial moment of time, the
TE was in the first state as follows:

[7;(t=0)]=[10,0,..0]. (1.57)

The accumulation of tribodamage refers to cumulative damages;
therefore, to describe the TE behavior, the TPM with singular upward
jumps and absorbing state [52], which accounts for the mechanical essence
of wear, namely, the subsequent damage of material layers, as follows:

wy (1) wp(t) 0 0
1- 0 wy(t) wy(t) 0 .. o (L58)

0 0 0 o .. 1

The absorbing state is taken to mean the state of total wear of the
antifriction layer.

According to [53], components W (t) were found as follows:

w, (t) =2, (t) AL, forij, (159)

where the intensity of wear flow A, (t)=V, (t)/h; At is the

period of time that governs the loading cycle; h is the wear value that is
found from the condition of ordinary nature of flow; V| (t) is the wear rate
at the moment of time t.
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The value of h is chosen from the condition that the probability of
occurrence of a wear value more than h per a loading cycle is negligibly

small. Wear values are found via the mathematical expectation m; of
finding TE as follows:

7, = (Et —1) h, (1.60)

_ K
where the mathematical expectation m¢ = » i m; (t), i =1,2,...,K¢;
i=1
7; (t)is unconditional probabilities of TE states; h =&/ (K¢ —1).
It was assumed that, at the initial moment of time, all elements were

in state 1. The following power dependence was used as a function of wear
rate versus contact pressures and sliding velocities:

Vi =K Vp(d: 9o (1)), (1.61)

where V, is the wear rate, K, is the coefficient of wear rate, V is

the sliding velocity of shaft on antifriction layer, p(¢,¢y(t)) is contact
pressures, and 7y is the exponent.
Numerical analysis was performed for the following parametric

values: Q=300N; £€=2,6-10°m; A=2,0-100"m; R =112-107m;
V,, =0,95m/s; K. =5; K, =1-10"? m?/N.

Calculation results were used to build contact pressure distributions
on the surface (Fig. 1.16) for the initial moment of time, for the moment
that corresponds to active geometry variation (0.75 ks) and the period of
stationary wear of tribojoint elements (9 ks). An analysis of time variation
of contact pressures (Fig. 1.17) and maximum wear (Fig. 1.18) has shown
the basic processes of geometry formation of the wear surface to occur at
the initial moment of time before 1.5-2.0 ks. At this time, the wear becomes
stationary, which is evinced by almost all linear dependences of maximum
pressure (Fig. 1.16) and maximum wear (Fig. 1.18).

An analysis of the shape of the contact pressure distribution on the
surface at the initial moment of time in the absence of wear (Fig. 1.16, a)
shows that maximum contact pressures that act along of axis of load
application drop linearly from the maximum on the bush face to zero in the
exit zone from the contact of the shaft with the bush.
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Fig. 1.16. Contact pressure distribution on the surface
at an angle of misalignment of the shaft and bush axes of 0.5°
at the following moments of time: (a) 0 ks; (b) 0.75 ks; (c) 9 ks

The beginning of wear results in variations in the surface geometry
of the shaft—bush contact, and an increase in the area of contact interaction,
and a substantial decrease in maximum contact pressures. Here, the contact
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pressures rise near the contact surface boundaries (Fig. 1.16, b). Therefore, in
the beginning of the wear, upon wear surface formation, contact pressures tend
to be equalized both in axial and radial directions. This behavior of the contact
pressures at the initial moment of wear is attributed to the fact that, retaining
continuity of the shaft—bush contact and provision of the equality of the values
of shaft point movements under the action of the applied forces and under
wearing requires the uniform bush wear along the contact axis, which is provided
by the equalized contact pressures (Fig. 1.16, c). In this case, the calculation
model assumes a constancy of the axes misalignment angle during wear, which
governs the above mechanism of the kinematic bush—shaft interaction. The
additional degrees of freedom that govern the possibility of varying the angle of
axis misalignment and taking into account nonuniform contact pressures and,
consequently, wear (maximum at the bush face and zero in the contact exit
zone) in the direction of the plane of load application would result in the
increasing angle of mutual misalignment of the axes of the tribojoint elements.
The wear surface increases along the boundaries of the wear contact
interaction owing to new contact elements of the unworn surface due to
elastic deformation of the bush. As a result, a transitional wear zone arises
on the boundaries of the interaction zone (Fig. 1.19, b), which is characterized
by a nonlinear dependence of the wear values in the direction of the plane of
load application. At the initial stage of contact surface geometry formation,
contact pressures substantially drop. Here, the shape of pressure distribution
on the surface tends to be uniform in both the axial and radial directions
(Fig. 1.19, c). The linear mode of the time dependences of maximum contact
pressures and wear (Figs. 1.17, 1.18) during this period makes it possible to
conclude that the system starts operating under stationary wear conditions.

E._l

Ly

=

L

Maximum contact pressures, MP

Wear period of time, ks

Fig. 1.17. Maximum contact pressures vs. wear time at misalignment
of shaft and bush axes: (1) 0.35°; (2) 0.5° (3) 0.75°
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Fig. 1.19. (a) Wear surface and (b) transitional zone for axis misalignment
angle 0.5° and wear time 9 ks
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Fig. 1.20. Samples upon testing (axis misalignment is 0.5°, test time is 9 ks)

In order to validate the calculation results, we conducted experiments
when a bush is worn by a rigid shaft with mutual axis misalignment at the
geometrical and force friction parameters that correspond to the calculation
analysis. A composite material based on Flubon 15 fluoroplastic was used as
a material for the sample to be worn. The choice of the material is caused by its
triboengineering characteristics to provide stable operation under unlubricated
friction with a low coefficient of friction and absence of wear of the second
element of the tribojoint. A cylinder made of 40X steel with hardness HRC
60 served as a counterbody. The test specimens were cylindrical bushes 15 mm
long, 11.2 mm in nominal diameter, and 2.6 mm thick. The tests were
carried out at a shaft rotation frequency of 800 rpm. A gap between the
specimen and the counterbody should meet the condition that at misalignment,
the shaft—bush contact occurs only along one bush face. The gap was 0.2 mm,
correspondingly. The load to the specimens was 300 N.

A transitional wear zone between the worn and unworn surface can
be seen on the pictures of the cut specimen (Fig. 1.20) upon testing.

The results of measurement of the transitional zone for different
misalignment angles of shaft and bush angles are shown in the table. A
comparison of the wear surfaces and dimensions of the transitional zones
obtained via calculations and experiments demonstrates good quantitative
and qualitative consistency (Table 1.7). The width of the transitional zone,
as evidenced by the experimental findings and results of numerical analysis
(the Table) depends on the mutual misalignment angle of shaft and bush
axes. A decrease in the misalignment angle results in the increasing width
of this zone. Experimental results show that a decrease in the angle from
0.75 to 0.35° caused an increase in the width of the transitional zone from
0.3 to 0.72 mm. A general analysis of the data obtained in experimental
studies and numerical simulation has shown good consistence of quantitative
and qualitative results.
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Table 1.7
Width and length of wear area

Axes misalignment angle, grade 0,35 0,50 0,75
Experiment 14,52 | 11,68 | 9,15
Calculation 14,50 | 11,75 | 9,25

Width of transitional zone Experiment | 0,72 | 0,55 | 0,30
in the direction of bush axis, mm | Calculation 075 | 050 | 0,25

Wear surface length, mm

Conclusions

It is discusses the findings of the study of wear surface geometry
formation in plain bearings with misaligned shaft and bush axes. The
calculation analysis made it possible to reveal and experimentally confirm
the presence of a transitional wear zone, determine its quantitative
parameters, and explain the mechanism of its origination. A comparative
analysis of the numerical simulation and experimental data shows good
consistency of qualitative and quantitative regularities. Data analysis shows
that, for the given scheme of wear contact interactions, the initial wear
period is the period of the active formation of the wear surface geometry.
Large contact pressures that arise from the mutual misalignment of
tribojoint element axes govern the high surface wear rate and the rapid
increase in the surface of wear contact interaction.

This, in its turn, leads to a rapid decrease in actual contact pressures.
In this case, the contact pressures are equalized in the axial and radial
directions. In order to provide the continuity of shaft-bush contact, the
wear-induced shaft displacement is compensated by elastic deformation on
the surface boundaries that result in the augmentation of the contact
pressures in the above mentioned places and afterwards to almost uniform
pressure distribution on the wear surface. Newly appeared contact surface
spots start to wear, a result of which a transitional wear zone is shaped. In
the small period of time of surface geometry formation, the tribosystem is
worn under stationary conditions.

1.6. Wear and reliability of cylindrical vehicle joints

The suspension is one of the most important parts of a car in terms of
the comfort of transportation of goods and passengers and, most importantly, in
terms of traffic safety. Wear of friction units is the main reason for the
decrease in suspension reliability. The suspension structure of the front wheels
of a car contains many important friction units. Among these supports, the
most important are ball bearings. These bearings have different friction
pairs: steel on steel, steel on polymers, steel on rubber, etc. The study of the
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support structure is the first mandatory stage of calculations and tests for
wear and reliability of friction units. It is also necessary to understand how
the construction of the assembly works, as well as to understand the entire
subsequent calculation methodology. Analysis of the design of ball joints of
different cars allows us to trace the tendencies of their improvement.
Suspension ball joints are applied between control arms and wheel carriers
or knuckles of the suspension that allow relative articulation and rotation
between the mating components. Depending on its application, the ball joint
can transmit longitudinal and lateral forces with only a small proportion of
forces as well as the complete vehicle weight in vertical direction. Much
attention is currently paid to the study of the tribological aspects of
extending the service life of the movable joints of a car [64]. At the same
time, a comprehensive study of analytical and experimental methods for
predicting the resource of vehicle friction units is an actual problem.

1.6.1. Calculation of wear and contact pressures in ball bearings

of a vehicle suspension

To determine the effectiveness of construction and lubricants used in
transport, a calculation method is proposed for determining the wear of vehicle
parts. The technique takes into account the properties of materials and the
operating conditions of the friction unit and makes it possible to determine
the durability of the friction unit by the wear criterion. The basis is the
solution of the wear contact problem for a given contact pattern of parts.

In this case, the design of the ball joint of the car suspension is
considered. In the ball joint, there is a contact interaction of a rigid spherical
liner and a rigid cage according to the scheme in Fig. 1.21 A ball bearing of
radius R rotates around its axis along the body and wears out. It is necessary
to obtain the dependence of the wear of the mating of the axes of the main
factors. The angle of the liner ranges from ¢ = @, to ¢ = @».

Fig. 1.21. Design scheme of the hinge
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The mathematical formulation of the problem consists of an equilibrium
condition, a geometric relationship, and a wear law.
The equilibrium condition for a spherical joint is:

®2
Q=2nR? Ic((p) cospdo, (1.62)
P
where () is the required pressure function.
The geometric dependence of displacements u, on wear u,,(¢p) is as
follows:
u,, (¢) =u, coso. (1.63)

The wear law with two parameters k,, and m is taken as:

du,
dt

where n is the number of vibrations of the hinge per unit time t;
r=Rcose.

As a result of differentiating condition (1.62) and equating (1.64), we
obtain:

=k,o"2nnr, (1.64)

k,o™2nnR? cos @ = %cosw, (1.65)

1 1
Gz[dﬂjm _1r . (1.66)
dt k, 2mnR?

As a result of mutual substitutions, we obtain the resolving integral
equation of the problem:

1 1
du, \m 1 m 2 )
=2R| —% | | —— cosesin pd - (1.67)
© (dtj [sznnsz ({ PIPTP

from here we have:

After integration, we obtain the dependence for the maximum wear:

Q )”‘ k,2mRn
u, (t) = W t. (1.68)
W (nR2 (sin® @, —sin® @,)"
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If we take the friction path for one cycle s;, then for the time t the

total friction path is: s=snt or nt _S Asa result, for the friction path
Sl

m 2
UW(S)=( Q ) k,2nR"s (1.69)

nR* ) sin®¢@, —sin’ @,

we get:

The formula for determining the contact pressure is obtained by
substituting (1.69) in (1.66):

Gz[ Qj (k,2nR*n)" [ 1 jm_ w70

nR? Jsin® ¢, —sin® o, | k,2nnNR?
After the transformations, we finally get:

S — (L.71)
T:Rz(smchz—smchl)

An example of calculating the wear of the lower support in the
contact of a hardened steel shaft and a polyurethane polymer liner.

Initial data. Hinge load 2,000N. The total path of friction in the joint
for 10,000 km of run. Ball pin radius 16 mm. The parameters of the wear

model for polyurethane are: m = 2.04; kW:0.5-10’8 (MPa)™. Liner
contact angles: @; =35°; @, = 85°.

The calculation of the wear of the liner is performed according to
dependence (1.68) with the selected initial data per 10,000 km of run:

=0.233 mm.

w

2000 " 0.5-10°° - 2x-167 -3-10°
ml5° sin®85° —sin®35°
The obtained dependencies for calculations of wear are valid for all

ball bearings of the front suspension. The difference lies in the different
values of the contact angles ¢, and ¢, . The formula for calculating contact

pressures is also common to all mates in ball joints. This calculates the wear
due to the frictional path caused by the axial rotation of the ball pin during
the rotation of the steering knuckle when turning from the steering.
The friction path from lowering and raising the wheels while driving must
be added to the total friction path in accordance with the suspension
kinematics.
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The maximum initial contact pressure in the hinge is determined by
the dependence (1.71):
Q 2,000

oo _ ~3.95
nR’ (sin’ ¢, —sin” ¢, )  n15° (sin” 85" —sin”35°)

It has been established that this value of contact pressure does not
change with wear of the liner.

Contact pressure is the main, basic characteristic of the friction unit.
To determine pressures, it is necessary to have a solution corresponding to
the contact problem. The upper and lower supports each have two types of
spherical couplings, which differ both in the sign of curvature and in the
properties of the contacting bodies. However, all mates can be represented
as one generalized mate: the convex spherical surface of the finger and the
concave spherical surface of the support body (or vice versa). In all cases,
contact starts at some angle ¢; > 0 and ends at an angle @, <90°.

1.6.2. Reliability calculations of ball bearings

Let us assume that the current wear of the suspension ball bearings is
distributed according to the normal law. In this case, the quantile up of the
reliability function is determined [53] by the dependence:

u, :_n——ll((P)’ (1.72)

(nV2 +V2 )2

where V,.,V,, is variation coefficients of limit and current wear;
N is safety factor for wear:

n=tw (1.73)

u

w

The limit wear value can be taken constant u:v =0, then the variation
coefficient V. = 0. In this case, from (12) we have:
~ n-1
LTV

w

(1.74)
By quantile, the reliability function is determined by the Laplace

function: (l)(up):
P(uy <y)=05+¢(up)- (1.75)
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The determination of the general variation coefficient is performed
through the partial coefficients of variation, taking into account the form of
the main dependence (1.68).

The determination of the general variation coefficient is performed
through the partial variation coefficients, taking into account the form of the
main dependence (1.68).

In this case, the load, the wear rate factor and the friction path are
random values. The variation coefficients for these quantities VQ,VkW \V, are

assumed to be known.

In accordance with the general methodology [64] determining the
coefficient of variation of a function by the variation coefficients of the
arguments, we have:

1
V,, =(mVg +V2 +V7 )2 (1.76)

Let us determine the probability of failure-free operation of the ball
joint of the car during 10,000 km of run. Let's use the initial data from the
previous example. Let us take the coefficients of variation:V, =04,

Vs =04, Vy =0.35.

The general coefficient of variation of wear is determined by the
dependence (1.76):

1 1
V,, = (MG +V +V7)? =(2.04°0.4° +0.35" +0.4°)? =0.98;
Average wear is determined by the formula (1.69). According to the accepted
data, the wear of the ball joint was obtained for 10,000 km. u,, = 0.233 mm.

According to [66], if, when checking the wear in the upper ball joint,
the total indicators of the indicator exceed 0.8 mm, then the hinge must be
repaired. Thus, dividing this value into two joints (lower and upper) we
obtain the allowable wear value in the ball joint of the front suspension:

u,, =0.3mm.

u, 03
Safety factor: n=—%=——=185.
u, 0233

The quantile of the probability of no-failure operation is determined
by the dependence (1.72):
u,=-"1_ B8l g7,
V, 0,98

w I
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According to the tables of the Laplace function: ¢(-0.867) = 0.3078
Finally, reliability function according to (14):

P=0,5+¢(u,)=0.5+0.3078=0.8078.

The given example is methodological in nature. For a more reliable
assessment of reliability, it is necessary to perform an experimental
determination of both the average values and their coefficients of variation.

1.6.3. Determination of wear parameters of ball joint

In the calculation formulas, the wear parameters m and k, were
taken as given. The problem of determining the parameters of the friction
pair wear model is one of the stages of the computational and experimental
evaluation of the wear of the ball joints. The problem of increasing the wear
resistance of this unit can be solved in two directions: improving the wear-
resistant properties of the liners and choosing new types of lubricants.
Currently, great progress has been made in the development of lubricants
with additives. The task is to assess the effectiveness of lubricants for use in
ball joints. The wear characteristics of the materials were determined from
the results of wear tests. The test scheme is shown in Fig. 1.22. An automobile
ball joint polyurethane liner was used as a sample. The outer surface of the
insert was tested with loading with a sphere diameter R =28 mm (Fig. 1.22).

3

Fig. 1.22. Scheme of testing the polyurethane liner for wear:
1 — polyurethane hinge liner; 2 —steel counter sample HRC 50;
3 — container with grease; 4 —loading arm

The tests were carried out at a rotational speed n =830 rev" and a

load of 10N. For lubrication, we used: ShRB-4 grease, Mobil grease, Shell

grease. Three samples of each variant were tested. The contact patch was

measured in two directions. The average test results are presented in Table 1.8.
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Table 1.8
Test results of polyurethane with different types of lubricants

. 6 a, mm
Friction path s 10°, mm without lubrication | Shrb-4 | Mobil | Shell
1 1,44 1,211 1,201 | 1,240
3 1,52 1,46 1,33 | 1,335
5 1,665 1,511 | 1,432 | 1,38
8 1,71 1,58 1,49 1,50
10 1,802 1,715 | 1,575 | 1,585

The test results were approximated by a power function of the dependence

of wear on the friction path in the form: a = cs®. The power-law approximation
parameters were determined using the Excel program (Table 1.9).

Table 1.9
Results of determining wear parameters for various lubricants
Parameters Dry ShRB-4 Mobil Shell

§ 0.105 0.14 0.118 0.14

c 0.33 0.25 0.269 0.295

m 3.65 3.15 3.52 3.34

K, 13.4-10° | 0.425-10° | 0.38-10° | 0425.10°
(7MPa)-10°° 2.175 0.0827 0.064 0.0745
1(2MPa)-10°° 0.0378 0.0029 0.00156 0.00175

The formulas for determining the wear parameters were determined
by solving the inverse wear-contact problem [55]. Relationships (1 — 3)
were used as the basic equations. As a result, we got the formulas:

mo1=2B L.77)
2
2m+2

K — ¢ : (1.78)

(2m+2)(Q/n)" R

The results of calculating the wear parameters are shown in Table. 1.9.
Comparison of the effectiveness of lubricants is carried out in terms of the
wear rate at two pressures of 7 MPa and 2 MPa. The calculation of the
intensity is carried out according to the main dependence:

_du, _ ko™ (1.79)
ds
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The results of calculating the wear rate for various lubricants are
shown in Table 1.9. From the results of comparison with the base grease
ShRB-4 it follows: the use of Mobil grease reduces wear at 7 MPa by
1.2 times; at 2 MPa by 1.79 times; the use of Shell lubricant reduces wear at
7 MPa by 1.15 times; at 2 MPa, 1.70 times.

Conclusion

1. To estimate the wear of the ball joints of the car suspension, the
wear-contact problem was solved. The solution is based on: the equilibrium
equation of the tribosystem, the law of wear, the geometric equation of
continuity in contact. As a result, closed formulas were obtained for
determining the amount of wear and contact pressure.

2. A method is proposed for calculating the reliability of ball joints
of a car half-suspension by the criterion of wear. A method of sequential
calculation of the coefficient of variation of wear is considered by the
coefficients of variation of random parameters that are included in the
formula for calculating wear.

3. Based on the solution of the inverse wear-contact problem,
formulas are proposed for calculating the parameters of the wear law. A
comparative assessment of the tribological properties of lubricants for ball
joints of the car suspension is carried out.
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CCHAPTER 2)

Research of Tribological Properties of Lubricants.
Theory and Experiment

2.1. Testing of lubricants according to the four-ball scheme.
Test method theory

The current stage of development of tribology is characterized by the
creation and improvement of methods for calculating friction wear points
[1-3]. The creation of such methods is constrained by the problems of
mathematical description of the processes of wear. At the same time, the
lack of calculation methods at the design stage and the creation of a
machine makes it difficult to create methods for predicting the wear
resistance and durability of friction units. The development of analytical
methods for calculating the wear resistance of lubricated tribosystems
requires consideration of the nonlinearity of the wear process due to the
complex interrelationships of mechanical, thermal, and friction properties.
To obtain correct results, analytical calculation methods require the use of
their wear parameters, which can only be obtained from wear tests. Among
the known methods of testing friction units with lubrication, the most
perfect and common are four-ball testing [4-5]. The main disadvantage of
testing according to this scheme is the lack of models for a quantitative
description of the wear process, which in most cases results only in a
qualitative assessment of test results. Also, tests on a four-ball pattern use
standard samples from steel 52100, and the laboratory diagram of the
contact of two balls does not always adequately simulate the wear of parts
from other materials and structural forms [6-7]. Thus, the creation of
computational-experimental wear models for predicting the wear resistance
of tri-mats is relevant. For the theoretical basis of the approaches proposed
in this study, the solutions of direct and inverse wear-contact problems for
contact and wear of samples of various shapes were taken in [8-9]. Possible
ways of applying the calculated estimates of the durability of lubricants for
engines of transport vehicles are shown in scientific papers [10-12].
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Lubrication is one of the most effective methods for enhancing the
wear resistance of the friction units of machines. The success of research
into the wear of lubricated surfaces is determined by the testing methods
used. Among well known methods for testing lubricated friction units, the
four ball wear testing scheme proposed by Berlage in 1933 is the most
effective. This testing scheme may have different design solutions, the basic
unit of it, however, a pyramid composed of three stationary balls and one
movable ball is an integral part of every four ball frictiontesting machine.
The testing methods using four ball friction machines have been standardized,
e.g., GOST 9490-75 (USSR), ASTMD 2596 and ASTMD 2783 (United
States), DIN 51350 (Germany), PN— 76/C_04147 (Poland), IP 300 (United
Kingdom), and BDS 14150-77 (Bulgaria) and find many applications
worldwide. In the authors’ opinion, the main drawback of the tests
according to this scheme is that the process of ball wear has not been
mathematically described. As a result, the tests yield a qualitative, rather
than quantitative, description of the process. Various approaches to the
theoretical description and construction of mathematical wear models and
the accompanying processes for the testing schemes arepresented in.

Contact geometry and load. Three balls of the same radius R; and
located on a plane so that they touch according to the scheme in Fig. 2.1, while
the centers form an equilateral triangle O;0,03. The fourth top ball with the
center O, of the radius R, is located on the bottom three so that it contacts each
at points Ay, Ay, As. A force is applied to the center of the fourth ball O,,
which is transmitted to each of the three lower balls in the center-to-center
directions Q4Q1, Q4Q2, Q4Qs3, creating equal forces Q; = Q. = Qs.

The presence of the cage provides a stable stationary position of the
lower balls during vertical loading by force and rotation of the upper ball by
a moment around its vertical axis. Such a simple stable system of four balls,
the centers of which form a tetrahedron, is widely used as a tribological test
scheme with liquid lubricant poured into the space between the balls.

To determine the forces acting between the balls, it is necessary to
determine their direction and angle (Fig. 2.1):

o = arcsin L. 2.1)
2

The value I, is determined from the similarity of triangles O,AB and
0401C:
P 2RR, 2.2)

©BRAR,)
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in particular, for R; = R, = R:

rr=— =05774R. (2.3)

H
o =

Fig. 2.1. Design scheme

The expression for determining the angle o is obtained after
substituting (2.2) in (2.1):

. 2R,
a=arcsin————— (2.4)
V3(R +R,)
at Rl = R2 =R:
.1
o =arcsin— = 35,26". 2.5
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The forces Q; acting normal to each ball (Fig. 2.1) are expressed
through the total force Q by the ratio:

Q
= y 2.6
% 3cosa 26)
or taking into account (2.4):
Q. = Q . 2.7
. 2R,
3cos| arcsin—F—————
V3(R +R,)
If the radii of the balls are the same R; = R, = R, we have:
Q =0,4082-Q. (2.8)

Q1 =
.1
Scos(arcsm \/3_)}

The friction paths for the contact areas of the upper S, and lower
balls S; are different.

When determining the friction paths, we will assume that the
dimensions of the contact area on the lower balls are small in comparison
with the size of the contact area of the upper ball (a << ry), the calculation
of the friction path will be carried out according to the average radius r;.

We will assume that the friction path for each point of the lower
contact area is equal to:

S, =2mnnt, (2.9)

where n is the number of revolutions of the upper ball per unit of
time; ¢ is the test duration.

The friction path S, for the contact points of the upper ball is
different and depends on:

1) from the distance 1, of the points of the axis of rotation of the
ball (Fig. 2.2);
2) from the size of the contact S, = S,y area at a distance I,

S,=2a,(a,y)=2{a’-y>.
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Fig. 2.2. Scheme for determining the paths of friction

On the other hand, S;the friction path in one pass of the contact

points of the upper ball through the contact area of the upper ball: the shape
of the lower contact area is a circle; the shape of the contact area of the
upper ball is a ring.

Full friction path S, for the contact area of the upper ball:

S, =3S,nt. (2.10)

The ratio of the friction paths of the upper and lower platforms is an
important characteristic of the system, sometimes called the overlap
coefficient, taking into account (2.9) and (2.10):

i_&ém:i(az_yz)%

=== 211
Vs 2mpnt 1)
In the middle section (Fig. 2.2) atr, =1, y=0
3a(S
-] @12

n

7



Thus, we have a relationship between the average friction paths:
S, =CSa(s,). (2.13)

3
where C, = —.
Th

When solving the problem, we make the following assumptions:

1) we assume that the balls are rigid, that is, contact displacements
from deformations are negligible compared to displacements from wear;

2) contact pressures (S(Sl) are evenly distributed over the contact
area [2];

3) wear u,,,U,, of the lower and upper balls occurs in the steady

wl?
state according to the models:
du,,
—wl K o™, 2.14
dSl wl ( )
du,,, m
=K,,o ?, 2.15
dSz w2 ( )

Where m;,m,,K,,,K,, is the papameters of the model, with this

friction path S; and S, definited by the (2.9) and (2.13).

Contacting is carried out under the two conditions of continuity and
equilibrium. The continuity condition in contact for one pair of balls has the
form:

Uyg (S1 1)+ Uy, (S,,1) =u(S,,S,, 1), (2.16)
where r is the radial coordinate of contact points (Fig. 2.2);
Uy (S1:T)s Uyp(S,.1) s the linear wear of the lower and upper balls;

u (Sl, S,, r) is the geometric function of coordination of contact movements.
Equilibrium condition in contact:

Q =[o(r.S,.S,)dF, 2.17)
.

where F is contact area on the lower ball; c(r, Sl,SZ) is the contact

pressure distribution; Q, is the load on one contact area.

Relations (2.14-2.17) give a complete statement of the problem
under consideration for balls with wear.
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The geometric function of the coordination of contact displacements
is determined from the geometry of the intersection of spherical surfaces R,

and R, in the contact zone:

_ 1 2_ 2
u(sl,sz,r)_—ZRnp a(s,8,)" -1, (2.18)
where R” =ﬂ.
R +R,

The derivation of the differential equation of the problem is reduced
to mutual substitutions of the basic relations and simple transformations.
First, we represent the continuity condition in the contact in a differential

form, differentiating the left and right sides along the friction path S; :
duwl(sl’ r) i duwz (821 81, r)di _ dU(Sl,SZ)

(2.19)
ds, ds, ds, ds,
Taking into account (2.18), on the right-hand side we have:

du(S da(S
M:a(sl)Ll), (2.20)

ds, ds,

and on the left, taking into account (2.13):

ds, da(s,)
—==|a(S;)+ S, |C,. 2.21
dSl ( ( 1) dSl 1 1 ( )

Substituting (2.14), (2.15), (2.20), (2.21) into (2.19) we obtain the
following differential equation of the problem with respect to the function

a(s,):
da a da
Ko™ +K,,0™C|a+—S, [=——. 2.22
wl w2 1[ dSl 1} Rnp dSl ( )
This is the initial differential equation of the problem with respect to
the function of the size of the contact a(S,) area depending on the friction

path S;.
This equation must be solved when the equilibrium condition (2.17)

is satisfied, which gives a complex relationship a = a(Sl,cs,Q), complicating
the solution of equation (2.22).
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The situation is simplified if we assume the uniformity of the
distribution of contact pressures over the site. This assumption is justified
by the form of equation (2.22), which does not include the radial coordinate r.

With a uniform pressure distribution, the equilibrium condition (2.17)
takes the form:

Q =ma’(S,)s(S,). (2.23)
from here
o(S;)= 2 (2.24)
Y na? (S,)

Substituting (2.24) into (2.22), we obtain a differential equation that
explicitly connects the area a(S,) and friction path:

my m2
K (Q_lzj + Ky (&12) Cila+s da = id_a' (2.25)
na na ds,) R, dS

We transform this nonlinear differential equation to a more convenient
form:

b, Dba b, da da
+ —9S =a—, 2.26
a’™ a’™ a’™ds, T dS (2:26)

where b, = R,K., (Ql/n)ml; b, = R, K., (Ql/n)mz C.

Further transformations give the following form:

da ( oma 2(my-mp) 2m-mp) _p
s, (a -b,Sa )—bza —b, =0. (2.27)
At m, =m, =1 equation (2.27) is reduced to the form:
da/ ;5
d—Sl(a ~b,S,)-b,a-b, =0.. (2.28)

Solution to equation (2.27). If the top and bottom balls are made of
the same material:

m=m,=m; K, =K, =K,, (2.29)
then equation (2.27) is reduced to a simpler form:

da /_omu _

d—sl(a ~b,S;)-b,a~b =o0. (2.30)
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We write this equation in the standard form:

M(a, S,)dS;+N(a, S;)da=0;

M(a, S;)=-ba-b; N(a S,)=a*""-b,S,.

We make sure that this is an ordinary differential equation in total

differentials, since the condition is satisfied: d—M = d—N

da ds;’

The solution of equation (2.30) as a differential equation in total
differentials is performed as follows:

u=[Mds, +(a)=—b,as, —b;S, +¢(a).

. d do(a
Further, using the property: — — N, we have: do(a) =a®m,
da da
2m+2
After integration: ¢(a)= +C.
J ¢( ) 2m+2
As a result, we get the equation:
1
—b,asS, —bS, + ——a®™?* =C. (2.31)

2m+2

If the condition is set a(S; =0) =0 we have C =0. After substituting
this value in (2.31), we have a nonlinear algebraic equation:

a’™?—(2m+2)b,S,a—(2m+2)bS, =0, (2.32)

where b, =b,C,; b, = RnpKW(%]
T

The solution to the problem of determining the size of the contact
area is reduced to solving a nonlinear algebraic equation of the type:

a"-ga-¢,=0, (2.33)

m
where & =(2m+2)R K, (%) C.S;;

&, =(2m+2) RHPKW(QJ S;;; n=2m+2
T
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Obviously, only a numerical solution of the nonlinear algebraic
equation (2.33) is possible.

Using the MathCad program, a numerical solution of the nonlinear
equation (2.33) was carried out with the following initial data: R = 3,175 mm;

K, =17-10" (MPa)™ m=15 Q =81,64 N; ¢, =0,26 mm™. The
results of the numerical calculation are shown in Table 2.1.

Table 2.1.
Results of calculating dependence a(S,) at (2.33)
S, x10°, mm 4 5 6 7 8 9 10
& 0,0086 | 0,011 | 0,013 | 0,015 | 0,017 | 0,019 | 0,022
£, 0,033 | 0,041 | 0,05 | 0,058 | 0,066 | 0,075 | 0,083
a, mm 0,519 | 0,543 | 0,564 | 0,582 | 0,598 | 0,613 | 0,626

If the initial condition is given in the form a(S, =0)=a,, from

(2.32) we have:
B agm+2
2m+2°

Substituting (2.34) into (2.31) we have:

(2.34)

2m+2

a™m A&
2m+2 2m+2

2m+2

—-b,aS, —bS; +
This leads to a non-linear algebraic equation:

a’™? —b,as, (2m+2)-bS, (2m+2)-ai™? =0,  (2.35)

the exact analytical solution of which is also difficult.

Equations (2.32) and (2.35) are easily solvable with respect to the
friction path. This can be used to solve the problem of determining the size
of the wear area depending on the friction constraints.

So from (2.32) we have:

2m+2

B a
> am+2)(na-by)

Based on this dependence, a graph is built to determine the size of
the site for a given friction path S;. With the above initial data, the graphical
dependence a(Sy), built using the MathCad program is shown in Fig. 2.3.
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Fig. 2.3. Dependence a(S;)

Inverse problem, determination of the parameters of the wear model.
Now we set the following problem: determine the parameters K, and m of
the wear model of the ball material from the solution of the contact problem
in the form (2.32).

Let the results of tests at two points (a;,S;;); (a,,S;,) be known

from experiments: all other things being equal, including the load.
Let us write uranium (2.32) for the two indicated experiments:

(al)2m+2 _ (2m + 2) R, K., [%) Sll(Clal +1)
2.37)

np” Sw

(a,)"™% = (2m+2)R, K (%] S, (Cia, +1)

Having compiled the ratio of these equations to the left and right, we
exclude the parameter K,,, namely:

2m+2
[ 3 j _Su(Cay+1) (2.38)
a, S, (Ca, +1)

From here we immediately obtain an expression for determining the
exponent m:
| S11(Cia, +1)

S, (Ca, +1)
m=—=="12 "1 31 (2.39)
21g(a,/a,)

83



Second parameter K, we find from any of the equations (2.37):
2m+2
a
K, = (2,) . (2.40)

w Q m
(2m+2)R,, (l} 5, (Cay +1)
T
In the case of initial contact ap over the site, the solution to the

problem is obtained in the form (2.35), which, taking into account (2.32),
can be reduced to the form:

a2m+2 _ a§m+2 _ (2m + 2) Kanp (gj Sl (Cla +1). (2.41)
T

Let the results of tests at two points be known from experiments:

(a,S1); (82,512)-

Using (2.41), we write the system of equations describing the state
for the two indicated points:

m
ar™? —ai™? = (2m+2)K,R (gj S;1(Ciay +1)
n

W' ‘np
(2.42)
Q m
a;™? —al™? = (2m+2) KR, (—j S, (Cia, +1)
Y
Having compiled the ratio of these equations, we get:
512m+2 -1 _ (C131 +l) Sll (2 43)

gzzmz -1 (Claz +1) Stz ,

where & =a,/a,; a,=2a,/3,.

The problem is to solve the nonlinear equation (2.43) with respect to
the exponent m. A solution in a closed general form is not possible. Direct
numerical solution of system (2.42) is practically possible.

It is more rational to first solve numerically the non-linear equation
(2.43) with respect to the parameter m, and then defining the parameter K,,
from any of equations (2.42). For example, from the first equation:

(a1)2m+2 _ a2m+2

K, = 0 _
(2m+2)R,, (2) Sy (Cia, +1)
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The numerical solution of the nonlinear equation (2.43) and the
determination of the parameters of the wear pattern were carried out using

the MathCad program with the following initial data: R, = R, =6,35mm;
R=3175 mm; Q=200 N; C; =0,26 mm™; n=300 rev* t, =60 min;
t, =300 min.

Wear tests were carried out on a four-ball machine. As a result of the
tests, the data presented in Table 2.2 were obtained.

Table 2.2
Test results
t, min 0 60 120 180 300
a, mm 0,15 0,42 0,5 0,6 0,65

Based on the actual experimental data, a graph is plotted a = a(t) and
a=a(S,) (Fig. 2.4).

d, mm

0,6 1 /*'0*/’—Q

0,5 /
0’ 4 / SN —
0,3 - | —

0 0.4 0,8 1,2 1,6 2 §.10°,mm
Fig. 2.4. Test results

As a result of the implementation of the further calculation algorithm
using the MathCad program, the wear parameters were obtained:

m=0,9028, K, =3,4986-10""° MPa™.
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The contact parameters of two identical balls can be determined by
the classical formulas following from the theory of Hertz.

Tests of lubricants on a four-ball machine without wear measurement,
or with wear measurement, but without corresponding wear patterns, is
qualitative in nature or gives an idea of the behavior of the tribosystem at
extreme points. The theory of the test method for wear with lubrication according
to the four-ball scheme with the determination of the parameters of steady-
state wear models is proposed. The method is based on the solution of a contact
problem for wearing balls. The approximate solution of the problem is based
on the assumption of a uniform distribution of contact pressures at any moment
of testing. When describing the process of ball wear, the contact problem with
wear was reduced to an ordinary differential equation in total differentials, which
was solved exactly. The calculation procedure for determining the parameters of
wear models has been determined. A methodical example of the method
implementation is given. The solution of direct and inverse contact problems
taking into account wear makes it possible both to determine the parameters
of the wear models based on the results of wear tests, and to carry out calculations
of wear in this contact with the given parameters of the wear model.

2.2. Determination of wear resistance characteristics based
on the results of laboratory wear tests

To solve the problem of quantifying the tribotechnical characteristics
of lubricants and structural materials, an experimental setup using the
prototype four-ball friction machine was used. The main part of the
installation is a working unit, the construction of which is shown in Fig. 2.1.
The upper ball 1 is based and centered in the spindle, which eliminates the
beating of the ball during rotation and increases the rigidity of the drive
unit. The lower three balls 2 with a diameter of 12.7 mm are mounted on the
hardened and ground surface of the support 4. Fastening and self-centering
of the lower balls is carried out by a nut 3 with a conical working surface.
The top plane of the nut 3 is used as the measuring base. At the same time,
the zone of the lower balls is maximally open to the study of the geometry
of the wearing surfaces without disassembling the installation. Self-alignment
of the upper and lower balls is provided by a radial spherical double-row
ball bearing 5. To measure the friction torque is a ball thrust single-row
bearing 6. Installation for testing is based and fixed on the base 7. A
thermometer is used to control the temperature in the friction zone of the
balls. The sensitive measuring element of the thermometer is placed through
the central hole in the support under the lower balls. During testing, the
lubricant temperature in the friction zone is continuously monitored.

Three test schemes were proposed: four balls, a ball-ring, a cone-ring
(Fig. 2.5). This approach methodically provides the nomenclature of the most
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common real friction pairs: rolling bearings, gears, cam mechanisms — the
first scheme; bearings, articulated mechanisms, cylinder-piston group of engines —
the second and third scheme. When testing in accordance with schemes 2 and 3,
the working unit of the laboratory installation is used 1, where instead of
three balls a ring is set, and in the spindle instead of a ball a cone is inserted.

Fig. 2.5. The working unit of the laboratory installation and design test schemes

To measure the size of wear spots on the lower balls, an MPB-2
microscope with a scale division of 0.05 mm was used. The upper ball was
rotated with the aid of the installation spindle and the microscope was
mounted on the measuring plane of the nut 3 to measure the wear spot.

The wear spot diameter was determined as the geometric mean of the
lengths of the ellipse axes of the ball wear spots.

During testing, the upper ball rotates and presses with force Q on
three fixed lower balls (Fig. 2.6). After the tests, a circular radius wear area
a is formed on the lower balls. The effect of elastic deformations of the
balls on the formation of the contact area is neglected. The contact area of
the upper and lower balls is filled with lubricant.
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Fig. 2.6. Four ball test scheme
For a quantitative wear characteristic, the dependence of the wear rate
on two dimensionless parameters is proposed: load and sliding speed in the

form:
LA (Ej VR, (2.44)
ds E v

Dependence of linear deterioration U, on radius of a platform of
wear process a of the bottom spheres is defined from geometry of crossing
of spherical surfaces (Fig. 2.6):

a(s)
2R

According to the results of tests for wear, the dependence of the
radius of the circular wear area on the friction path is represented as a power
approximation:

(2.45)

u,(8)=

a(S)=cs’. (2.46)
Taking into account (2.46), expression (2.45) can be given the form:
20 2B
u =S5 (2.47)
2R

It is assumed that the contact pressures are evenly distributed over
the contact area. Then the contact pressure is determined from the equilibrium
condition at the contact of the balls:

_0,4082Q

= (2.48)
TT
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In this case, the normal force is expressed from geometrical relations
through the central force. Substituting the dependences (2.46-2.48) into the
pattern of wear (2.44), after integrating along the friction path, we get:

c'S” _ (O,4OSZQT(VR* J g2
W

2R et ) v ) 1-2m

From the condition of satisfying the last equation for any S it follows:
mo1=2B (2.49)
2B
To find the parameter n tests are performed at two values of the sliding
velocity and, whence two groups of data with parameters are obtained. After
substitutions for two sliding speeds, we obtain a system of two equations:

¢’s? _ (O,4082Qjm (VlR*Jn gram

2R c’nE" v ) 1-2Bm
¢/S" _ (0,4082Q]m [VZR*j" gram
2R "\ c¢nE v ) 1-2Bm
From the resulting system we find the second parameter:
lg(c,/c
n= (2m+2)M. (2.50)
lg(V,/V,)
To find the coefficient K,,, we use one of the equations of the resulting
system:
2m+2 * m n
Kk =PS 2nE v, 2.51)
" R 10,4082Q ) (VR

The obtained parameters (2.49-2.51) identify the wear law (2.44),
which is used to quantify the wear of machine parts under specified
operating conditions. Tests according to the pyramid scheme of four steel
balls (Fig. 2.6) simulate the wear of non-conformal contact parts of steel
and cast-iron materials (gears, cam mechanisms, rolling bearings, etc.) For
testing bearing materials, including polymeric materials, for conformal
contact (plain bearings, hinges, etc.) it is more rational to use the “ball -
ring” scheme for testing.
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In this case, the dependence (2.44) is also used as the law of wear.
The design scheme for testing a ball in contact with a ring is shown in Fig. 2.7.
The ball with a radius R rotates and presses with force Q on the internal
chamfer of the ring hole with a radius r.

From the design scheme, ring wear U, is characterized by moving
the lowest point A of the sphere to a point A;. Then the dependence of the
linear wear of the ring on the width of the contact area a will be determined:

(@a+r)’ _r_zz a(s)r .

_ 2R 2R 2R
¢ o

U, =A0—AO= (2.52)

Fig. 2.7. Calculated contact model of a ball and a ring

The results of the ball ring wear test are also approximated by a
power function of the form (2.46). The function of contact pressures with a
uniform distribution is found from the equilibrium condition at the contact
of the ball and the ring:

Q= fccosa 2nR?*sinada - (2.53)

After integrating the equilibrium equation and transformations, we obtain:

N (2.54)
2ma)s)r

Substituting into the wear law (2.44) the expressions (2.53), (2.54)
after integration we get:

i myR* " gl-pm
ﬁ:KW( Q j[VRj s (2.55)

R c 2arE” v ) 1-pm
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From the condition of satisfiability of equation (2.55) we find the
1—
parameter: m = —B

Other parameters of the law of wear are defined in the same way as
for the four-ball scheme:
lg(c./c,) .

n=(m+1)——%;

lg(V,/V,)

K _ﬁclm”rm“(ZnE*jm[ v Jn
"~ R Q ) \VR

In the proposed test schemes restriction is the material of the ball and
the technological complexity of its manufacture. To expand the range of
tested materials, a third “cone-ring” test scheme is proposed (Fig. 2.8).
Making a conical sample is technologically simpler compared to making a
ball. Thus, a “cone-ring” scheme is recommended for testing conformal
contacts of parts from different construction materials.

Consider the contact interaction of the cone with the angle 2y and the
hole of the ring with a radius r. In this case, the ring is stationary, and the
cone rotates and presses the ring with force Q (Fig. 2.8).

Fig. 2.8. Calculated contact model “cone-ring”
Wear area a and linear wear U,, are related by a geometric ratio:
u, =a(S)cosy. (2.58)

The function of contact pressures with a uniform distribution is found
from the equilibrium condition at the contact of the cone and ring (Fig. 2.8):
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Y2
Q= Jcsin y2mysinydy .
Y1

After integrating the equilibrium equation and transformations, we
obtain:

o Q (2.56)
2ma(S)r

Substituting the obtained expressions (2.56, 2.57) after integration
into the pattern of wear of the type, we get:

m N o1-Bm
cSﬁc05y=KW( Q j (\ﬂj S (2.57)
c2nrE v ) 1-pm

By analogy with the previous test schemes, the parameters of wear
are determined by the formulas:

_B Ig(cl/cz) .

m:lT: n=(m+1)——=:

lg(V,/V,)

K, = e cosy| 2= | | Y|
Q ) VR

Test results for lubricants and construction materials

Initial data:

The scheme 1. Four balls.

R=6,35mm; Q=65N; 3. N,=200 rev/imin (V,= 0,077 m/s),
N, =600 rev/min (V,=0,19 m/s); 52100 steel balls; motor oil API- SJ/CD,
SAE - 15W/40 (v = 12 mm?s).

The scheme 2. Ball-ring.

R=6,35mm, r=3 mm; Q=65N; V,= 0,063 m/s, V,=0,19 m/s);
52100 steel balls; rings — aluminium; motor oil API- SJ/CD, SAE — 15W/40
(v =12 mm?s).

The scheme 3. Cone-ring.

y=30°, r= 3 mm; Q=65N;.V,= 0,063 m/s,V,=0,19 m/s;
material of a cone — steel 45; rings — bronze CuSn10P; motor oil API-
SJ/ICD, SAE — 15W/40 (v = 12 mm?/s).

The test results are presented in Table 2.3.

Table 2.3
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Dependence of wear processes a (mm) from duration of tests (200/600 of rev™)

Scheme 35 min 65 min 95 min 125 min 155 min
L 0,35 0,4 0,43 0,48 0,5
0,48 0,54 0,63 0,65 0,67
5 0,125 0,2 0,25 0,275 0,35
0,25 0,35 0,4 0,475 0,5
3 0,125 0,2 0,225 0,25 0,275
0,225 0,325 0,375 0,4 0,425

As a result, the parameters of wear models of type (2.44) were
determined, which are presented in Table 2.4.

The laws of wear materials

Table 2.4

o 1,62 V *30,135
Four balls 1 =0,025| — —_—
E v
219 % 10,441
Ball-ring 1 =4,7-10 {%j (V—j
E v
) . p 4,37 Vr 0,403
Cone-ring 1=2,19-10 o —
E %

The obtained laws of wear allow one to quantify the intensity of wear
depending on: load characteristics, properties of structural and lubricant
materials, kinematic and design parameters. Quantitative values of the wear
rate allow optimizing the design parameters of parameters and operating
conditions by the criterion of maximum wear resistance. In Fig. 2.9 shows
the graphic dependences of the wear rate on the basic factors: contact pressure
and sliding speed, obtained on the basis of the wear laws given in Table 2.2.
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Fig. 2.9. The dependence of wear rate on contact pressure and sliding speed:
a — four balls; b —a ball ring; ¢ — cone - ring

The laws of wear and their graphical interpretation indicate the
insignificant effect of changes in the sliding rate on the wear process for these
test conditions. Analytical methods for calculating the wear resistance of
lubricated tribosystems require consideration of the nonlinearity of wear
patterns due to the complex interrelationships of mechanical, thermal, and
friction properties. A two-factor model of wear (contact pressure, sliding speed)
in a dimensionless form, taking into account the properties of structural and
lubricants of a friction pair, is proposed. On the basis of solving inverse
wear-contact problems, calculation formulas were obtained for identifying
the parameters of the wear law. The proposed methodology for identifying wear
laws based on laboratory tests is recommended for predicting wear and optimizing
the design and performance characteristics of lubricated tribosystems.

2.3. Study of the viscosity properties of lubricants
by the pendulum method

2.3.1. Damped vibration method in the study of friction processes

The material of machine parts possesses a property to absorb energy
at deformation. This physical property of material, typically called internal
friction, is closely connected with its operational performance properties:
strength and wear resistance. Internal friction in the volume of material was
studied well enough and its patterns are widely used in materials science
when creating the materials.

The laws that govern the processes of absorbing the external energy
by the surface of machine parts are explored considerably less. Processes in
the surface layer are more complex than in the volume. Two forms of
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friction are combined here: internal and external. In this case, the processes
proceed in the very small volumes of material and their study requires the
application of fairly complicated methods of contact mechanics.

The methods for determining the characteristics of internal friction
are divided into direct (energy, thermal, hysteresis loop) and indirect (damping
oscillations, resonance curve, phase).

The testing procedures and the devices that implement the methods
indicated are based on different techniques:

— the longitudinal or torsional vibrations of tubular samples;

— torsional vibrations of solid samples;

— the high-frequency longitudinal vibrations of a solid rod.

The test procedures, based on the lateral oscillations of the samples,
have been used most frequently:

— at the cantilever fastening of a sample;

— at the freely hung samples;

— in pure bending conditions.

All the known procedures are implemented on rather sophisticated
installations, equipped with devices for the automatic measurement of
oscillation amplitudes.

Among many methods of determining the absorption coefficient, a
damped oscillation method is the easiest one. As far as the study of surface
energy properties is concerned, the damped oscillation method is most
effectively realized with the help of swinging pendulums.

The pendulum damped oscillation method was first employed by
Newton for investigating the resisting forces to motion of a solid body in
fluids and gases. The obtained results laid the foundation for hydro-
dynamics of laminar flow and contemporary viscosimetry.

A wide application of a pendulum method for examining the processes
of friction is explained by the fact that the damping is fully predetermined
by external friction under different operating conditions: materials, surface
condition, temperature, composition of lubricants, layer thickness. It is important
that it is possible by a change in the shape of attenuation curves to draw con-
clusions about the influence of these conditions on the processes of friction.

A lack of reliable procedures for determining the characteristics of
viscous friction considerably complicates the task of developing the designs
of friction units of contemporary machines and the optimization of energy
losses during friction in order to decrease them.

A number of papers address theoretical and experimental studies into
the methods for determining the energy, absorbed by a surface, including
the processes of friction at damped oscillations.

By using the pendulum method, described in monograph [13], it was
established that under conditions of viscous friction, oscillation attenuation
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curve on the elastic layer of molecules has a linear law. However, the
oscillation attenuation curve on an unordered layer of lubricant is characterized
by the logarithmic law of damping. These data were obtained experimentally
and the study lacks a theoretical description of the mechanisms of viscous
friction, which explain the results received.

Article [14] examined experimentally and theoretically free fluctuations
of a physical pendulum, which rests with two balls on a flat surface. The theory
of damping fluctuations proposed in the study for evaluating the energy losses
is of a phenomenological nature and is not based on a strict mathematical
description of the mechanisms of fluctuation process, which makes it
difficult to give the quantitative assessment of losses caused by friction.

In paper [15], a differential equation for the swinging pendulum is
obtained, taking into account the deformation of a surface and a deformation
component of the friction force. However, the authors examined only a
particular case of small deformations, commensurate with the dimensions of
contact area of the ball support of a pendulum. This solution is not applicable
for describing the macro-displacements in the support of a pendulum,
characteristic for the actual friction units of sliding in machines.

Authors of article [16] conducted a nonlinear regression analysis
based on the results of experimental studies into the damped oscillations of
a physical pendulum, which made it possible to formulate the criteria for
choosing a theoretical model of the dissipation of viscous friction. However,
the experiments were performed for the conditions of balls rolling on the
support, that is, for the small areas of contact in comparison with dimensions
of the balls, which also does not make it possible to adequately utilize the
obtained results for evaluating the characteristics of viscous friction in
cylindrical sliding supports (bearings).

Paper [17] describes an experimental study of losses to friction in the
friction pairs made of metal-polymer materials. In this case, dry friction without
the use of a lubricant is examined, which is not characteristic for the cylindrical
sliding supports that work under boundary or even liquid friction mode.

Article [18] explores approaches in the development of procedures
for determining the characteristics of friction convenient for the practical
application under operating conditions of machines. Simple formulas for
calculating the coefficient of friction at reciprocating rocking movements on
a pendulum device are proposed. The formulas received are not based on
the differential equations, which describe the process of viscous friction,
and yield only rough estimates of the indices of friction.

Paper [19] deals with the estimated-experimental procedures for de-
termining the characteristics of friction based on a variation approach. This
approach implies the use of approximating dependences of experimental data,
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which renders the solution approximate, depending on the subjective factors.

The experimental method for measuring the characteristics of friction
was applied in article [20] for examining special features of high-speed
friction under conditions of thermal loading and at limited lubrication. The
criterion of damping the friction fluctuations proposed in this case is not
applicable to the case of viscous friction, where such fluctuations are
practically absent as a result of the damping action of a layer of lubricant.

Paper [21] employed a pendulum method in order to solve a problem
on determining the contact rigidity of steel spherical models at dynamic loading
using the system of differential equations. However, the tangential component
of contact stresses from the frictional forces in this case was not considered.

Articles [22, 23] proposed and implemented design concepts of devices
for the accelerated tests on friction and adhesive properties of the actual
friction units of the "wheel — rail" type. The design of a pendulum device,
applied in the work, for studying the adhesive properties according to the
scheme "cylinder — plane™ does not allow using it for evaluating the viscous
friction of cylindrical sliding supports.

2.3.2. Theoretical model of pendulum in the sliding supports
with a lubricant for examining the viscous friction

Viscosity or internal friction is the most important physical property
of oils, which ensures the separation of hard surfaces and their normal operation
at minimal wear.

The tangential force Tg, that occurs at relative sliding of the adjacent
layers of a fluid (by force of viscous friction), is determined by the Newton law:

dav
TFr = l'ld_yx F!

where p is the dynamic viscosity; F is the displacement area; V is the
speed in direction of the X axis; dy is the direction perpendicular to the X axis.

By dividing the force of viscous friction T, to the displacement area
F, we shall obtain the stress of viscous shear:

LA

F Ny’
In the case of small thickness h of the layer, it is possible to accept:
dv, \Y
=const=—.
dy h

T
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Thus we obtain: 1 = M%-

Let us examine the schematic of pendulum oscillations (Fig. 2.10)
with a support in the form of sliding bearing 1. When the gap in a sliding
bearing is fully filled with a lubricant, the working area of shaft friction
along the lubricant is equal to:

F, =nRB,

where B is the size of bearing on the generatrix; R is the radius of

bearing.

m

1

Fig. 2.10. Schematic of pendulum with a support in the form of a sliding
bearing with a lubricant: 1 — pendulum; 2 — sliding support; 3 - oil

Shearing force over the entire circle in the bearing (Fig. 2.10):
TFr = ‘CFFr = “’% ZTCRB

If one considers that the linear sliding speed:

. do
V=Rp=R—,
P
We receive
T, = %2nRZB¢, (2.58)

where ¢ is the angle of rotation of the shaft.
The moment of resistance to the rotation of shaft from the viscous
lubricant:

*2 -
M, = p'R%, (2.59)
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where
W :%anB. (2.60)
In addition to the viscous resistance to the rotation, the shaft is

exposed to two more moments:
the inertial force moment:

. 2.
M; =J¢=ml"®, (2.61)
and the pendulum weight moment:
M, =Qlsine=mglsino. (2.62)
The equation of equilibrium includes the sum of all moments:
M“+Mj+MQ:0 (2.63)
or
ml%p+p*R*¢+mglsing =0. (2.64)

At small oscillations ¢ ~sing, we have a classical oscillation
equation with viscous resistance:

p+2n¢p+ p°p=0, (2.65)
*52
where 2n = kR )
ml?
Considering (2.60):
ne muR’B
hml?
p2=9 (2.66)

I
Characteristic equation of the differential oscillation equation (2.65):
s +2ns+ p> =0,
has two imaginary roots:
s=-n+iyp?—n’ =-n+ip; p, :(pz—nz)%.

In the presence of linear roots, equations (2.65) take the form:

@=e"(c,cos pit+c,sin pt) (2.67)
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or, by denoting:

¢, = Acos ;
c, = Asino,
we obtain another form of the solution:
o= Ae " cos(pt+e), (2.68)
where
A6+, tgp=-. (269)

1

Constants ¢; and C; are determined from the initial conditions (in the
initial period of time the pendulum is deflected by angle @o):

ot =0)=q,; ¢(t=0)=0. (2.70)
Considering the solution (2.69), we receive:
C, =@y,

(bo =c1n+c2p1=0,

C, =~y —. (2.71)
P
By substituting constants ¢; and C; in (2.69), we obtain:

n? |2
A=o, 1+? . (2.72)

1

It follows from the solution that in the presence of viscous friction
the motion of load is described by the periodic damping oscillations with a
period:

T_2n__2n 2.73)

pJp?-n? '

where p; is the angular frequency of damping oscillations.
From the relation of two sequential maximum deflections of
pendulum @k and @y+1 from the position of equilibrium, we obtain:

O =", (2.74)
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which corresponds to a geometric progression.

More frequently used in practice is the logarithm from the magnitude
of ratio of the adjacent amplitudes, which are called the logarithmic damping
decrement:

S=In _nT. (2.75)
(pk+l
If the oscillations are damped slowly and ratio P +1 is close to
Py
unity, then:
¢
o+A-
5=In-2 _n 2 A¢ (2.76)
Prsa (p—Ag ¢
2
where
AP = =Py,
_ ((Pk +(Pk+1)
—

Thus, at slow damping, the logarithmic decrement is approximately
equal to the ratio of amplitude change during period T to the mean
amplitude ¢. We should note that viscous friction does not practically affect
the oscillation frequency.

2.3.3. Results of determining the characteristics of viscous friction

by the method of pendulum in the sliding supports

The procedures for determining the characteristics of friction are
proposed based on the given theory of pendulum oscillation in the sliding
support with a lubricant: coefficient of energy absorption at friction and
coefficient of fluid friction — viscosity.

Pendulum is an ideal instrument for determining the energy absorbed
by a surface at contact interaction. The decrease in amplitude over a cycle is
connected to a decrease in the potential energy of the load that causes
oscillations. The less the losses the longer the pendulum oscillates and the longer
the oscillations last the more accurate the measurement of energy losses is.

The basic pattern in the oscillations of a pendulum with viscous
friction takes the form of the type (2.74).

By definition, absorption coefficient y is the magnitude, equal to the
ratio of energy AP, lost over a cycle, to the total energy P over the cycle.
Considering (2.76), we obtain:
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y=AP_28¢ @.77)
P o0
Therefore:
sz(pk “ P _ 2A@:2|n P (2.78)
Py ¢ Pyt
or
sz(l_h]zz(l_eﬂ)_ (2.79)
Py

When calculating the absorption coefficient based on the results of
tests at viscous friction, it is possible to examine several limits and to
approximately determine the averaged value of coefficient y by formula:

2 —
y =< PP (2.80)
N Py

The procedure for determining the absorption coefficient by the
damped oscillations of a pendulum:

1) the envelope curve o(t) is constructed;

2) absorption coefficient for two adjacent amplitudes is determined
by formula (2.79);

3) or, for the section on the envelope curve from @k to @, the
absorption coefficient is computed by formula (2.80).

Example of determining the coefficient of energy absorption at friction.

It is required to determine the coefficient of energy absorption in the
contact between a sliding bearing and a lubricant at the following initial
conditions on the pendulum:

I =350mm; Q=2H; R=15mm; B=20 mm; h=0.05mm.

It is found from the experiment on the envelope curve:;

T=1s P —119,
(pk+1
Find by formula (2.75):

n=11-® _1n119=01739¢".
(Pk+l

The absorption coefficient is determined according to formula:
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y=2In-2 —0,3479.
(pk+1

Based on the obtained results, we shall also examine the procedure
for determining the coefficient of fluid friction (viscosity).

If, in the course of experiment, the validity of dependence of the type
(2.74) is established, and the oscillatory period T is found, then we receive
from (2.75):

nelin Qe (2.81)
T (pk+1

We obtain from dependence (2.68):

3 3
n—TMRB _ muR"Bg (2.82)

hmiZ ~ hQI?

where g = 9810 mm/s’.
The magnitude of dynamic viscosity is determined from (2.82):
_ nhQI?

= _ 2.83
" nR*Bg 2839

At a small load, the thickness of oil film can be accepted equal to the gap:
p=A=R,-R,

where R; is the radius of bushing; R; is the radius of shaft.

Example of determining the dynamic viscosity of lubricants.

The tests were conducted on the pendulum device whose design is
shown in Fig. 2.11.
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Fig. 2.11. Design of the pendulum device: 1 — suspension; 2 —sliding support;
3 —insert; 4 —shaft; 5 —load; 6 — housing; 7 — indicator; 8 — dial

The suspension of pendulum 1 in the upper part was fixed to
cylindrical sliding bearing 2 with disposable inserts 3 made of the examined
materials. The lubricant under pressure was fed through the lubricator in the
bearing housing into the gap between the insert and shaft 4. Load 5 was
attached to the lower part of the suspension. Indicator 7 on graduated dial 8
controlled the angle of pendulum deflection. Scale value of the dial is 1°.

Parameters of the pendulum device are as follows:

— length of pendulum | = 350 mm;

—weight of pendulum G; =2 H; G, =4 H; G3=2H;

—radius of bearing R = 15 mm;

— width of bearing B = 20 mm;

—thickness of the layer of the lubricant (it is accepted equal to the gap)
h =0.05 mm.

During testing, we employed four types of materials of the inserts
and three types of lubricants (Table 2.3).

Table 2.3
Results of determining the characteristics of viscosity of the lubricants
[ Bearing | Viscosity characteristics at loading |
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material MOtfg\?\;ISSAE Motor oil Formula Q8 Solidol-S

(Agrinol, l;kraine) (Q80Qils, Kuwait) | (Agrinol, Ukraine)

2H 4H 6H 2H 4H 6H 2H | 4H | 6H

Organic N 22 26 28 18 22 26 7 11 16
glass n|{0241]019 018 | 029 ] 0.24 | 0.19 | 0.82]|0.49] 0.33
n | 283 | 448 | 6.47 | 3.43 | 565 | 6.71 | 9.66 | 11.6 | 11.6

N 13 15 18 10 13 16 5 9 14

Copper n {041 ]035]029 |055]041|0.33|122]|0.61]0.38
u | 485|832 103|647 | 971|116 |14.4| 144|134

N 18 24 28 14 19 22 6 12 16

Brass n {029 ]021]018 |038]0.27 | 0.24 | 0.99 | 0.45] 0.33
n | 343 | 5.06 | 6.47 | 448 | 6.48 | 848 | 11.7 | 10.6 | 11.6

N 14 17 19 12 14 17 5 9 13

Bronze n| 038 | 031|027 |045|0.38|031|122|0.61|0.41
w | 447 | 728 | 9.72 | 529 | 895|109 | 144|144 | 146

Note: N — number of oscillations to the full stop of a pendulum; n —
coefficient of viscous resistance of a lubricant; p — dynamic viscosity of a
lubricant, Pa-s.

Initially, the pendulum deflected from the horizontal axis by 90°. Next,
the dial (Fig. 2.11) registered a decrease in the deflection angle of the
pendulum until its full stop. The accuracy of angle measurement reached 1°
by the scale of the dial. Thus we obtained the experimental sample of values
of the adjacent deflection angles of the pendulum @k and @+ consisting of
N values (number of oscillations until a full stop). Then we found their ratios
O/ Qk+1. The mean value of the obtained sample of values of the adjacent
deflection angles was calculated by formula:

i(%j
2\ P/
N .

The coefficient of variation in ratio @w/@y+; for the entire array of
tests was within the limits v = 0.15...0.25. The coefficient of liquid resistance
of lubricant n was calculated by formula (2.81) and next we calculated the
value of dynamic viscosity p by (2.83). Results of the calculation of these
characteristics are given in Table 2.3.

An analysis of the obtained results (Table 2.3) reveals that all tested
types of design materials, when lubricated with liquid oils, demonstrated an
increase in the values of the indicator of dynamic viscosity p at increasing
load (Table 2.3). When lubricated with a grease lubricant, the indicator of
dynamic viscosity changed insignificantly (not exceeding 10 %), which
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indicates a better load-bearing capacity of grease lubricants.

The obtained values of viscous characteristics of the liquid lubricants
depend on the type of material, which an insert of the sliding support was
made of. Viscosity varies from the lowest to the largest value for the tested
oils in the following order: organic glass — brass — bronze — copper. This is
related to a different adhesive degree of the lubricants and surfaces of the
examined materials. The degree of adhesion can be indirectly assessed by a
contact-wetting angle of the surface of materials. The adhesion is stronger
with better wettability.

The contact-wetting angle ® was measured in the following way
(Fig. 2.12). The drop of examined fluid 5 was applied by a pipette to the
surface, then it was illuminated by strong luminous source 1 (we recom-
mend using a point source) and projected onto screen 4. A hard surface was
put up in parallel to the illuminating cone of rays so that the projection of
the hard surface was projected onto the screen in the form of a thin line. The
image of the drop on the screen was outlined or photographed 4.

Fig. 2.12. Schematic of wetting angle measurement:
1 —source; 2 —condenser (illuminating lens); 3 — projection lens;
4 —screen; 5 —drop of oil; 6 — surface of material; 7 — reflecting mirror

In the point of intersection of the drop's projection and the surface
we built a tangent and determined the magnitude of contact angle.

As an example, we measured the angle of wetting the surface of
samples made of organic glass, brass, bronze and copper with the motor oil
SAE 15W-5 (Agrinol, Ukraine).

For statistical representativeness, each experiment on applying the
drop of oil at the appropriate surface of the sample was repeated 5 times.
Table 2.4 gives the averaged values, obtained when measuring the angle of
wetting. The value of variation coefficient that characterizes the spread of
obtained measurement results was within the limits v = 0.15...0.2, which
indicates sufficient uniformity of the experimental sample.

Table 2.4
Results of determining the angle of wetting
| Material | Organic glass | Brass | Bronze | Copper |
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Contact wetting angle ©, degrees 41 29 23 19
cos ® 0.755 0.875 | 0.921 | 0.945

Based on the analysis of measurement results of the contact-wetting
angle (Table 2.4), it is possible to draw a conclusion that the contact oil —
copper demonstrates the best wettability and the largest adhesion. The
wetting angle decreases in the following order: bronze, brass, organic glass.
Adhesive properties depend on the forces of intermolecular interaction between
a lubricant and a hard surface. In this case, the stronger adhesion of the
molecules of oil with the surface leads to an increase in the forces of viscous
resistance to the displacement of boundary layers of the lubricant (viscosity).

The obtained results allow us to define certain problems in the
tribology of oil layers in contact.

In accordance with the Newton concept, a complete cohesion of surfaces
occurs in the contact of solid body and fluid. In this case, the speed of points
at the surface of fluid and the points at the solid body surface coincide. In
this case, a solid body, when moving over the surface of a fluid, must drag
along all the points of the surface with which it comes into contact.

In reality, contact points of the surface of a fluid come into contact with
a solid body only in a certain limited section, and then they go out of the contact
and slide down from the surface. Thus, the surface of fluid slides over the solid
body surface and so the external friction occurs between the solid body and
surface of the fluid. This is not accounted for by classical hydrodynamics.

Let us denote the tangential forces between the layers of fluid
through T, those between a solid body and a fluid — 1.

Then two cases are possible:

1) 1; < 15 — sliding occurs between the layers of fluid — this is the
internal friction in a fluid;

2) 11 > 15 — sliding occurs between a solid body and the surface of a
fluid — this is the external friction.

It is obvious that these are the different types of resistance to the motion
of a body on the fluid. In a general case of the motion of a solid body on a fluid,
these two types of resistance are combined, and it is not easy to separate them.

At the same time, such separation is possible when conducting the
specialized experiments.

In some methods of determining the viscosity, the volumetric de-
formation of a lubricant occurs. When determining the kinematic viscosity,
the viscosimeters of variable section are used. When a lubricant passes through
such a viscosimeter, the lubricant undergoes volumetric deformations in the
transition to a narrow cross section and shearing strains while passing a narrow
section. In this case, the number of viscosity consists of two components:
volumetric deformations and shearing strains. Solving the problem on the
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separation of these components looks promising for the theory of lubricant.

Thus, it is possible to assume that the phenomenon of viscosity is
composed of the three components: 1) internal friction from the shift between
the layers of a lubricant; 2) external friction between a solid body and a
lubricant; 3) internal friction and resistance from the volumetric deformation
of a lubricant.

A lubricant possesses simultaneously the properties of a solid
deformed body (frame) and a fluid (oil).

In the existing examination of mechanical properties of a lubricant,
especially in thin layers, the characteristics of rigidity are not actually
considered. This limits solving the problems on the contact interaction of
bodies, separated by a layer of lubricant. Studying the normal and tangential
rigid properties of thin films in a contact between solid bodies being
deformed is one of the basic problems in the tribology of oil films.

As a result of the research carried out, the following conclusions can
be formulated.

1. It is theoretically obtained that for a pendulum in the lubricated
sliding supports, the process of oscillations is described by a second order
differential equation with viscous resistance, proportional to the deflection
velocity of a pendulum. An analysis of the exact solution of this problem
reveals that the ratio of adjacent amplitudes of damped oscillations is a
constant magnitude. Hence, it follows that the absorption coefficient is
constant over the entire process of oscillations.

2. The methods of determining the basic characteristics of viscous
friction are proposed based on the model of pendulum oscillations: coefficient
of energy absorption and dynamic viscosity. It is established that for the
case of viscous friction, the absorption coefficient is precisely equal to the
doubled logarithmic damping decrement and is determined either by one or
a cycle of oscillations. The obtained method for calculating the indicator of
dynamic viscosity of a lubricant according to the decrement of pendulum
oscillation damping is important for the practical application.

3. Research into the influence of different types of lubricating and
design materials on the characteristics of viscous friction allowed us to define
certain problems in the issues of contact interaction between the lubricated
materials. It is in particular established that the actual viscosity of lubricants
is composed of the three components:

— internal friction from the shift between the layers;

— external friction between a solid body and a lubricant;

— internal friction and resistance from the volumetric deformation of
a lubricant.

2.4. Research of the contact and deformation properties
of lubricated surfaces
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Most of the machines’ friction units operate in the conditions of
boundary lubrication of contacting surfaces. While designing and improving
these units, it is necessary to determine the force conditions of contact
interaction and, first of all, normal pressures and shear stresses.

In the condition of lubricant’s presence, pressure calculation is possible
only if there is data on the normal deformation properties of surfaces coated
with a layer of a lubricating film.

The research on the influence of the lubricating medium on the
deformation during static indentation of the indenter in the material surface
is well known and presented in [24]. The analysis of the received results shows
that in all cases, the indenter penetration (deformation) into a lubricated
surface is larger than into a dry one.

The study of the influence of loading conditions in contact in the
presence of lubricants has been considered in a number of scientific papers.
By using the pendulum method, described in monograph [24], it was
established that under conditions of viscous friction, oscillation attenuation
curve on the elastic layer of molecules has a linear law. However, the oscillation
attenuation curve on an unordered layer of lubricant is characterized by the
logarithmic law of damping. These data were obtained experimentally and
the study lacks a theoretical description of the mechanisms of viscous friction,
which explain the results received. Article [25] examined experimentally
and theoretically free fluctuations of a physical pendulum, which rests with
two balls on a flat surface. The theory of damping fluctuations proposed in
the study for evaluating the energy losses is of a phenomenological nature
and is not based on a strict mathematical description of the mechanisms of
fluctuation process, which makes it difficult to give the quantitative assessment
of losses caused by friction. In paper [26], a differential equation for the
swinging pendulum is obtained, taking into account the deformation of a
surface and a deformation component of the friction force. However, the
authors examined only a particular case of small deformations, commensurate
with the dimensions of contact area of the ball support of a pendulum. This
solution is not applicable for describing the macro-displacements in the
support of a pendulum, characteristic for the actual friction units of sliding
in machines. Authors of article [27] conducted a nonlinear regression analysis
based on the results of experimental studies into the damped oscillations of
a physical pendulum, which made it possible to formulate the criteria for
choosing a theoretical model of the dissipation of viscous friction. However,
the experiments were performed for the conditions of balls rolling on the
support, that is, for the small areas of contact in comparison with dimensions
of the balls, which also does not make it possible to adequately utilize the
obtained results for evaluating the characteristics of viscous friction in
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cylindrical sliding supports (bearings). A calculation-experimental method
for determining tangential contact frictional stresses using a variational
principle was proposed in work [28]. In this case, a quadratic functional of
deviation of the experimental function of tangential stresses from the
equilibrium condition was constructed. The authors of [29] proposed
theoretical dependences for a wear testing method using a standard four-ball
scheme with determination of wear resistance parameters. The approximating
function of the wear spot diameter on the friction path obtained by the
results of wear tests was taken as the base of the method. The general
methodology of this study can be used to develop a theory of test methods
for other geometric schemes. In paper [30] to identify parameters of wear
resistance in the wear model, a calculation-experimental method for
determining calculated dependences of wear resistance parameters was
developed on the basis of the wear test by the «cone — three balls» scheme.
The results of wear tests of bronze conical specimens with a variable wear
spot and two values of sliding velocity were taken as a base. The
experimental method for measuring the characteristics of friction was
applied in article [31] for examining special features of high-speed friction
under conditions of thermal loading and at limited lubrication. The criterion
of damping the friction fluctuations proposed in this case is not applicable
to the case of viscous friction, where such fluctuations are practically absent
as a result of the damping action of a layer of lubricant. Paper [32]
employed a pendulum method in order to solve a problem on determining
the contact rigidity of steel spherical models at dynamic loading using the
system of differential equations. However, the tangential component of
contact stresses from the frictional forces in this case was not considered.
Articles [33, 34] proposed and implemented design concepts of devices for
the accelerated tests on friction and adhesive properties of the actual friction
units of the "wheel — rail" type. The design of a pendulum device, applied in
the work, for studying the adhesive properties according to the scheme
"cylinder — plane" does not allow using it for evaluating the viscous friction
of cylindrical sliding supports. Experimental studies of the deformations of
lubricated and dry contact were carried out by means Brinell’s test. The
indentation was carried out on a hardness tester with a force of 105 N with a
steel ball from ShKh15 d = 10 mm. Simultaneously, prints were made in
conditions of dry and lubricated contact. To analyze the magnitude of the
strains, the grid method was used. The strain grid lines were made photos of
and enlarged by means a digital camera (Fig. 2.13).
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Fig. 2.13. The grid lines deformation

The grid lines through the lower points along the axis of the
deformation of the lubricated surface show a larger degree of deformation
compared to deformation of a dry surface. Based on the measurements of
the grid lines, we obtained diagrams of the relative deformation of the
material in depth along the axis of the holes. Relative deformation diagrams
for lubricated and dry contact are shown in Fig. 2.14.
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Fig. 2.14. Relative deformation diagram: 1 — dry surface; 2 — lubricated surface

Deformation diagrams’ analysis shows that the degree of relative
deformation of the material in depth is larger for a lubricated contact. In the
case, the dependence of deformation on depth for a lubricated contact is
linear in comparison with nonlinear deformation for dry contact.

To analyze the structure of the material in the result of deformations
in a lubricated and dry contact, micrometric studies were carried out.
Pictures of the material structure in the zone of the deformation holes for
lubricated and dry contact are shown in Fig. 2.15.
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Dry contact Lubricated contact

Fig. 2.15. Material microstructure in the zone of deformation hole for dry
and lubricated contact

In both cases of steel sample surface deformation, grain elongation
is observed near the surface. However, the depth of the layer of deformed grains
and the distribution of the deformation depth over the surface of the hole are
different. The depth of the grain deformation layer for dry contact is maximum
in the center of the hole and decreases to its edges. For lubricated contact,
the depth of the grain deformation layer is steady over the entire surface of the
deformation hole. Such a difference in the surface layer material deformation
determines its stressed state in the case of dry and lubricated contact.

Let us analyze the stress state of the surface layer during the contact
interaction of the ball and the plane. During the contact interaction of the
ball with the surface through a lubricating film, the metal is evenly deformed
in the radial direction, while the surface layer is elongated. After removing
the load, the elastically deformed subsurface layer tends to return the surface
layer to its initial position, creating in it evenly distributed compression
stresses (Fig. 2.16, a).
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Fig. 2.16. The scheme of internal stresses’ formation:
a — lubricated contact; b — dry contact

In case of dry contact (Fig. 2.16, b), the surfaces in the contact adhere
due to high contact friction. Deformation of the material occurs normally
deep into the surface. In this case, the subsurface layer in which compression
stresses arise, is more intensively deformed, and in the surface - tensile stress.

Thus, the elastic-plastic non-lubricated contact contributes to a more
intense accumulation of defects (dislocations, vacancies) in the surface layer and
the concentration of internal stresses in comparison with the lubricated contact.

The destruction of surface layers in the process of wear is known to
begin in places of stress concentration. Thus, to reduce wear, the contact con-
ditions of the surfaces should ensure the deconcentration of internal stresses
and their uniform redistribution in the volume to reduce crystalline defects.

The analysis of the deformation conditions for lubricated and dry contact
during the static introduction of a spherical indenter showed the following:

1) indenter penetration depth into the lubricated surface is larger than
into dry one on average by 8-10 %;

2) relative deformation deep into the surface of the material along
the axis of the deformation hole is described by a linear regularity and non-
linear for dry contact, which indicates an even decrease in stresses deep into
the lubricated surface;

3) uniform distribution of the layer of deformed grains over the
deformation zone for a lubricated contact indicates the uniform distribution
of stresses over the deformation zone;

4) uniform distribution of stresses in the contact of lubricated surfaces
reduces the appearance of imperfections in the crystal structure (vacancies,
dislocations) in the surface layer. This contributes to increased wear resistance
compared to contacting surfaces without lubrication.
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Further studies of dry and lubricated surfaces’ deformation properties
were carried out for a moving indenter. Indenter 2 (Fig. 2.17) was loaded
with axial load through a system of levers 3. Sample 1 with a lubricant
sample moved in the longitudinal direction. The indenter penetrated into a
dry surface and moved to the entrance to the lubricated zone. Herewith, the
penetration depth and the movements resistance measurements were made.
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Fig. 2.17. Test scheme
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Fig. 2.18. Diagrams of changes of penetration depth h and resistance force F

of the indentor on the size of moving S on dry and lubricated sample surface
A standard ball with a diameter of 2.5 mm made of ball-bearing
steel was used as an indenter. The limits of the load, acting on the indenter
made up 0.5..3 N. The accuracy of measuring the load acting on the
indenter was 0.02 N. The samples were made of brass LC 59-1 as a standard
microsection. The system for measuring the resistance to displacement
consisted of a strain gauge with a sensor (measurement accuracy 0.02 N).
The penetration depth measurement system included a strain gauge with a
sensor with a measurement accuracy of 1 mkm. The signals from the strain
gauges through the strain gauge were transmitted to an analog-and-digital
converter and a computer. The voltage from the strain gauges in the time
coordinate with a division value of 0.5 s was reproduced on the display screen.
This corresponded to the indenter moving by a linear value of 28 mkm. The
indenter was introduced into the dry surface of the sample with a constant
force of 2.5 N. The sensor readings were taken for 100 s, which corresponded to
a 5.6 mm displacement of the sample relative to the indenter. Fig. 2.18

shows diagrams of parameter changes for two lubricants types.

Consequently, it was found out that the penetration depth of the
indenter increases when passing through the lubricated area, which indicates
its easier deformation compared to penetration into a dry surface. The
resistance force during the passage of the indenter along the lubricated area
also increases, which is explained by the indenter deepening. This leads to

an increase in the volume of the deformable material and the resistance force.
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Conclusions

1. For studying the normal deformation properties of lubricated
surfaces, a comparative analysis of lubricated and dry surface deformation
conditions was carried out during tests by means of a Brinell test.

2. The analysis of the deformation conditions for the lubricated
contact showed that the deformation deep into the surface of the material
along the axis of the deformation hole is described by a linear regularity and
a non-linear one for dry contact. A uniform distribution of deformed grains
for a lubricated contact indicates a uniform distribution of stresses and a
decrease in the concentration of structural defects. This accordingly contributes
to increased wear resistance;

3. It is found out that the resistance force increases when the indenter
moves along the lubricated area, which is explained by the indenter deepening.
The results of observations showed an increase in the width of the grooves
of the tracks in all cases after entering the blurred area by 20-35 percent.

4. The results obtained show that more intense deformation of
irregularities in a lubricated contact helps to accelerate the running-in process
and reduce contact pressures of contact areas.

5. Together with the traditional mechanism for reducing wear as a
result of the formation of adsorbed layers on lubricated friction surfaces, the
contact-deformation mechanism for reducing the wear of lubricated surfaces
is justified.

2.5. The biological aspect of contact of lubricated surfaces

If a solid interacts with the other solid, a liquid, a gas these changes
show themselves in a wear, friction, folding, and other deformations. In most
cases it causes bodies' surface damage and is undesirable. The structure of
surface layer of contacting bodies is of decisive importance. In particular, it
applies to the state of machines details surface in the technique. Most traditional
methods of details finish treatment result in the formation of chaotic type of
surface underfeature with heterogeneous according to the form and size
inequalities that is in its turn the result of the process of heterogeneity of
material particles separation from general mass. The heterogeneous geometrical
structure of the surface results in heterogeneous distribution of external
surface stress. Contact interaction, wear and friction, on the different areas
of the actual contact takes place with different intensity that puts obstacles
in the way to balancing the system and its free energy minimization according
to one of fundamental laws of nature. Thus, it's obvious that to provide a
minimum system's free energy, its stability against external environment
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influence it is necessary to aspire to optimization and regularization of bodies
surface structure in the process of contact interaction. Complication of this
task consists in the variety of technical contacts and contact phenomena,
complicated contacts connection with microgeometry of contacting surfaces.
The creation of machines details on the working surfaces with the purpose
of optimization their microgeometry of different deepenings, that carry out
the functions of oilwaies, has been in practice for a long time and played a
certain role in the connections' longevity and reliability increase. A famous
French patent is known to suggest without any scientific ground the decrease
of all without exception surfaces that grind down to 30 % by formation of
different sort of deepenings [35]. But simple diminishing of contact surface
is not enough, as in this case contact stress on the contact surface unit will
considerably increase and the wear speed will rise.

Surface parameters must be already optimal at the beginning of
machines details exploitation, while for surfaces, treated by traditional methods,
this process begins with a contact and few apexes' of inequalities intensive
wear. One of effective methods of regularizing the form and sizes of the real
contact areas of technical surfaces is superficially-plastic treatment (SPT):
rolling-off, vibro roll forming, burnishing and others [35]. Due to such
treatment the apexes of rough surface are folding plastically and are
forming a relief that is more friendly to bodies contact interaction. At the
beginning of the contacting practically all waves of inequalities enter in the
interaction at once and in the process of wear the area of the contact will
change incidentally. Managing the parameters of treatment, it is possible to
get the most optimal for these conditions relief of surface. In the same way
it is possible to create by means of superficially-plastic treatment (SPT) the
guided contours of surface in a plan. In the conditions of setting certain
kinematics of treatment, different contours (systems of channels and lugs)
are created on the surface: transversal, lengthwise and angularly; straight-
line and corrugated; crossing and noncrossing.

Besides handling the size of contact area the task of greasing
conjugating surfaces during their comparative move is almost always set.
The more reliable a lubricating material is held between contacting details,
the less they are subjected to the wear. The type of surface plays not the last
role here. The channels created during the processing on a surface perform
the function of a tank for lubricant maintenance and distribution. By means
of theoretical researches, alpha and operating tests it is determined what
type, form and depth of contour is the most acceptable.

Among the parameters of regular contours the most important, from the
point of forming operating characteristics of a surface, are: the direction of
contour lines in relation to the direction of the relative sliding, relative surface
area (relation of area, occupied by channels to the general area), depth and
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form of oilwaies. Summarizing the researches results in the field of surfaces’
with regular relief wear resistance [35, 36], it is possible to define such recom-
mendations in relation to the above-mentioned parameters. The best results
are performed by the transversal in relation to the direction of channel moving,
as in this case more favourable conditions for lubricating are provided and in
general a surface has greater bearing strength in comparison with lengthwise
channels. What concerns relative area of the surface, the cases are considered
to be optimal, when the area of oilwaies makes up 40-50 % of the general
area of surface. For reliable lubricant maintenance, providing its crossflow
from a channel to the area of surfaces contact, moving away contaminations
the best results are performed by the channels of a circular form.

In this research the attempt to draw an analogy between results,
obtained in the process of tracing wear resistance of technical surfaces with
a regular relief and the way similar tasks get solution in nature, is made. As
the object of comparison the skin on human extremities was examined. Among
all body areas of a human being the skin of a palm is subjected to the largest
contact stress and friction from the side of other articles during physical
activity. Therefore for thousands of years of evolution the skin canopy of palms
must have been adapted to prevent its damage and wear. We’ll consider
shortly the physiology [39] and geometrical structure of a skin surface.

The human-being skin consists of two layers (Fig. 2.19). An external
layer is called epidermis 1, and the second, that is more deep, -derma 3. On
the surface of derma, that is adjacent to the epidermis papillary layer 3 is
located, which forms conical papillae which submerge in an epidermis.
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Fig. 2.19. The structure of the finger skin of a human being:
1 — epidermis; 2 — papillary layer; 3 —comb

On the greater part of the body dermal papillae are located chaotically,
and on the palms, and on fingers in particular, they are folded in rows.
That’s why epidermis which replicates the structure of external derma layer,
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forms small folds on these areas of body which represent and repeat the dermal
papillae rows. These folds, visible on a skin surface with a naked eye, are called
papilliferous lines (from lat. papillae - papillae) and are separated from each
other by shallow furrows. Thus, the epidermis of palms’ skin has not only a
larger thickness (up to 3 mm) in comparison with other parts of the body
but is also covered with a special relief in the form of papillary combs and
furrows (especially on dactylar phalanxes). There are numerous pores - external
openings of excretory channels of skin sweat-glands on the apexes of folds
(combs of papilliferous lines). Except for sweat-glands the channels of fatty
glands and glands of external secretion are also present at the skin surface.
The types of skin glands excretions are represented below in a Table 2.5.

Table 2.5
Types of skin glands excretions
Skin glands Inorganic Organic
external | chlorides, metal ions, ammonium amino acids, carbamide,
secretion |hydrate, sulphates and phosphates| lactic and hydrochloric acid
fatty acids and glycerine, other

fatty B alcohols and carbohydrates
sodium, potassium and iron proteins, cholesterol,
sweat ;
ions and carbohydrates

One of functions of the indicated excretions is lubricating the skin
surface for its wear prevention during a contact with an environment. A
lubricating substance is in the skin furrows; it greases the skin area that
contacts with other objects, reducing the skin canopy wear.

Papilliferous lines, especially on the hands surfaces, form different
patterns that are called papilliferous patterns. The outline of a papilliferous
pattern is individual; it is finally formed in the process of antenatal development
and is not subjected to any changes during the whole life. After epidermis
damages the papilliferous pattern in regenerative process is restored. All variety
of papilliferous patterns kinds, that may be found in natural environment,
can be conditionally divided into three types: arc (simple and hip), loopback
(left and right) and frizz (circle, a right and a left spiral) [37]. Surface
appearance of the indicated relief types of skin surface is shown at the Fig. 2.20.

S
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Arc
Fig. 2.20. Relief types of the finger skin surface of a human being

Scientists paid attention on the outline of the dactylar pattern a long
time ago. In 1911 for the first time an English scientist Francis Galton offered
the method of person authentication by means of finger-prints. Since then
this method, known as dactylography, became widely spread in criminalistics
for criminals search. Recently such powerful vehicle computer based complexes
for finger-prints research appeared [38]. They are: AFIS (the USA), FAT01
(Belgium), Finger Verifer (Taiwan), ADIS (Russia). Except criminals’
authentication these complexes are being used for access to the computer
systems differentiation and as dactyloscopic locks for apartments. But in
our case we are interested not in differences of finger skin patterns, but vice
versa — in common things that were created by nature both for wear and
damage prevention of skin extremities of a human being.

Analysing the skin furrows direction (Fig. 2.20), we can evidently
see that they are situated mainly perpendicularly to possible direction of
moving at a friction. That is in any direction, regardless the pattern type, on
the way of moving transversal furrows and combs of skin of fingers are the
first to be subjected to contact interaction. This coincides with conclusions,
made for regular relief, inflicted on technical surfaces.

Fig. 2.21 The profilogram of the finger skin surface of a human being

For the analysis of the form of skin relief contour profilogram (Fig. 2.21)
of the finger skin surface area was taken off. For this purpose the negative
imprint of skin canopy was created by means of solidifiable layer of PVA
glue, inflicted on a glass surface. The mean values of such contour parameters
were defined: contour height (depth) — 300...400 mkm, step of furrows —
500 mkm. Besides, the analysis of the profilogram shows, that the areas of
cavities and lugs are approximately equal and, thus, the area of channels
occupies roughly 50 % of the whole skin surface. The combs of skin are
located on one height and that is why enter the contact interaction almost
simultaneously. Going back to regular reliefs on technical surfaces, we see
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that the determined optimal values of parameters of these reliefs in majority
coincide with the parameters of fingers skin relief of a human being.

The conducted comparative analysis of superficial structure of technical
surfaces and human skin allows to draw certain analogies, extend a vision
of engineering problems connected with microreliefs regularization, to have
another look at the assignment of papilliferous lines of human being extremities.
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CCHAPTER 3)

Diagnostic Approaches to Assessing the State
of Sliding Friction Tribosystems

3.1. Tribo-acoustic analysis of the processes of dynamic friction

Acoustic methods for analysis and control of friction processes is
widely used in tribology [1-9]. The most widely methods acoustic emission
ultrasonic frequency range with the use of special sensors of the contact
type [1, 3, 4, 8]. Contactless acoustic control of sound and near infrasonic
frequency bands based on the standard (or special) computer software is much
easier in technical implementation, however, requires a separate analysis to
separate the useful signal against the background noise. Before tribo-
acoustics methods were used primarily to movable functional structures
[2, 5, 6]. The fretting processes in nominally-fixed joints, at first glance, it's
hard to hear in the General operating noise of the system, mechanism, or
machine. However, because of the interrelatedness of dynamic processes in
complex technical system, violation of integrity of any such connection will
impact on the amplitude level and the spectral composition of the working
noise. Due to the relatively low speeds slippage in modes of fretting
characteristic frequency of acoustic emission fall exactly in the middle of
the sound and infrasonic spectrum, which allows the use of normal sound
recording equipment and standard computer software.

For research was used the installation [10] for testing the fretting,
containing rotating elements, creating high level of contact noise Fig. 3.1, 3.2.

Fretting was carried out according to the scheme plane-the ball is in
contact with unhardened steel 30 HGSA (lead top sample 1 in the diagram
Fig. 3.1) and ball bearing steel LH-15 with a diameter of 12 mm (the lower
led of the control body 14 in the diagram Fig. 3.1). The surface of the
sample is pre-processed by grinding and subsequent polishing on the 9-th
class of roughness (Ra =0,2...0,3um).
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Fig. 3.1. The scheme of experimental installation:
1 —the leading pair of friction sample; 2 — sample holder; 3 — carriage;
4 —guidance; 5 — electromagnet; 6 — springs; 7 — plate; 8 — hub;
9 —angular contact ball bearing; 10 — shaft; 11 — tree stand; 12 — base;
13 —strap; 14 —slave control body (ball); 15 — strain gauge beam; 16 — base;
17 — pin; 18 — nut; 19 —the strain gages

Reciprocating motion of the lead sample was provided by an
electromagnet and a spring system. The amplitude of vibration was 20 pm.
The slave control body (the ball) is clamped in the rim strain of the beam
(Fig. 3.2). The normal contact load in the coupling (= 50 N) was provided to
two-thirds the weight of the drive and a third — Dimdim wrench force (Fig. 3.1),

gradually attenuated in the process of fretting. The basic operating frequency
of vibration was 100 Hz.

Fig. 3.2. Contact scheme: 1 —sample holder; 2 — sample;
3 —control e body (ball); 4 — the fixation system of the control body;
5 —the inductive sensors of micromovements; P —force; T — tangential force

For recording the acoustic signal used remote microphone brand
Media-tech SFX microfone MT 383 installed at a distance of several
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decimeters from the node friction. Computer processing of data was carried
out by the program Audasity 2.0.4. As an additional informative channel
was used for automated computer-based construction loop contact hysteresis
in coordinates: the displacement of the slave control of the body — tangential
force. The latter was measured respectively by means of an inductive sensor
micrometric movements and the bridge of strain gages on the beam.

Acoustography pre-recorded in the idle operation mode — with an
almost vertical position of the guides of the actuator. Then, in their horizontal
position are installed starting clamp connections and made the test in the
mode of fretting: from initial running-in process prior to the violation of the
integrity of the connection, expressed in the qualitative change of the
amplitude level and the spectral composition of the acoustic signal.

In Fig. 3.3 shows acoustography recorded for one minute each in the
development of the testing process. They give a general idea about the process
of fretting. Low-frequency instability characteristic of the initial stage of
ageing (Fig. 3.3, a) is significantly reduced to approximately 1 - 10° cycles
of the oscillations (Fig. 3.3, b), to be replaced by a longer period of optimal
operation of the connection (=~ 5 - 10° cycles Fig. 3.3, b).

S

c ' d
Fig. 3.3. Acoustography operating noise recorded on 1-th (a), 15 (b), 55 (c)

and 88 minutes (d) minutes of testing. The horizontal axis shows time
in minutes and seconds, vertical axis is the signal level in decibels
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Severe violation of the integrity of the connection kicks in around the
88th minute of the test (= 5,3 - 10° cycles — Fig. 3.3, ¢). The corresponding
hysteresis loop (Fig. 3.4) more similar and less informative. However, at the
final stage (Fig. 3.4, c) considerably strengthen high frequency components
of the signals, followed by reduction of the tangential effort on the control
body, and controlling a decrease in the amplitude of its oscillations, indicating
the slippage in the contact.

Fig. 3.4. The contact hysteresis loop, built for the 1st (a), 15 (b), 55 (c)
and 88 minutes (d) minutes of testing

Of greatest interest in this case, the Fourier spectra of the above eco-
storm — Fig. 3.5. They are dominated by two main pump frequency disturbances,
50 Hz and 100 Hz and their harmonics arising from the nonlinearity in a
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dynamic system and a corresponding disharmony of vibrations. These
harmonics at the initial stage of running-in (Fig. 3.5, a) form a well-defined
direct energy cascade towards high frequencies with the maximum at
frequencies of 1-5 kHz.
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Fig. 3.5. Fourier spectra of acoustic emission signals recorded on the 1st (a),
15 (b), 55 (c) and 88 minutes (d) minutes of testing

The occurrence of this maximum is due to quasi-normal contact
vibrations induced by the processes of microplastic deformations at the
stage of running-in. The other — the reverse energy cascade is directed from
the pumping modes in the low frequency near-infrasound region of the
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spectrum (Fig. 3.5, a). Its origin is connected with guided slow angular
movements of the guides of the actuator, which has a direct impact on the
rapid vibration of the sample leading to friction and, consequently, on the
processes of contact interaction in the zone of fretting.

This kind of low-frequency self-modulation of the friction process often
is at the expense of cyclical damage accumulation and separation of wear
particles [6]. In this case, such cyclicity is a consequence, not the cause of
automodulation arising from the activation of the available degrees of freedom
and feedback in the overall dynamic system of friction. Thus, the friction
acts as a global (system-wide) and not just local (mesophysical) process.

In the run mode of the connection (Fig. 3.5 b, ¢) is characterized by a
substantial weakening of the high frequency and midrange components of
the acoustic spectrum, show a decrease in the initial rate of microplastic
deformation. General view of the spectra in this case is close to the mean
spectra of the idle mode of operation.

A qualitative change in the spectral composition of the acoustic
emission of friction associated with the violation of the integrity of the con-
nection is clearly seen in the spectrum of Fig. 3.5, d. Here again amplified high
frequency components, and in addition to this there are two strong mid-
frequency components of the =400 Hz and about 600 Hz. The latter is
necessary to characterize the modes of the contact gap, because their appearance
is directly related to the wear of units, with a corresponding decrease in the
contact stiffness and slippage in the contact.

Thus, use a public domain sound recording equipment and standard
computer software allows, at least with respect to low-noise experimental
installations, to carry out contactless acoustic control of the integrity of
nominally stationary friction joints under conditions of fretting. Violation of
the integrity of such joints is recorded as a change in the overall shape of
ecostorm operating noise, and (more reliably) — characteristic changes in the
spectrum of sound with a strong mid-frequency components of the spectrum
arising from the contact gaps.

Low frequency self-modulation of the friction process, which is
manifested in the spectrum of the acoustic emission is a consequence of the
dynamic targeting slow angular motion in the system friction. A-modulation
is a mistake to ascribe directly of cyclical damage accumulation and
separation of wear particles.

3.2. Quantum-acoustic analysis of tribosystem behavior

Classical tribology considers external friction as a dissipative, locally-
determined form of interaction of rubbing bodies during the accidental
realization of the actual contact areas. Methods from physical mechanics
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have recently been widely used to study friction processes and adhere to the
same concept, even though experimental results indicate the presence of wave
processes in a tribosystem. The wave movement forms are not considered in
the theory of dissipative self-organization of friction processes based on the
so-called unbalanced thermodynamics. Entropy as a function of the system
state is almost insensitive to the directional movement of the system or any
wave movement of its elements. A thermodynamic flow considers only a
form of chaotic movement that fully corresponds to the general provisions
on dissipative friction. Wave vibrational processes are based on the interaction
between the elasticity of contact and material inertia and are common to the
wave and vibrational motion. A well-known concept of external friction is
based on the slip of the indenter over an elastic-plastic deformable half-plane, it
is limited to only one degree of freedom and eliminates all wave elastic bonds.
Modern friction models are multifactorial, and triboacoustics has a wide
range of research tools for the wave movements that accompany friction.

Thus, it is a relevant scientific task to study the physical and mechanical
features of the tribotechnical contact from the positions of quantum-
mechanical processes.

The study of the physics of friction processes from the positions of
quantum-wave aspects has been receiving increased attention in recent times.

Based on the theory of macroscopic quantum electrodynamics for
unstable systems, paper [11] calculated statistical parameters of the friction
force at zero temperature. The quantum force of friction was determined at
a time point corresponding to the generation of the first excitation for each
pair of unstable oscillators. At the same time, the estimated ratios obtained
did not address the actual friction processes of the technical systems.

It is shown in [12] that in a dissipative dynamic system driven by an
oscillating force, the force of friction can create a quasi-stationary resistance
that is always directed in the opposite way to the force caused by the spatial
heterogeneity of vibrations. At the same time, the physical nature of the
forces was not taken into consideration. The friction of the slip between a
rigid hemispheric indenter and the deformable textured surface, which
represents irregularities that change their shapes, was investigated in [13].
Friction fluctuations were observed when sliding in the direction perpendicular
to the motion using optical images and friction profiles. Works [14, 15]
report the experimental results of a triboacoustic control over the integrity
of the nominally-immobile frictional connection under the conditions of
fretting. Two opposite-directed wave energy cascades were observed under
fretting modes. However, there is no theoretical analysis of the study
results. The non-stable processes in the operation of friction nodes in
automotive equipment in the presence of motor lubricants were considered
in papers [16-19]. The experimental studies have established the effect of
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various additives to oils on the stabilization of friction forces and reducing
the wear of rubbing surfaces. Modern tribodiagnosing methods for assessing
the technical condition of friction pairs are given, including based on the
criterion of vibrational resistance. A problem of the vibrational frictional
contact under conditions of adhesion wear is analyzed in [20]. It is shown
that if the tangential amplitude is preserved in the wear range, energy
dissipation can be controlled by the amplitude of normal vibrations. At the
same time, the hypothesis put forward requires experimental confirmation.
A model of the effect exerted by the system dynamics on the sliding friction
is reported in [21]. The model shows that micro-vibrations play an important
role in the dynamic effect on the system friction resistance. Determining the
range of critical parameters makes it possible to systematically control
friction resistance by adjusting the geometry and rigidity of the system. The
estimation-experimental models of predicting the durability of cylindrical
sliding tribo-systems, taking into consideration the dissipation of friction
characteristics, are proposed in works [22, 23]. At the same time, the physical
prerequisites of the dissipative processes are not fully disclosed. The studies
of friction surfaces with regular geometric microelements [24-26] investigated
the processes of exciting internal magnetic fields at the edges of discrete
regions. It is shown that the combination of studies of friction and wear
processes in areas such as mathematical statistics, contact mechanics, surface
physics, provides a deeper explanation of non-stationary processes on discrete
surfaces of contact elements. A model of the body wear at high friction
speeds in a probabilistic statement is proposed in [27, 28]. The model is
based on the thermokinetic theory of material destruction. The wear model
patterns were identified considering the random nature of the factors
involved. The model is represented in a discrete form and is not sufficiently
adapted for numerical modeling. The physical basis of the frictional contact
interaction of surfaces is analyzed in works [29, 30]. A physical pendulum
was adopted as a tool for researching energy losses in tribosystems. The
results of our analysis of the scientific literature reveal the need for deeper
systemic research of quantum-mechanical processes in the contact interaction
of technical tribosystems. Such studies could discover new features in the
mechanics of a tribological contact and are promising for analyzing the
durability of machine friction nodes.

3.2.1. The pseudo-equilibrium and collapse models
of contact disturbance generation in tribosystems
The physical model under consideration is based on the interaction
of thermal radiation with the vortex-wave forms of substance movement. It
is known that the equilibrium thermal radiation is compatible with only two
simple forms of macroscopic movements of matter — moving as a whole at a
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constant speed and a solid-body rotation at a constant angular velocity. The
tribocontact interaction of deformable solids significantly expands the types
of mesoscopic and macroscopic movements of matter by various vortex-
wave forms. It is natural to assume a certain transformation of thermal
radiation in the interaction with such forms. To describe this transformation,
a method of quasi-particles as elementary thermal excitations, adequate to
the vortex-wave movements of matter, is used in this paper. These quasi-
particles are the exited forms of the thermal radiation itself in comparison
with its main form — the equilibrium thermal radiation.

An important feature of the model is the consideration of the dimen-
sional factor. Characteristic gradients of contact stresses, velocities, and
temperatures have a micron and submicron scale. At the same scale, there are
the wavelengths corresponding to an extremum in the spectrum of equilibrium
thermal radiation at room and elevated temperatures. This spatial resonance
distinguishes the systems of dynamic contact interaction as the generators of
the combined corpuscular-vortex-wave complexes of disturbances of the
velocity field of the material environment and the field of thermal radiation.

Consider an ensemble of quasi-particles disturbances with the following
characteristics:

E=+pV; p=rk, (3.1)

where E, P, V, K % are, respectively, the energy, pulse, speed, and

wave vector of disturbances; 7 is the Planck constant. After mutual
substitutions, we obtain:

E =+hkv = ho, o=+kv, (3.2)
where o is the cyclical frequency of disturbances. In this case, the
group speed of the latter is determined in the following way:
v, =E_0_uy (33)
op ok
Introduce the corpuscular-wave mass m of disturbance quants in a
regular way:

p=mv=7k. (3.4)
As aresult, the equivalent energy ratios follow from (3.1) to (3.4):
E:hm:im(vf:iﬁ(l?)z. (35)
m
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The + signs in expressions (3.1) to (3.5) correspond to two possible
directions of time. Between these two possibilities, the first one (a plus sign)
is usually selected, corresponding to the positiveness of the absolute
temperature T and the non-negative increase in entropy AS:

T)0; AS >0. (3.6)

Here, take into consideration a second possibility (a minus sign in (1)
to (3.5)):
T(0; AS <0. 3.7)

In this context, introduce a pair of disturbances with the total energy
AE (considering the signs in (3.1)):

AE = pV — pV, (3.8)

where strokes indicate disturbances that develop over time opposite to
those without strokes. The total pairs' energy module is limited from below
by the basic principle of quantum mechanics — the principle of uncertainty:

|AE| > n/|At], 3.9

where At is the finite lifecycle of disturbances that form a pair. On
the other hand, by virtue of the same principle of uncertainty, the energy AE
can be regarded as the energy of self- disturbance, ratio (3.8) — as the
condition of the energy balance in the triad of disturbances. It should be
supplemented with the momentum conservation law in the following form:

Ap=p-p; Ak =k —K'. (3.10)

It is necessary to note the widespread use of expressions in the form
(3.10) in the calculations of non-linear transmission of energy and pulse by
the triads of wave disturbances in the theories of quasi-two-dimensional
turbulence [31], as well as spiral three-dimensional turbulence. The most
well-known result of these calculations is the reverse energy cascade (in the
direction of large spatial scales), opposite to the direct cascade of
conventional three-dimensional turbulence [31]. Turbulence in the system
of quasi-particles under consideration is represented by continual clusters
on the spectra of disturbances. Here, the focus is on the narrow-band
highlighted peaks on these spectra, due to the exchange interaction of quasi-
particles. Unlike the vast turbulent clusters, which are quantum fluid, such
highlighted components of spectra can be considered within the concept of
the quasi-ideal quantum gas. The statistics of such gas are determined by
the spin of quasi-particles, equal, in this case, to S = 1/2 (in the units of the
Planck constant). The possibility of coherent amplification of disturbances
is predetermined by the pairing of quasi-particles with opposite spins. The
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effect of attraction, required for such pairing, is provided by the exchange of
phonons. Depending on the sign of the spirals of disturbances in pairs, it is
possible to form thermal complexes both on running waves and on standing
waves. By considering these pairs of disturbances to be bosons, we use the
statistics by Bose-Einstein, taking into consideration the possibility of
exchange interaction in the ensemble of disturbances:

(n)= , (3.11)

where <nE> is the average number of quasi-particles in a quantum

state with the energy E; k is the Boltzmann's constant.

Given the variable number of disturbances, the chemical potential in
(3.11) is accepted to equal zero. In the case of tribodynamics, we note that
the disturbance energy E lies in the acoustic range while the average thermal
energy KT is many orders of magnitude higher. By decomposing exponent
(3.11) into a series and discarding small terms, we obtain a simpler ratio for
the average filling numbers:

<nE>zkET; (E)=E-(n)~KT. (3.12)

Here <E> is the average energy of the entire ensemble of identical

quasi-particles in a certain quantum state. The approximate equality of this
energy to the average thermal energy determines the possibility of effective
energy exchange between the ensemble of disturbances and the thermostat.
This exchange is carried out with the help of photons of forced thermal
radiation. Given the aforementioned observation, the conditions

E0 KT,(nz)0 1 are met. This determines the high effectiveness of

exchange interaction in a given system of disturbances. For bosons, it has
the character of attraction, which, as will be shown using real examples, can
significantly exceed the repulsive contact forces of electromagnetic origin.
The potential for exchange interaction can only be revealed in a
coherence environment. The functioning of tribosystems under the mode of
a coherent acoustic radiation generator was generally considered in work [22].
Significant clarifications should be made to the physical mechanisms of
these types of disturbance processes. First of all, regarding the unbalanced
environment itself, as well as the structure of the composite resonator.
Statistics (3.11) describe the equilibrium states of the ensemble of
quantum objects. The peculiarity, in this case, is that the forced disintegration
of unstable quasi-particles with the radiation of acoustic and electromagnetic
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waves at the high efficiency of heat pumping is possible in the case of the
equilibrium distribution of these quasi-particles by energies. Unlike stable
particles, whose system requires the inversion of the populations of energy levels.

The simultaneous stabilization both for wavelength and frequency
predetermines the multi-level structure of the resonator of the contact generator
of disturbances. The main role here is given to the mesoscopic spherical
resonator, formed as part of the corpuscular-vortex-wave thermal complexes.
The radius r of such a resonator is determined from the following ratio:

2t h b ch

= — == (3.13)
k mv T 4,965kT

Here, A, k, v are, respectively, the wavelength, wavenumber, and

the module of quasi-particles velocity, b is the Win's constant; c is the speed
of light in a vacuum; h =2x# is the Planck constant; 4.965 is the root of
the transcendent equation for finding a Win's constant.

Ratio (3.13) reflects the stabilization of the wavelength of the thermal
complex (the radius of the resonator r) based on an extremum in the spectrum
of equilibrium thermal radiation corresponding to the temperature T. Combining
the above expressions, we obtain additional ratios for the cyclical frequency
and velocity of the corpuscular-vortex-wave thermal complexes:

2
) 26;5::) | (3.14)
v _ 4865 o9

Expressions (3.14), (3.15) describe the right-hand (high-frequency)
side of the threesomes of disturbances (3.8). The low-frequency part of
these threesomes with the energy AE competes with two high-frequency
components in view of the sharp increase in the role of forced thermal
radiation relative to the spontaneous one with an increase in the wavelength.
This causes the formation of low-frequency clusters of the contact-induced
disturbances in the infrasound part of the acoustic spectrum. The
macroscopic resonator of the disturbance contact generator is formed by the
whole set of feedbacks in a tribosystem [32]. Here, there is the possibility of
both the high-frequency stabilization at their natural shapes of oscillations
of the elements of a tribosystem and the low-frequency one — at the angular
shapes of rotating parts and the slacked shapes of the drive's oscillations.

In addition to the pseudo-equilibrium scheme of disturbance generation,
another scheme is also possible — with a collapsed energy pumping. It is at
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the heart of emergency and catastrophic regimes. Spreading in the material
of contact and sub-contact layers, the corpuscular-vortex-wave thermal
complexes can attach to themselves the material mass M, enclosed in the
volume of the spherical resonator and determined from the following ratio:

Mv®
2

In this case, the above expressions yield a limit on the density of the
attached substance (for the high-frequency component of disturbances):

59,58

ch?®

KT. (3.16)

(7mkT Y. (317)

Due to the contact break, the effective density of the attached
substance can dynamically vary and auto-adjust to condition (3.17). It also
follows from (3.17):

2 2
Mc _ 2 mc 2 cC (3.18)

mc (4,965 KT 4,965V

If the entire energy Mc? >> E (or its large part eMc?) is added to (3.11),
the average filling numbers are zeroed and a thermal complex collapses.
The correlated destruction of many thermal complexes leads to a colossal
release of energy in tribological standards. For example, a single micron-
scale spherical resonator with an attached condensed substance of conventional
densities contains the energy of Mc? > 10?J, while, as it is estimated in
[33], the plastic deformation of the volume of matter with a side of 0.1 mm
requires ~10™J only. Even the small magnitude of the attachment ratio
€ << 1 can provide the effects of negative friction (at local time stages) at
the most common functioning of tribosystems, which has no explanation in
conventional approaches [32].

Consider specific experimental confirmations of the considered
mechanism of contact disturbance generation in tribosystems.

3.2.2. Generating disturbances under the modes of fretting,
sliding and rolling friction

The destructive nature of the fretting process at low speeds of reverse
slip (slippage) is caused by the generation and collapse of the corpuscular-
vortex-wave thermal complexes. The characteristic speeds of fretting of the
order of 10°...10° m/s at normal temperatures and the values of m, equal to
the masses of atoms and molecules of matter, correspond to expression (3.15).
As an example, Fig. 3.6 shows the contact stress oscillograms in the polymeric
substrate of the tribopair steel-plate made from polymethylmethacrylate

138



(PMMA) depending on the average speeds of reverse friction. The acoustic
range of the tribopair sound is shown in Fig. 3.7. The dominant frequency
here is v = 4.3 kHz; it corresponds to expression (14) at T=300 K, m=1u
(hydrogen). The long-wave packet of disturbances in Fig. 1 is stabilized at a
frequency of 43 Hz, corresponding to (3.14) at T =300 K, m =100 u (the
Cs0,Hg PMMA molecule). The optimal sliding speed, V =400 micrometer/s
(Fig. 3.6, c) is exactly the same as expression (3.13) at these parameters.
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Fig. 3.6. Oscillograms of sub-contact stresses in the polymeric substrate
of the steel-PMMA tribopair at the following average reverse friction speeds [24]:
a — 40 pm/s; b — 200 pm/s; ¢ — 400 pm/s
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Fig. 3.7. The spectra of acoustic emission of the steel-PMMA tribopair
at the following reverse friction speeds [34]:
a—40 pm/s; b—200 pm/s; ¢ — 400 pm/s

Fig. 3.8 shows the transfer functions of the rod-disk tribopair and the
spectrum of the acoustic emission of this tribopair [35]. The characteristic
frequency v = 2.2 kHz on this spectrum corresponds to expression (3.14) at
T =300 K, m=2u. It is necessary to pay attention to the low-frequency
cluster of an acoustic emission signal (Fig. 3.8, d), due to the generation of
long-wave packets of disturbances. The specified characteristic frequency
of v=21..2.2 kHz is also present in the spectra of acoustic friction
emission reported in works [36, 37].
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Fig. 3.8. Transfer functions: a — disk; b — rod;

¢ — the disk-rod system under static contact conditions;
d — the spectrum of sound generated at the friction of a tribopair

An example of the acoustic friction emission in the ultrasonic region
of the spectrum is shown in Fig. 3.9 [37].
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Fig. 3.9. Dependence of the energy of an acoustic signal on the median
frequency at friction in the system ball-disk with a load on the ball:
a—2N; b-3N[37]

That clearly reflects the quantum nature of the disturbances generated
by friction. There is also a division of the acoustic emission signal into two
clusters: a narrow-band low-frequency and high-frequency broadband. In this
interpretation, this division corresponds to the equilibrium (in each of the two
thermostats separately) and the unbalanced composition of the disturbances.
In the latter case, jet forms of a vortex field of velocities are generated, thereby
forming the wear particles. Suppressing such forms by increasing a contact
load (Fig. 3.9, b) reduces wear [37]. The role of adhesion in the formation
of wear particles is also well-emphasized. In this regard, we note that the
exchange interaction considered here is the same as the adhesion. Therefore,
the cumulative effect can significantly exceed the controversial action of the
forces of elasticity in the sub-contact layers, which leads to jamming.

The frequency of an acoustic friction emission v = 100 kHz is very
typical for triboprocesses in the ultrasonic region of the spectrum of
disturbances generated [37, 38]. From our point of view, this frequency
corresponds to the generation of disturbances near the melting point of steel:
T = 1,500 K, m=1u (hydrogen), according to (3.14). For an unbalanced high-
frequency cluster in Fig. 3.9, a with a maximum at v=270 kHz, an
effective hydrogen temperature can be introduced:

(hv-m cz)]/2
= AN (3.19)
4,965k
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This expression follows from (3.14) when taking into consideration
the ratio @ = 2znv, assuming M= my=1u. In this case, the temperature
Th=2400 K significantly exceeds the melting point of steel, which
determines the local imbalance of the friction process under the modes
corresponding to the high-frequency cluster in Fig. 3.9. The division of the
spectrum of acoustic friction emission into narrowband and broadband
clusters is noted in the literature on tribospectroscopy [38].
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Fig. 3.10. Spectrum of acoustic emission when rolling a ball in the bearing
with a diameter of 6 mm over the glass sloping plane of a mirror

Exchange interaction is manifested under the normal modes of
tribosystem operation. As an example, Fig. 3.10 shows the spectrum of the
acoustic emission, accompanying the rolling of a ball in the bearing with a
diameter of 6 mm over the polished glass plane of a mirror.

The dominant peak at the frequency v = 250 Hz corresponds to the
formation of thermal complexes on water molecules (m= 18 u at room
temperature according to expression (3.14). Fig. 3.11 shows the results of a
statistical analysis of the process of such rolling. The total time of the ball's
movement on the plane was compared with the standard rolling time calculated
using the standard ratios of solid mechanics. A dotted line in Fig. 3.11
corresponds to a zero-friction movement. The formal positivity of the
tangential contact reaction (negative friction) below this line is explained by
the quantum generation of longwave disturbances considered here. Similar
dynamic characteristics with negative friction were obtained in the tests of
roll bearings (Fig. 3.12) and have a similar explanation.
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Fig. 3.11. Dependence of the ratio of the time of the ball's movement
on a sloping plane to the calculated rolling time according to the standard
scheme of solid mechanics on the tangent of the angle of the plane tilt

Mt

Fig. 3.12. Dependences of the average reduced friction force moment
in a roll bearing on the average reduced load accelerations in the Atwood's
experimental machine at the average values of angular velocities
of block rotation: a — 5.0+0.5 rad/s; b — 9+1 rad/s; ¢ —16+1 rad/s

Therefore, external friction should be considered as a self-
coordinated process of dynamic interaction, based on the transmission of a
wave pulse with the generation of disturbances.
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3.2.3. Contact-induced flutter and buffeting
under the cutting modes of materials
The collapse component of the disturbance generation is significantly
amplified under the modes of the destruction of materials, including when
cutting. Fig. 3.13 shows the examples of the spectra of acoustic emission,
accompanying the cutting of steel rods on a turning machine under the non-
regular modes of flutter-buffeting. There is clearly a reverse energy cascade
in the ensemble of quasi-two-dimensional spherical disturbances generators,
carried out at the mesoscopic level. The macroscopic stabilization of these
disturbances at the drive's natural frequencies (vi=13Hz, v,~=40 Hz)
predetermines the dominant narrowband maxima in the central part of the
spectrum. At the same time, the pronounced flutter peaks in the high-
frequency region correspond to (3.14) at the following parameter values:
m=2u, T=340 K (frequency v=2.7 kHz in Fig. 3.13, a), m=1u,
T =~ 350 K (frequency v = 5.6 kHz in Fig. 3.13, b).
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Fig. 3.13. Spectra of acoustic cutting emission under the dynamically loaded
flutter-buffeting modes: a — non-hardened steel 40 Kh13; b — hardened steel
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Dividing an acoustic emission signal at cutting into two clusters
associated with the short-wave and long-wave packets of disturbances forms
in a series of cases a characteristic drop in the central part of the spectrum
(Fig. 3.14, a). The absence of dominant discrete lines here indicates the
imbalance of the process of generating disturbances. In this case, the effective
temperature (by hydrogen) is Ty ~ 430 K. A similar drop in the spectrum of
disturbances also occurs during the impact interaction between the teeth of
transmission gears in electromechanical machines (Fig. 3.14, b). The effective
temperature here is Ty ~ 380 K. It should be noted that the introduction of
such temperatures is quite conditional because in the friction zone there is a
hierarchy of disturbances with different temperature values. Its high-temperature
components produce the ultrasonic signals of acoustic emission (Fig. 3.9).
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Fig. 3.14. Acoustic emission spectra: a — when sharpening a steel strip
with an abrasive circle; b — when the electromechanical surface grinder is idle
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At the same time, the ultrasonic signals under the cutting modes at
frequencies v ~ 3...30 MHz, observed in [28], correspond, according to
expression (3.16), to the thermal complexes on electrons (m = m,) at very
moderate temperature values.

3.2.4. Corpuscular-vortex-wave mechanism

of selective transfer and hydrogen wear

Processes as different in their tribological significance as the selective
transfer (a wearless effect) and hydrogen wear have similar mechanisms of
their origin. The known criticality of the selective transfer of copper atoms
(and other metals) to the temperature regime and the composition of a
lubricant (3.29, 3.30) is explained by condition (3.25), which imposes certain
restrictions on the parameters of the formation of corpuscular-vortex-wave
thermal complexes in the friction zone. Specifically, at m = 63 u (copper)
and T =300 K, it follows from (19) that the value of p~1.26 g/cm® is
almost equal to the density of glycerin, or the density of the oil freon
mixture in the compressor systems of refrigeration installations.

On the contrary, replacing glycerin, for example, with Vaseline oil
(p~0.8..0.9 g/cm® does not meet condition (3.19), which explains the
known lack of the selective copper transfer in this case [29, 30]. The special
properties of the servovite film under a selective transfer mode (porosity,
defectiveness, low shear resistance) are directly provided by the collapsed
processes in the disturbance system considered here. The same processes in
the vortex-wave transfer of hydrogen atoms into metals produce the exact
opposite result — gradual (wear dispersion) or instant destruction of the
surface layer of friction.

The difference here lies in the ratio € of the substance attachment inside
the mesoscopic perturbators. The vortex-wave transfer of these disturbances
deep into the contact zone also explains the expressed plastic deformations
in the depths of the friction zone in the absence of strong plastic deformations
directly on the surface of friction, observed in [26, 27].

Thus, the practical examples considered have confirmed the proposed
physical mechanism of the contact generation of disturbances in tribosystems.

3.2.5. Results of studying the quantum-mechanical processes
in the contact interaction of tribosystems

The dynamic contact of deformable solids is a source of disturbances
in a broad range, often leading to devastating consequences. The presence
of contact gaps in the dry and boundary friction modes, the temporal and
spatial discreteness of contact limit the possibilities of the continuum mechanics
and classical field theory methods when describing such modes. In this
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case, we propose the ideas and methods developed in quantum field theory,
as well as in the theory of turbulence. One of the most effective methods of
this kind is the description of disturbances in the form of a quantum
ensemble of quasi-particles involved in a specific exchange interaction,
which is absent in classical mechanics. To analyze tribotechnical processes
based on the quantum-mechanical approach, we have derived estimation
ratios (3.14), (3.15) for the frequency and speed of wave tribodisturbances.
Our analysis of experimental characteristics of friction processes at fretting,
sliding and rolling friction has shown conformity to theoretical dependences. It
has been established that the destructive nature of the fretting process at the
low values of reverse sliding speeds is predetermined by the generation and
collapse of the corpuscular-vortex-wave thermal complexes. The example
of acoustic friction emission in the ultrasonic region of the spectrum has
confirmed the quantum nature of the disturbances generated by friction
(Fig. 3.9). The high-frequency spectrum of acoustic emission corresponds to
the unbalanced composition of the disturbances and leads to the formation
of wear particles. The exchange interaction in the tribosystem with rolling
on the plane has been considered. The results of a statistical analysis of such
rolling showed the presence of the effect of negative friction (Fig. 3.11,
3.12), caused by the quantum generation of longwave disturbances. The
results obtained indicate that external friction should be considered as a
self-agreed process of dynamic interaction, based on the transmission of a
wave pulse with the generation of disturbances.

The exchange interaction arising against the background of ordinary
electromagnetic processes determines, in particular, the catastrophic modes
of contact-induced flutter and buffeting, which are also characteristic of
hydro (aero) dynamic systems under conditions of discontinuity of the flow.
An analysis of the results (Fig. 3.13, 3.14) shows that the collapse component of
the generation of disturbances is significantly enhanced under the modes of
the destruction of materials during cutting.

A rare beneficial effect associated with the exchange interaction in
tribo-equipment is a known wearless effect (selective transfer), whose theory
needs to be significantly clarified. The controversial mode here is hydrogen
wear, described so far without taking into consideration the exchange interaction
and a vortex-wave transport in the tribosystems. Studies have shown that
the special properties of the servovite film under a selective transfer mode
are directly provided by the collapse processes in the disturbance system.
Similar processes in the vortex-wave transfer of hydrogen atoms into metals
produce the opposite result — the destruction of the surface layer of friction.

The specificity of contact friction is also evident in sharp temperature
gradients, which causes the formation of corpuscular-vortex-wave thermal
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complexes involved in the exchange interaction. Co-operative processes in
the system of such thermal complexes are, in fact, the main source of
contact-induced disturbances.

The obtained results and their analysis allow us, based on methods of
diagnosing the quantum-wave signals during the operation and study of
friction nodes, to reasonably analyze and predict the progress of friction and
wear processes, to prevent the occurrence of emergency operation of
machines and mechanisms.

At the same time, it should be pointed out that the limitation of this
study is to consider the approximated problem of quasi-ideal quantum gas.
Additional consideration of the interaction of disturbances requires consideration
not only of the discrete components of the spectra but also of the turbulent
spectral clusters reflecting the processes of cascading energy transport in the
system under consideration.

In the future, it is expedient to devise specific technical procedures
and methods for suppressing contact-induced disturbances associated with
emergency modes of operation of tribosystems. It is also advisable to generalize
the results obtained for similar hydro(aero)dynamics problems associated
with critical modes of operation.

Conclusions

1. It is analytically presented a method to describe disturbances in a
tribosystem in the form of a quantum ensemble of quasi-particles involved
in a specific exchange interaction. A physical model of the contact generation
of disturbances in tribosystems has been constructed, which takes into
consideration the exchange interaction and collapse of the corpuscular-
vortex-wave thermal complexes.

2. It has been established that the destructive nature of the process of
fretting at the low values of reverse sliding speeds is caused by the
generation and collapse of the corpuscular-vortex thermal complexes. An
example of acoustic friction emission in the ultrasonic region of the spectrum
was used to show that the high-frequency component of the spectrum
corresponds to the unbalanced composition of the disturbances and leads to
the formation of wear particles. The results of a statistical analysis of the
exchange interaction in the tribological system with rolling showed the
presence of the effect of negative friction caused by the quantum generation
of longwave disturbances.

3. It has been established that the collapse component of the disturbance
generation is significantly enhanced under the modes of the destruction of
materials, including the cutting of materials.

4. Based on the corpuscular-vortex-wave mechanism, it is shown
that the properties of the servovite film under a selective transfer mode are
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provided by the collapse processes in the disturbance system. Similar
processes in the vortex-wave transfer of hydrogen atoms in metals lead to
the wear and destruction of the surface layer.

3.3. Diagnostics-experimental analysis of friction pairs
at stick-slip sliding

With small movements in speed (10...100 mm/min), movement with
jumps is observed in translational friction pairs (stick-slip movement). This
is typical for sliding friction in machine tools and instruments, sliders,
presses and other machines. On the type of movement in this case, the
magnitude of the friction force and its changes have a decisive influence. At
low speeds, there is a transition from the forces of friction of a fixed body to
the forces of friction of motion and vice versa. This is due to the instability
of the process of formation and destruction of adhesive contact between the
surfaces. As a result, the positioning accuracy of the machine components
decreases, additional dynamic loads are created, failures occur and the wear
rate of the machine parts increases. In this regard, the study of the processes
of uniformity of movement and accuracy of the installation movements is
given great importance. In this paper, we studied the characteristics of the
frictional interaction of translational friction pairs with various types of
lubrication of the contacting surfaces.

The influence of friction mode on the nature of the motion of
mechanical objects is studied in a number of articles. The paper [41] presents
a demonstration of an oscillator with sliding friction that exhibits very good
agreement with a linear fall off in amplitude. The demonstration also confirms
that sliding friction is proportional to the magnitude of the normal force.
The paper [42] introduces a more detailed friction model, one that explicitly
considers deformation of and adhesion between surface asperities. Using
probabilistic surface models for two nominally flat surfaces, the stick-slip
model sums adhesive and deforming forces over all asperities. However, these
studies do not take into account the damping properties of the lubricant. The
lubricant has a decisive influence on the processes of friction and oscillations.
In studies [43-44], methods for determining the parameters of sliding friction
under damped oscillations are considered. Mathematical models and methods
for identifying their parameters on the basis of experiments are proposed.
The method of laboratory testing for friction has a great influence on the
accuracy of the results of studying vibrations under friction. Works [45-46]
propose various hardware (acoustic, electrical) to control the characteristics
of sliding friction. These studies have a positive contribution to the study of
the processes of friction, but they do not always determine the sufficient
accuracy of the friction parameters. The result of friction on the law of
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motion is the accuracy of moving and positioning machine parts. In [47] the
numerical simulations, the displacement of the moving part and the driving
force of the controller are considered in cases of no friction, friction without
stiction effect (sliding friction), and stick-slip friction. From these conditions,
the influence of the friction on the sliding stability of the controller and the
motion accuracy of the machine tool are analyzed and predicted. The study [48]
gives an analysis of the basic friction models with tests and compares friction
models in the literature: Coulomb friction model, Stribeck friction model,
Dahl model, LuGre model, and the elastoplastic friction model on the same
testbed. The experiments and models were done and the reasons for the
difference in the basic of these models were investigated. Friction cannot be
considered separately from modern surface engineering methods. The processes
of friction depend on the properties of materials and coatings of the contacting
bodies. In work [49] the influence of ionic nitriding on the processes of
friction and wear under conditions of translational and swinging movement is
considered. Resistance to wear of materials is also largely determined by
friction processes. In work [50], the parameters of the friction process in the
complex are presented in the model of wear proposed by the authors. The
importance of laboratory and theoretical studies of friction parameters for
practical applications follows from the literature review. For modern machines,
friction is a necessary element that determines the accuracy of their operation.
Thus, the study of friction processes requires more careful and detailed study.

For an experimental study of the friction force during the movement
of a loaded plate on a lubricated and dry surface, the “LRX-E” model
“Lloyd instruments” universal machine was used. The main characteristics
of the testing machine are as follows:

1. Maximum force: 2.5 kN.

2. Error measuring force: 0.005 % of maximum value.

3. The limits of change of the speed of movement: 0.1...1020 mm/min.

4. The amount of movement: 1...1500 mm.

5. Error of measurement of movement <5.

The testing machine (Fig. 3.25). Is a laboratory computerized complex
allowing to carry out various tests in the "force-displacement” format. In
our case, it was configured to test for sliding friction in accordance with the
international standard ASTM D1894. When testing, a steel, ground (Ra =1 um)
plate 1 (Fig. 3.15.) measuring 63.5 x 63.5 mm? and weighing 2N slid along
the burnished surface of the Table 3.1. The horizontal position of the table
was controlled by level 6. The plate movement was carried out by means of
tensile flexible filament 3 through block 4. The upper end of the thread was
fixed in the grip 5. The grip 5 was fastened in the traverse and with the help
of a screw was moved along the guide column. To measure the forces and
displacements, a special strain gauge type LASERSCAN LR 01/2932 was
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used. The control of the testing process was carried out using the control
panel 7 on the basis of a liquid crystal display. The software ‘“Nexygen
V4.5” and “Ondio V 4.5” was used to automate the test process with the
specified parameters, automatically display the test results and statistical
data processing. To study the friction force during the movement of a
loaded plate on a flat surface, the following conditions were taken:

1. The speed of movement of the movable plate, mm/min.

2. Distance of movement, mm.

3. Types of lubrication: 1-dry; 2- motor oil Formula Q8 (API- SJ/CD,
SAE - 15W/40); 3- consistent oil Agip F1 CR MU3 (Castrol).

4. Loading mode: 1 —2N; 2—-7.5N; 3-13.5N.

Fig. 3.15. Testing machine LRX-E

The test results are presented in the graphs on Fig. 3.16-3.18.
Depending on the type of disturbing forces, the fluctuations of the friction
force can be either deterministic (often periodic) or random. In our case, the
reasons for the fluctuation of the friction force are the following: the
random type of interaction of the roughness of the contacting surfaces (as a
result, there is a random process of formation and destruction of frictional
bonds between the surfaces); time dependence and different intensity of
molecular adhesion forces (adhesion) between dry and lubricated surfaces;
adhesive properties of lubricants; non-uniform distribution of the lubricant
layer over the sample surface thickness. As a result, there is a stick—slip
movement of a moving specimen (at relatively low sliding speeds) with
random transitions from static friction to movement friction.
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The friction force can take any value in a certain range. Therefore,
the random process of friction force change should be characterized not by
amplitude, frequency and phase, but by the mean value T , standard
deviation oy, coefficient of variation vy, minimum Ty, and maximum
values Tnax and the range of change of the friction force AT.

To determine these characteristics, a statistical processing of the test
results obtained on a testing machine was carried out. The results of
statistical processing are shown in table 3.1.

An analysis of the results obtained by studying the friction force
indicates the following.

With a dry contact of the ground plate with the surface of the table,
relatively low friction forces take place compared to even the lubricated contact.
This can be explained by the low adhesion of the surface of the steel plate to
the surface of the table, covered with a layer of protective oxide film.

When the plate moves along the motor oil layer, the friction force in
comparison with the dry contact should decrease, but the results suggest that
it is approximately at the same level as in the case of dry friction. Obviously,
this is due to the additional resistance to movement due to the high adhesion
of the lubricant to the surfaces at low sliding speeds. This effect is even
more pronounced with the grease.

Table 3.1

Statistical parameters of friction force changes
Lubricant | Q, N | Tyin. N | Tax, N | AT,N | T N | o;,N Ur

Dry 2 0,08 04 0,32 0,24 0,078 | 0,325

7,5 0,59 1,3 0,71 0,88 0,117 | 0,132

13,5 1,63 2,27 0,64 1,9 0,14 0,073

Motoroil | 2 | 004 | 089 | 085 | 0,295 | 0,179 | 0,607
FormulaQ8[ 7,5 | 026 | 2,25 | 1,98 | 09 | 0508 | 0,564
(API- SJ/CD,

SAE- | 135 | 041 | 381 | 34 19 | 072 | 0378
15W/40)

AgipFICR| 2 0,6 24 1,8 1,28 0,293 | 0,229

MU3 7,5 3,64 5,13 1,49 4,22 0,297 | 0,070

(Castrol) 135 | 4,42 5,49 1,07 4,92 0,27 0,055

The dispersion of the friction force relative to the average value
decreases with increasing load and with dry and lubricated contact. This is
due to the increase hardness in contact with increasing load.

Stick-slip change in friction force is associated with the transition
from friction of non-mobility to friction of motion. On the basis of the
obtained experimental results, it is possible to establish some quantitative
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characteristics of such a movement: the number of oscillations (jumps) per
unit of time vg; the average movement in a contact before a shift in a contact S;
the average resistance force in a contact before a shift T.. As a result of the
graph analysis of Fig. 3.16-3.18, the following numerical values of these
characteristics are established (Table 3.2).

The analysis of the obtained results shows that the greatest frequency
of friction force oscillations occurs during dry contact. In this case, weak
adhesion forces act and changes in the friction force are repeated more often
than for contact with a lubricant. When using a lubricant, a large force is
required to shift the contact layer and a correspondingly longer time for shear
is required. Plastic lubricants at the same time have the best damping
properties, since jumps of friction during their use are performed with the
least frequency. However, the coefficient of friction is quite large (up to 0.5)
due to the high adhesive properties of greases.

The obtained results of the quantitative analysis of the stick-slip
movement with various lubricants are recommended for practical use in
industry. The correct selection of lubricant and loads ensures minimum
values of vibrations of the friction units of machines. This consequently
improves the positioning accuracy of the machines.

Table 3.2

Characteristics of the hardness of the contact layer for moving loaded plate
Lubricant Q.N v, sec Sc, um Te. N
2 5,3 156 0,15
Dry 7,5 7,7 109 0,26
13,5 7,4 114 0,29
Motor oil Formula Q8 725 Zi ;gi 852
(API- SJ/CD, SAE - 15W/40) 135 7 208 0.97
. 2 2,9 285 0,36
Ag'p(gisfr';)'vm 75 2 417 0,57
13,5 2,1 400 0,45

On the basis of the laboratory diagnostic complex “LRX-E”, studies
of the characteristics of friction during movement with a low speed of the
loaded plate on the working surface in the presence of lubrication were
carried out. As a result of processing the experimental data, statistical
characteristics of the friction parameters were obtained, which characterize
the effect on them of the load and lubrication mode. The quantitative
characteristics of the plate motion, which characterize the deformation
properties of the contact layer, are established.
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CCHAPTER 4)

Technological Support of Wear Resistance
of Cylindrical Tribosystems

4.1. Hardening of cylindrical friction surfaces with a roller tool

The problem of increasing wear resistance, contact strength and
resistance to contact spalling is becoming increasingly relevant as intensity
of handling equipment operation is constantly increasing. The most economical
extension of the rope block service life is possible by improving properties
of the surface layer. Surface properties can be controlled by changing the
surface layer structure and physical and mechanical properties.

When operating equipment for general technical purposes, large-
sized steel parts that perceive contact loads, such as cable blocks, tackle
blocks, pulleys, etc. often fail. Significant work forces in the presence of
misalignment of interconnected parts often bring about spalling and wear of
the working friction surfaces, shape distortion, alteration of clearances between
the parts. As a result, service life of handling equipment and machinery
units in general is reduced. Numerous studies [1] have shown that up to
85 % of machine failures occur in operation not because of an insufficient
structural strength of the parts and units but because of contact damage and
wear of conjugated friction surfaces.

Application of thermal or thermochemical strengthening methods in
the manufacture of large size rope blocks is limited by their dimension and
weight. The most simple, available, and often solely possible, method for
strengthening such blocks is surface processing by cold plastic working,
namely reeling or hammering. To improve appearance and increase wear
resistance of the surface layer, finishing surface plastic deformation (SPW)
is applied and in order to increase fatigue strength and contact strength of
parts, work hardening is used. Therefore, the study of the effect of the
reeled surface layer properties on tribotechnical characteristics is an urgent
scientific and technical problem. During operation of rope blocks, rope
interacts with the surface of the block groove. Because of elastic deformation
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and torsion of the rope under load, it slips and rotates round its axis. This
brings about various types of damage: the groove wear, appearance of cracks,
collar spalling, general deformations, and other flaws. A fundamental
contribution to the theory, calculation, and design of a "rope block — rope"
friction couple is made in [2, 3]. The proposed theoretical calculations in the
design of the "rope block — rope" friction couple have low accuracy because
of numerous simplifications and assumptions in the calculation method.

The issues of wear, study of surfaces subjected to contact loading as
well as improvement of physical properties of surface layers are considered
in [4-6]. These studies do not take into account the phenomenon of slippage
of contact friction surfaces which in turn affects the mechanism of wear of
the tribological couple. Blocks are made of cast iron or steel by casting,
pressing, or welding [7]. The use of cast iron for casting the blocks increases
wear resistance of the block by 10—12 % compared to the steel blocks. Worn
cast-iron (SCh 15-32) rope blocks are replaced by blocks of steel (25L) [8].
However, the proposed methods of hardening and restoring rope blocks,
namely, restoration of the blocks with the help of automatic surfacing, welding,
electromechanical processing, electroplating, etc. are very costly and of a
low material-output ratio. Therefore, it is more advisable to take measures
to harden the rope blocks and increase their longevity, especially with the
help of SFW. Consequently, many methods are effective for certain operation
conditions (uniform loading, absence of abrasive wear, etc.) and ineffective [3]
in other conditions (impact loads, large specific loads, abrasion, etc.). However,
for a large number of enterprises, the equipment requiring quenching and
cementation is economically unjustified and therefore the issue of techno-
economic feasibility of its acquisition appears often.

When deciding on the expediency of hardening and restoration of
parts, one should proceed from the technical feasibility of the enterprise in
question. It is necessary to ensure performance of the part after its hardening
and restoration for the entire inter-recouple service life of the unit encom-
passing this part and economic feasibility of hardening and restoration.

Solution of the tribo-contact problem for a friction couple was made
on the basis of the wear model in [9]. The proposed solution is quite
complex for practical implementation since it requires division of the wear
area into discrete sections. It does not take into consideration technological
features and the form of the contact friction couple.

Analysis of the change in contact pressure was made in [10] during
wear of coating in a friction couple for a nonlinear form of the wearing law.
As a wearing law, a dependence of the wear rate on speed and contact
pressures was taken. A nonlinear Winkler model was adopted to describe
deformation properties of contacting materials. The proposed algorithm for
solution of the wear-contact problem of the friction couple will face
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significant difficulties in the case of loading the friction couple. This is
determined by the problems of mathematical nature when using non-linear
equations describing geometry of the contact couple in arbitrary equations.

Solution of an inverse wear contact problem for identifying parameters
of the dependence of wear intensity on pressure and speed of sliding taking
into account their distribution over the contact spot has been made in [11].
Based on the wear experiment by the "finger-disk" scheme, expressions for
determining these parameters were obtained. However, assumption of
stability of the wear spot accepted in the work in accordance with the test
scheme does not make it possible to use the obtained solution for the test
schemes with a variable contact (wear) spot.

A study of wear of a working "rope block — rope" friction couple
caused by difference in diameters is presented in [12]. It was established on
the basis of this study that the difference between the radii of the rope and
the rope block profile leads to a change in distribution of contact pressures,
and a phenomenon of axial slippage of the rope occurs which in turn leads
to wear of the contact friction surfaces. However, the article does not present
the dependence on quality of processing the friction surfaces of the "rope
block — rope" couple. The mechanism of wear of the "rope block — rope"
friction couple and distribution of residual stresses in the substrate surface
were studied in [13]. The results of this study indicate that the rate of wear
of the alloyed steel depends on diameter of the rope wires. The mechanism
of wear of annealed low-alloy steel is characterized by fatigue and abrasive
wear but the wire demonstrates partial adhesion because of microabrasive
wear when a fatigue crack appears. Distribution of the residual stress contacts
does not depend on the motion speed. Therefore, there are constant values
in the contact surface. Analysis of the nature of failure of the parts that wear
from the contact load of the friction surfaces showed that failure of rope blocks
begins mostly in the surface layer and the resistance to this failure is
determined by quality of the surface layer. Therefore, it is possible to influence
quality of the surface layer by changing methods of surface treatment to
provide predefined tribological characteristics to the friction surfaces.

To solve these problems, there is a need for a comprehensive study
of new technological processes and the use of advanced methods of SFW.
The study of wear processes and development of a strengthening technology
require the use of laws and methods of continuous medium mechanics,
mathematical and applied theory of plasticity, as well as the phenomeno-
logical theory of deformability. Thus, further theoretical and experimental
studies of physical and mechanical properties of the surface layer and
microstructural studies of steel specimens after reeling them with rollers are
needed. It is necessary to investigate diffusion of chemical elements in the
surface layer during surface deformation by means of microchemical analysis
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and carry out tribological studies of wear of contact friction surfaces during
reeling with allowance for slippage. All these measures will make it possible to
create a method, a process, and a device for strengthening the rope blocks
by reeling and solve production problems during its implementation.

4.1.1. Materials and methods used in the tribological study

of the effect of reeling parts on the contact strength

Electron microscopy studies were carried out using a UEMV-100K
microscope on thin foils prepared from the specimens taken at various
distances from the surface and then thinned to a thickness transparent for
electrons. Depth and degree of work hardening during plastic deformation
of the surface layer were estimated using the regression analysis method. To
this end, rupture tests were conducted on 0.2...0.4 mm thick flat specimens
cut from a part at various distances from the part surface with the help of
Shovenar machine with film recording of specimen deformation versus load
diagrams. The study of the degree of hardening with analysis of the change
of microhardness and diffusion of chemical elements in the surface layer in
the process of SFW was carried out as follows. Microhardness after reeling
the specimens in various conditions was determined using the PMT-3
microhardness meter. Determination of microstructure was carried out with
the help of the KMT-1 device. Investigation of chemical distribution of
strengthening elements by means of microchemical analysis was carried out
on a raster electron microscope with the Superprobe-733 micro-X-ray
micro-chemical analyzer from Jeol Company (Japan).

The study of pressure on the surface of plastic contact of the roller
with the part during work hardening was carried out on 6.4 mm thick
models prepared of an optically sensitive material ED6-M with the PPU-4
polarization installation (Russia). The TRB-S-DE tribometer (Switzerland)
was used in the study of wear of the contact friction surfaces during reeling
taking into consideration slippage to determine tribotechnical characteristics
of the "disk-sphere" friction couple and the MI wear machine was used for
modeling slippage with its upper shaft rotatable to ensure transverse slip.
The VLR-200 (Russia) laboratory scale was used to measure weight loss in
specimens. Experimental studies of the technological process of hardening
the rope block surface by reeling were carried out on a universal 1K65 screw-
cutting machine. The technological process was recorded on Panasonic
SDR-S26 video camera with a subsequent frame-by-frame examination.
Force on the roller varied within +5 % since the friction force of the rolling
bearings was not more than 0.008. This provided a uniform deformation of
the surface layer in the rope block groove. The degree of work hardening
was measured and determined after reeling with the help of TIME Hardness
Tester TH130 (India) universal integral dynamic hardness meter. Roughness
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of the rope block working surface before reeling was measured using reference
roughness comparison specimens OSh (GOST 9378-93 made in accordance
with requirements of GOST 2789-73). After reeling, roughness was measured
with the help of replicas prepared from self-curing Protacril-M plastic using
the profilographer-profilometer of Al type (GOST 19299-73 and GOST
19300-73), model 252 manufactured by Caliber Enterprise (Russia).

The reeled rope blocks were tested for spalling with ropes in
production conditions on KRUPP ship reloaders (Germany) with a hoisting
capacity of 40 tons, MGZ OJSC, and KS-3575 autocranes with a hoisting
capacity of 10 tons, Mykolayivbudmekhanizatsiya JSC (Ukraine).

4.1.2. Results of tribological tests and process parameters
of reeling steel parts with rollers
Vickers hardness under force of 0.10 kN and mechanical characteristics
OB, Go2 and & were determined on specimens taken from a shaft made of
40 grade steel and reeled under a reeling force of 50.0 kN (Fig. 4.1).
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Fig. 4.1. Mechanical properties of the surface layer of the shafts reeled with
toroidal rollers with diameter D, = 105 mm, profile radius r, = 10 mm:
oz, 60 and d are properties in a circular direction; ¢}, oy, ,, 8’
are properties in the axial direction
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Statistical estimation of accuracy in determining the depth of work
hardening was made proceeding from the changes in hardness HV10 and
the vield strength of the work hardened metal layer. A hypothesis of normality
of distribution of measurements of initial hardness and yield strength was
verified by the Kolmogorov criterion. After that, the results of hardness
tests were statistically analyzed by the small specimen technique.

Nonlinear regression analysis was used to determine the depth of
work hardening (estimated by the start of change in mechanical properties
HV10 and oy, of the deformed layer) and estimate accuracy of determining
the depth of work hardening.

To describe the regression lines, the functions were taken [1]:

and
y=a +bx+b,lgx, 4.2)

where Y is hardness or yield strength; X is the distance of the
measuring point from the reeled surface.

Statistical processing of the results obtained in determining the
coefficients a;, by, b, in the regression equations was performed according
to the least squares method. Dispersion coefficients, work hardening depth and
its confidence intervals and the standard deviation were estimated as well.

In the process of the regression analysis, the values of coefficients of
the regression equations (4.1), (4.2) and the abscissa of the extremum point
were initially calculated taking into account the values of mechanical
properties which differed significantly from the initial ones. After the points
of measuring initial mechanical properties were shifted in the direction of
the x-axis, up to coincidence of their abscissas with the abscissa of the
extremum point of the regression line, solution was performed again, but
with taking into consideration measurements of the initial mechanical
properties altered in this way. The solution was repeated until the difference
between abscissas of the points of extremum of two last regression lines did
not exceed a specified number equal to 0.01 mm. Calculations were carried
out on a PC. Coefficient m of the parabolic regression line acquired values
from 2 to 25. The line having smallest residual dispersion S? was selected
from various regression lines. The best regression line has appeared to be a
parabolic dependence. For all tested specimens, the hypothesis of equality
of mean values of work hardening depth determined by the results of
measuring hardness and yield strength checked by the Student’s criterion
was not confirmed.
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The study results have shown that yield strength of the work hardened
layer increased to a greater extent than hardness (100-130 % versus 20—60 %).
Due to this, the boundary of the work hardened layer was more clearly defined
by the change in the yield strength. Use of cylindrical needle rollers of a small
diameter leads to a sharp increase in the deformation ratio in a thin surface
layer which was indicated by grain elongation in the direction of reeling
seen in the optical microphotographs. Accuracy of determining boundary of
the work hardened layer by regression analysis according to the results of
measurement of yield strength is twice as high in comparison with those
obtained in Vickers hardness tests. The 95 % confidence intervals for the work
hardening depth calculated from the results of measurement of yield strength
make up 11-36 % of the work hardening depth and 32—75 % for the hardness
tests. The depth of work hardening which is determined by variations in the
yield strength was 25-50 % more than the depth determined by Vickers
hardness tests. This difference increases with a decrease in the degree of work
hardening. The depth of work hardening determined according to the values
of yield strength for circular and close to them imprints (b/a < 2) corresponded
to that calculated by Heifets method even with a rather small reduced
curvature of the contact between the roller and the part (k = 0.0835 mm™).
It has been established that the yield strength was a more sensitive mechanical
characteristic for determining the depth of plastic deformation than hardness.
The depth of penetration of compressive stresses was close to the depth of
work hardening determined by the yield strength. Influence of conditions of
reeling with rollers on the change of microstructure of the worked metal
was studied in reeling with cylindrical and toroidal rollers of small diameter.
Microstructure of the specimens prior to surface work hardening consists of
pearlite grains surrounded by hypo-eutectoid ferrite (Fig. 4.2, a).

Fig. 4.2. Microstructure of normalized 40 grade steel specimens surface layer:
before reeling (a); after reeling (b) (x300)
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After reeling, changes in the microstructure observed on optical-digital
microphotographs could only be found in the surface layers of the shaft
reeled with a roller (Fig. 4.2, b). The changes were seen as a considerable
elongation of both ferrite and perlite grains in a circular direction of reeling.
It was established that at the distance from the surface (16.42 mm), the
ferrite plates of perlite din not contain dislocations. In some locations, there
were isolated dislocations in the ferrite-cementite interface. Ferrite grains in
the specimens were constrained by flat straight boundaries. Inside the grains,
there was a three-dimensional net of low density dislocations.

As the electron-diffraction examination has shown, strengthening of
the surface layers during reeling shafts with a roller was mainly due to
emergence of dislocation cells in the structure of the excessive ferrite
grains. Higher degree of work hardening when reeling with a needle roller
manifested itself by a higher density of dislocations and a reduced size of
cells in the substructure of ferrite grains and a thicker grid of dislocations in
the ferrite plates of perlite. In some locations, bend and fracture of cementite
plates was observed which indicated the limit degree of plastic deformation
of the surface layer. This was confirmed by the beginning of peeling of the
surface reeled with a five-millimeter roller.

Distribution of microhardness H,, in the depth of three specimens is
shown in Fig. 4.3.

In the graphs of Fig. 4.3, b, ¢ for the specimens of 45 grade and 40X
grade steel, a decrease in microhardness H,.) in the transition zone between
the hardened layer and the initial metal with microhardness H,, was found.
The average values of Hyy and H, of normally distributed values were
compared with the help of t, the Student criterion.
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Fig. 4.3. Distribution of microhardness in the depth of the hardened layer:
Armco iron, r, = 2.5 mm, P = 1.5 kN (a); 45 grade steel, r, =5 mm, P = 5 kN (b);
40X grade steel, r,=2.5 mm, P = 5.5 kN (c)

For this purpose, the reduced variance was determined:

~(n,—DS+(n,-1)S;]
n+n,-2

SZ
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and

t=—12-22_, (4.4)

S, |—+—
nl n2

where Ny, N is the number of measurements of H,, in the transition
zone and in the initial metal, respectively; S?, S? is dispersion of Hyz)

and H,y values, respectively; X, X, is the mean value of H,y and H,),
respectively.
If |t| >1t,, K, then difference between mean values is significant.

The value of the confidence probability was taken equal to 0.95, (a = 0,05),
the number of degrees of freedom was determined from the expression
K=n+n,-2

It was established that the content of Cr and C in the transition zone
decreased by 20-30 % and increased to 10—15 % in the hardened layer. In
reeling 40X grade steel and 45 grade steel, a significant reduction of
microhardness was observed in the transition zone between the hardened
layer and the initial metal. When Armco iron was reeled, such decrease was
not detected (Fig. 4.4, a). Based on these studies, a hypothesis of diffusion
of strengthening chemical elements (Cr, C) from the intermediate layer to
the part surface was advanced. The main mechanism of diffusion during
SFW was the gradient of dislocation density. The method of photoelasticity
has shown that during elastoplastic deformations, stresses in the surface of
contact of the roller with the part were distributed along a curve close to
elliptic, the difference was not more than 7 %.

It was established that when slippage was up to 2 %, a sharp change
in the coefficient of friction could be observed after which it remained
practically constant due to the spread of slippage over the entire contact area:
an obvious dependence of the value of the maximum friction coefficient on
the state of the friction surface. For example, in the process of abrupt change
of the coefficient of friction for hardened and not hardened specimens, with
lubrication and without it, the zone (crosshatched area) was detected when
running-in was achieved faster for the specimens reeled with rollers
(Fig. 4.4, a). It can be stated that the surface roughness only affects at small
slips (up to 3 %) while reeling with rollers creates specified tribotechnical
properties with reduced wear indicators in the surface layer.

Fig. 4.4, b shows dependence of the coefficient of friction on the
surface roughness for the specimens before reeling and after reeling with a
roller and Torsiol-55 lubricant applied. It was established that with a decrease
in surface roughness after reeling with rollers, lubricated specimens had a
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decreased coefficient of friction. When reeling with slippage, the main
mechanisms of wear were oxidizing and fatigue (spalling) wear [14, 15].
Spalling deformation increased with an increase in slippage if tangential
stresses were sufficiently large.
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Fig. 4.4. Dependence of the coefficient of friction: on the magnitude of slip (a);
on the surface roughness (b): non-reeled nonlubricated specimen (1);
the nonlubricated specimen reeled with a roller (2); the non-reeled lubricated
specimen (3); the lubricated specimen reeled with a roller (4)

A procedure for determining the force of reeling with a wedge roller
was developed. In order to prevent excessive work hardening and peeling of
the reeled metal, a limitation for the reeling force at an average angle of
indentation not more than 5° was introduced. With the help of nomogram,
rolling force was determined as dependent on the size of the part and the
round roller and the reduced profile radius of the roller were chosen to
determine the design parameters. The method of reeling steel parts [16] was
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developed and a theoretical analysis of geometrical parameters was made
for reeling the rope blocks with a wedge roller. For this case, beating,
eccentricity and diameter of the roller, its curvature, curvature of the reeled
part and normal strengthening between the roller and the part in the deformation
zone at all points of the profile were calculated.

Calculations have shown that in order to prevent formation of
waviness on the reeled surface, the profile radius ry, is made of a variable
value which ensures constancy of the angle ¢ = 5° of the roller indentation
in all sections of the part profile. The design of the device for reeling the
rope blocks is shown in Fig. 4.5. It was patented and invention patents were
granted [16].
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Fig. 4.5. The device for reeling rope blocks with a wedge roller:
roller (1); reeled part (2); shaft (3, 7); bearings (4, 8, 9, 10); lever (5); bracket (6);
plates (11, 12); spherical washer (13); sleeve (14); spring (15); sleeve (16);
pulling rod (17); pin (18); nuts (19, 22); handle (20); screw (21); eye bolts (23, 24)

The developed device and technology of reeling the rope blocks by a
wedge roller provide low roughness and a high degree of surface work
hardening. This effect is achieved by maintaining constant the average
angle ¢ of the roller indentation into the surface to be worked and mounting
of the roller unit on the rolling bearings. This contributes to a uniform
deformation of the surface layer in absence of waviness and leads to an
increase in durability of the workpiece.

In the course of the experimental study, estimation of dependence of
performance of the reeling process on the angle of indentation of the roller,
profile radius of the roller, reeling speed and the number of revolutions of
the rope block was made.
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When plotting the diagram, factors were applied on the abscissa axis
in an order of decreasing their rank and the sum of the ranks for the
corresponding factor was applied on the ordinate axis. With the help of the
obtained diagram, an assessment of significance of the factors was made.
To determine the factors that do not influence the technological process, the
Student criterion (t criterion) was used.

After analysis and rejection of the mentioned minor factors, a
classical diagram of the ranks with a decrease in their magnitude depending
on the influence of the factor on the quality of realization of the techno-
logical process was constructed. The check of significance of the expert
opinions consisted in election of 10 experts, with the number of factors in
the matrix being 12 and the number of degrees of freedom f = 11.

Analysis of expert opinions (“psychological experiment”) and statistical
processing have allowed us to conclude on the impact on the course and
quality of implementation of the technological process. The four factors had
the most affect: roller profile radius X;, mm; speed of reeling X,, m/min; angle
of the roller indentation X3, degrees; number of the rope block revolutions
Xa, rev. The three-level, four-factor Box plan of the second order was used.

After statistical processing of the experimental data on a PC with the
help of Statistica and Excel programs, mathematical models were obtained.
These models were obtained for surface roughness (SR) and hardening
degree (HD) which describe the technological process of reeling the rope
blocks using a wedge roller device.

The regression equations take the form:

SR =1,9224 -0,2789- X, +0,2520- X, —
—0,5837- X5 —0,4970- X, —0,014- X, - X, +
+0,280- X, - X5 -0,002- X;- X, —0,154- X, - X5+  (4.5)
+0,257- X, - X, +0,359- X - X, —0,094- X/ —
—0,522- X5 +1,405- X2 —1,280- X Z;

HD = 47,5008 - 0,2578- X, —0,7167- X, +
+0,135- X, +0,1157- X, —0,127- X, - X, +
+0,236- X, - X5 -0,535- X, - X, —0,124- X, - X, + (4.6)
+0,115- X, - X, —1,062- X5- X, —0,483- X2 —
—0,106- X7 —0,925- X2 +0,931- X .
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After statistical processing, analysis of the obtained regression
equations was made with encoded values of factors (Table 4.1). Study of
optimization criteria depending on the change of independent factors was
carried out using the method of two-dimensional sections.

Table 4.11
Data of encoding the test results
Indicator -1 0 1
X — The roller profile radius, mm 10 15 20
X, — Speed of reeling, m/min 20 50 80
Xz — Angle of roller indentation, deg. 25 5 7.5
X, — Number of the rope block revolutions, rev. 100 | 200 | 300

The mathematical models were checked for the rope blocks made of
steel. When analyzing the values of coefficients at factors in the regression
equation (4.5), a conclusion can be drawn that the process quality is most
influenced by the angle of roller indentation (X3) and the number of revolutions
of the rope block (X4). Similarly, it can be seen from equation (4.6) that the
most important are the roller profile radius (X;) and the speed of reeling (Xy).
For a more thorough study of the process, an analysis of possible combi-
nations of pairwise combination of factors was made. Two factors were
equalized in turn to zero leaving the other two unequal to the target value.
Regression equation for surface roughness and the degree of hardening at
possible combinations of factors was obtained. Equating to zero the value of
the angle of roller indentation (X3) and the number of revolutions of the

rope block (X4), regression equations were obtained in the form:

SR=1,9224-0,2789- X, +0,2520- X, — @7
-0,014- X, - X, —0,094- X} —0,522- XZ;
HD =47,5008-0,2578- X, -0,7167- X, — 4.8)
-0,127- X, - X, —0,483- X/ -0,106- X_.

Let us take partial X; and X, derivatives and obtain a system of
equations for each of the optimization criteria:

OSR

=-0,0144-X,-0,1886- X, —0,2789 =0;
X, (4.9)

R _ _1 0452 X, —0,01440- X, +0,25204 = 0.
X

2
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HD _ _5,12771- X, —0,96658- X, —0, 25778 = 0;

X1 (4.10)
HD _ 4 21326. X,—0,12771- X, —0,71667 = 0.

2

After solving the system of equations by each of the mathematical
models, coordinates of the centers of surface response were determined for
each of the optimization criteria and the value of the target function in the
found Y5 center. The angle of rotation of the axes in the origin of coordinates of
the mathematical model was determined in a canonical form by formula:

arctg2o. = L. (4.11)
1 BZZ

Coordinates of response of the surface centers were calculated: for
the surface roughness: X; = -1.49; X;=0.26; a. =-0.96° Ys = 2.16; for the
degree of hardening: X;=0.19; X, = -3.47; a = 9.36° Y5 = 48.72.

Coefficients of the regression equations of the characteristic equations
for each of the optimization criteria were determined in a canonical form:

B,-A B,/2
f() =" 277 =0, (4.12)
B, /2 B,,—A
to that end, the equations were reduced to the form:
A2 —1-A+D=0. (4.13)

Roots of this equation are the coefficients of a mathematical model
in a canonical form. After the calculations, the regression equations were
obtained in a canonical form:

for the surface roughness:

SR—2,164 =—0,094- X2 —0,522- X2, (4.14)
for the degree of hardening:
HD —48,7 = —0,096- X —0,493- X 2. (4.15)

The results obtained by combining the X; and X, factors are shown
in Fig. 4.6.
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Fig. 4.6. Two-dimensional cross sections of the response surface
after combination of the X; and X, factors at X;=0and X, =0

Consideration of the constructed diagrams makes it possible to draw
a conclusion that the zone of optimal combination of factors is constrained
by SR and HD curves at A, B, C, F, G points. In this case, the surface
roughness will lie within 1.2 ym <SR < 1.4 pm, and the degree of

hardening 44 % < HD < 45 %.
With such indicators of the optimization criteria, the value of the roller

profile radius should be 16...20 mm and the speed of reeling 27...36 m min.
Consecutively changing the combination of factors, two-dimensional
sections of the response surfaces were obtained for all possible combinations

of factors.
For example, by combining the values of the angle of indentation (X3)

and the number of revolutions of the rope block (X;) at X; = 0 (the roller
profile radius) and X,=0 (speed of reeling), the following regression equations
were obtained:

SR =1,9224-0,5837- X, -0,4970- X, +

+0,359- X, - X, +1,405- X2 —1,280- X7;
177

(4.16)



HD = 47,5008+ 0,135X,, +0,1157 X, —1,062X ;X , —

(4.17)
-0,925X 7 +0,931X .

Solution to the system of equations has produced coordinates of the
centers of the response surfaces: — for the surface roughness: X3 =0.22;
X4 =-0.16; a =3.81°% Ys =1.89; — for the degree of hardening: X3=0.08;
X, =-0.01; 0= 14.8% Ys = 47.50.

Fig. 4.7 shows results obtained for equations (4.16) and (4.17) from
which it is evident that the zones of the optimal combination of factors are
constrained by the SR and HD curves in A, B, C and C, D, E points. In this
case, surface roughness in both zones is about 1 pum, the degree of
hardening is 47 % at the roll indentation angle of 4°...7° and the number of
the rope block revolutions of 265...300 rev.

TAM e
|||_I .1\5 /1_4%@
'1.;| -

Hefpew) M

Fig. 4.7. Two-dimensional cross sections of the response surfaces
for combining X; and X, factors at X;=0; X;=0

Significance of the obtained estimates of coefficients and the
adequacy of the model was checked using the Cochran's G-criterion and the
Fisher's F-criterion.
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When optimizing the technological process of reeling the rope block
with a wedge roller, optimum working conditions were obtained by planning
the experiment. They have appeared to be the following: the roll profile
radius (X1) 15 mm, the reeling speed (X;) 40—50 m/min, the roll indentation
angle (X3) 5 degrees, the number of the rope block revolutions (X4)
160-180 rev. (Fig. 4.6, 4.7).

Their optimal combination forms quality of the technological process
of steel part surface hardening by reeling with rollers at indicators of surface
roughness (SR) of 1...1.9 um and the hardening degree (HD) of 46.5...56 %.

Data on wear are given in Table 4.2.

Table 4.22
Spalling the rope block working surface (800/120)
of the KRUPP ship reloader
. Wear, Operation period. Average
Wearing part mm mos. wear<mm/mo

Non-reeled 4.3 4 1.0
block 3.8 3 1.26

39 16 0.24
Reeled block 32 B 026

It has been shown that reeling of the rope block working profile with
rollers increases the contact strength and therefore imparts a 3 to 4 times
higher durability. Accordingly, durability of ropes also improves as bending
of the rope wires on irregularities of the worn rope block is eliminated.

The procedure of the rope block reeling to increase wear resistance and
contact strength has been implemented on Krupp ship reloaders (Germany)
in the cargo port of Mykolayiv Alumina Plant OJSC (Ukraine) and the auto
cranes KS-3575 built by Mykolayivbudmechanizatsiya JSC (Ukraine).

4.1.3. Results of tribological studies and process conditions
of reeling steel parts with rolls

Yield strength of the work hardened layer increases to a greater
extent than hardness (100—130 % versus 20—-60 %). Due to this, boundary of
the deformed layer is more clearly found by the change of the yield strength.
Use of cylindrical needle rollers of small diameter in the reeling process
results in a sharp increase in the degree of deformation in a thin surface
layer which is recorded on optical microphotographs as grain elongation in
the direction of reeling.

Accuracy of determining boundary of the work hardened layer by the
method of regression analysis using the results of measuring the yield
strength is two times higher than in the case of using the results of Vickers
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hardness tests. The 95-% confidence intervals for the depth of work hardening
with toroidal and cylindrical rollers calculated on the basis of the results of
measuring the yield strength make up 11-36 % of the depth of work
hardening and the corresponding figures for hardness tests are 32—75 %.

Strengthening of the surface layers by reeling the shafts with a roller is
mainly due to the emergence of dislocation cells in the structure of grains of
excess ferrite. Ferrite plates of perlite show smaller deformation. Deformations
of cementite plates during reeling with toroidal rollers were not detected.

An increase in the degree of work hardening by reeling with a needle
roller manifests itself in a higher density of dislocations and the reduced cell
size in the substructure of ferrite grains, as well as in a thicker grid of dis-
locations in ferrite plates of perlite. In some locations, bending and fracture
of cementite plates occur indicating the extreme degree of plastic deformation
of the surface layer. This is confirmed by the onset of peeling on the surface
reeled with a 5 mm roller.

Diffusion of chemical elements of the surface layer in the process of
surface deformation was studied. It was established that the content of Cr
and C in the transition zone was 20-30 % lower and 10-15 % higher in the
hardened layer. Based on these studies, a hypothesis of diffusion of
strengthening chemical elements (Cr, C) from the intermediate layer to the
surface of the part was put forward. The main mechanism of diffusion
during SFW is the dislocation density gradient.

When friction surfaces are contacting each other with a slip less than
5 %, wear does not depend on the surfaces hardness but when hardness of one
of the surfaces increases, then an increased wear of the other surface should
be taken into account. Roughness of the friction surfaces affects the coefficient
of friction and the speed of the tribo-contact wear when reeling proceeds with a
slippage, e.g. with the decrease in roughness of the surface after its reeling
with rollers, the coefficient of friction decreases in presence of lubrication.

When slippage measures up to 2 %, a sharp change of the coefficient
of friction can be observed after which it remains virtually unchanged due
to the spread of slippage over the entire contact area [16].

When reeling proceeds with slippage, the main mechanisms of wear
are oxidizing and fatigue (spalling) wear. Spalling deformation increases
with the growth of slippage if tangential stresses are sufficiently high.

A procedure for determining conditions of reeling the rope blocks
with a wedge roller was developed. In order to prevent excessive hardening
and scaling of the reeled metal, a limitation to the reeling force with an average
angle of indentation not more than 5° was introduced.

The method of reeling the rope blocks and other steel parts of
rotation having a complex profile was developed to improve wear resistance
and contact strength [14]. Advantage of the wedge roller consists in
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equilibrium of the axial component of the reeling force and reeling of the
working profile of the rope block is possible on horizontal and vertical
lathes in a single positioning.

The device and technology of the rope block reeling with a wedge
roller have been developed to provide low roughness and high degree of
work hardening of the surface [15]. This effect is achieved by maintaining
constant the average angle ¢ of roller indentation into the surface to be worked
and mounting the roller unit in rolling bearings. This contributes to the uniform
deformation of the surface layer in absence of waviness and leads to higher
wear resistance and contact strength and hence durability of the rope blocks.

A set of laboratory devices was developed to determine roughness of
the reeled surface by means of replicas and the degree of work hardening of
the working surface. This will assist in studying physical and mechanical
properties of steel parts of a complex shape working under a contact loading,
including the rope blocks. This ensures obtaining of correct indicators of the
technological process of work hardening using the designed device with a
wedge roller.

Tribotechnical characteristics of the reeled rope blocks were defined
with the help of a device with a wedge roller: the angle of indentation and
the profile radius of the wedge roller, the number of revolutions of the steel
rope block and speed of reeling. This has made it possible to ascertain possible
limits of variation of main design and technological conditions of strengthening
with the proposed device and elucidate shape of the wedge roller.

As a result of experimental study with the use of the method of steep
convergence, optimal design and kinematic parameters of the reeling process
were determined. Optimum working conditions were obtained by planning
the experiment with optimization of the technological process of reeling the
rope block with a wedge roller. They are the roller indentation angle: 5°, the
roller profile radius: 15 mm, the number of the rope block revolutions:
160-180 rev., the speed of reeling: 40-50 m/min.

The optimum combination forms quality of the technological process
of surface hardening of the rope blocks by reeling with rollers with the
following indicators: surface roughness of 1...1.9 um and hardening degree
of 46.5...56 %.

The conducted experimental studies have proved adequacy of the
results obtained in physical and mathematical modeling of the tribotechnical
processes occurring during reeling the working friction surface of the rope
block with a wedge roller. This allows us to recommend the developed
mathematical models for their application in hardening steel parts working
in conditions of wear and action of contact forces in the mechanical
engineering and other industry sectors.
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The proposed hardening technology can be used for other large-sized
steel parts working in wear conditions in various industries. Tribological
studies of the "rope block — rope" friction couple during reeling taking into
account slippage do not provide absolute correspondence with the actual
course of the wear process but is a necessary step in the development of
computational engineering methods for predicting wear resistance of
friction units which will facilitate development of techniques to improve
their service life. Further studies in this direction should be conducted by
dissemination of the proposed technology to other machinery friction units
and their corresponding laboratory wear test patterns.

Conclusions

1. With application of the regression analysis methods, the actual
accuracy of determining the depth of hardening has been estimated using the
data on changes in mechanical properties of the surface layer metal. It was
established that accuracy of determining the boundary of the work hardened
layer according to the yield strength change is twice as high as that according to
the hardness change. It was shown that the depth of work hardening which
is determined according to the changes in the yield strength is 25-50 %
greater than the depth determined according to the Vickers hardness change.
This difference grows with the decrease in the work hardening degree.

2. Diffusion of strengthening chemical elements taking place in the
surface layer during the process of surface deformation was studied. It was
established that the content of Cr and C decreased by 20-30 % in the
transition zone and increased to 10-15 % in the hardened layer. When
reeling steel of 40X and 45 grades with rollers, a significant reduction of
microhardness in the transition zone between the hardened layer and the
initial metal was observed. When reeling Armco iron, this reduction cession
was not detected. Based on these studies, a hypothesis of diffusion of the
strengthening chemical elements Cr and C from the intermediate layer to
the surface of the part due to the dislocation density gradient has been
advanced. When contacting of friction surfaces occurs with a slip of less
than 5 %, wear does not depend on hardness of these surfaces. However,
when hardness of one of the surfaces increases, the increased wear of the
other surface should be taken into consideration. Roughness of the friction
surfaces affects the coefficient of friction and wear rate when reeling with
slippage. For example, when surface roughness decreases after reeling with
rollers, coefficient of friction decreases in lubricated surfaces. Therefore,
contact fatigue strongly depends on evenness of rotation and deformation
which determines dependence on slippage, the tribosystem rigidity and
shape deviation from ideal bodies of rotation.
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3. A procedure for calculating the depth of work hardening for the
case of reeling the part friction surface with a wedge roller was proposed
and the limits of its rational application were set. An original technique of
reeling steel parts was developed in order to increase their contact strength
and wear resistance. This technique makes it possible to intensify the process
and optimize conditions of plastic deformation, increase productivity of the
reeling process, and achieve specified tribotechnical properties of the
friction surfaces in large-sized steel parts.

4.2. Discrete electromechanical hardening of steel shafts

One of the main reasons for the high wear of machine parts and
mechanisms is the insufficient use of modern methods of surface engineering
(methods of applying protective coatings and hardening). The methods of
surface engineering reduce the consumption of expensive materials, increase
the reliability of machines and mechanisms, and increase the life of their
machines. Strengthening technologies can differ in energy costs, equipment
costs and environmental damage caused. The technology of hardening by
the creation of coatings of a discontinuous discrete structure occupies a special
place among the known technologies for hardening surfaces. Discrete coatings
harden individual areas located on working surfaces in a certain order.
Discrete surfaces increase wear resistance due to the effective use of the
phenomenon of structural and energy adaptability of materials by means of
a special friction surface architecture. Discrete sections in the surface layer of
increased hardness, optimal geometry and depth of penetration into the surface
eliminate the concentration of stresses from contact loads. Such structures
interrupt the processes of formation of cracks, plastic deformation, reduce the
propensity to contact bonding of parts, which significantly increase the
strength and operational reliability of friction pairs. The main advantage of
discrete surfaces is the possibility of mobile changes in the size of discrete
sections on the surface of the substrate and the selection of materials on the
physical and mechanical characteristics. This allows you to create conditions for
regulating the temperature regime, achieving the lowest coefficient of friction
and wear, managing and minimizing the stress-strain state of the surface.

In modern researches progressive methods of hardening and increase
of wear resistance of cylindrical tribosystems are considered. Such methods
of hardening include methods of discrete hardening of friction surfaces. The
work [17] was devoted to technological methods of ensuring wear resistance of
sliding bearing parts. A regular profile of lubrication grooves was proposed
for the boundary lubrication mode. A surface layer with improved antifriction
properties is formed in the process of discrete hardening. The work did not
place emphasis on the effect of regular lubrication profiles on the wear
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resistance of the bearing parts. In the work [18] the study of the efficiency
of hardening the parts working in spalling conditions through reeling with
rollers were performed with the help of physical simulation and showed the
high effect of hardening cast steels. In the work [19] the influence of the
stress-strain state on the parameters of discrete hardening is investigated. In [20]
the characteristics of the stress-strain state in work-pieces are investigated
by the experimental method to coordinate grid during new intensive modes
of a stretch-forging in combined dies. The dependence of the surface layer
stresses resulting from the shaft-sleeve contact interaction in the sliding
bearing on its wear resistance was considered. Instead of contact pressures,
surface stressed state which was numerically estimated by the finite element
method was taken as the determining factor of the wear rate. It is difficult to
use this approach in the engineering practice of calculating bearing wear at
the design phase. In work [21] it is shown that the combination of scientific
research on friction and wear processes in different scientific and engineering
areas, such as mathematical statistics, mechanics of contact, physics of
surfaces and magnetism and hydrodynamics, provides a deeper explanation
of the processes that take place on discrete surfaces of contact elements. A
calculation-experimental method for determining tangential contact frictional
stresses using a variational principle was proposed in work [22]. In the
article [23] authors substantiate the possibility of application of the method
of electric-spark alloying of the surface layers of 40Kh steel by electrodes
made of T15K6 and VK8 hard alloys for the purposes of hardening of the
working surfaces of elements of the drilling equipment. The following
works consider the problems of calculations and tests on friction and wear
of cylindrical sliding pairs. The authors of [24] proposed theoretical
dependences for a wear testing method using a standard four-ball scheme
with determination of wear resistance parameters. The approximating function
of the wear spot diameter on the friction path obtained by the results of wear
tests was taken as the base of the method. The general methodology of this
study can be used to develop a theory of test methods for other geometric
schemes. The work [25] was devoted to experimental study of friction losses in
friction pairs made of materials. The experimental method for measuring
the characteristics of friction was applied in article [26] for examining
special features of high-speed friction under conditions of thermal loading
and at limited lubrication. The criterion of damping the friction fluctuations
proposed in this case is not applicable to the case of viscous friction, where
such fluctuations are practically absent as a result of the damping action of a
layer of lubricant. Therefore, the purpose of the work is to develop an
effective method for increasing the wear resistance of cylindrical parts of
the "shaft" type by discrete electromechanical treatment on the basis of
modeling the stressed surface state and wear tests.
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4.2.1. Fundamentals of the method of discrete hardening
of cylindrical parts

The principle of the electromechanical processing (Fig. 4.8) is to surface
hardening with concentrated energy flows. In this case there is a thermo-
deformation action in the transmission of electric current of high density
(100-110 A/m?) and low voltage (27 V). The electric current passes through
the contact area 3 of the component and the deforming electrode tool 5 with
roller 4 or plate. Current strength and secondary voltage are regulated by 1
depending on the contact area and the quality requirements of the surface layer.

Fig. 4.8. Scheme of discrete electromechanical hardening:
1 —regulator; 2 — transformer; 3 — detail; 4 — roller; 5 —tool

When a large amount of Joule's heat is emitted, there is a high-speed
heating (1000 C/s) of micro-volume surface with its plastic deformation.
Then there is an intense cooling due to the dissipation of heat inside the
material. As a result, a fine-dispersed and solid martensitic structure "white
layer" with high durability and wear resistance is formed in the surface layer.
For electromechanical hardening, the tool design is proposed (Fig. 4.9). The
tool includes a body 1 with a rod 2 and a working head 3 with a carbide roll 4.
Electric current is fed to the roller 4 through current collectors 5,6. In the
adaptation, the tool is fixed through the beam 7.
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Fig. 4.9. Tool for electromechanical hardening

Discrete hardening when using this tool is carried out due to the
pitch of the screw tracks on the cylindrical surface. In addition, the surface
of the workpiece is strengthened and is smoothed out of mechanical grinding
by a carbide grinding roller. The hardening technology makes it possible to
form both unidirectional and cross reinforcement paths with a given pitch.
To study the efficiency of discrete trip using linear tracks, metallographic
studies were carried out using the ZEISS EVO 40XVP microscope. On the
surface a thin reinforced layer of martencite is formed (Fig. 4.10, a) with a
hardness of 500...600 MPa for Vickers and a sublayer of considerable depth
h = 0.6..0.8 mm. The structural structure of the sublayer is complex:
martensitic quenching, sorbitol quenching, release trooscite as a result of the
decomposition of austenite in different temperature zones.
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Fig. 4.10. The topography and microstructure of a hardened surface layer

Fig. 4.10, b shows the topography of the strengthening track obtained
at a load of 500 N. On topography significant smoothing of the lines after
grinding is possible due to surface-plastic deformation processes.

4.2.2. The calculation model of the contact tool-detail

The choice of technological modes of discrete strengthening of steel
parts of the "shaft" type requires the need to assess the depth of the wear-
resistant "white layer". This value is close to the contact depth of the tool with
the sample. To determine the contact parameters of the roller-tool and the
cylindrical part, computer simulation was carried out using the ANSYS
software. To evaluate the contact interaction of the tool with the detail, a
computer simulation of the ANSYS software system was performed. The
calculated finite element model (Fig. 4.11) consisted of 380 thousand elements.

1

Fig. 4.11. Tool-detail contact model for computer simulation
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As a result of the numerical solution of the problem, the dimensions
of the contact area were obtained and the stress-strain state was estimated
(Fig. 4.12). At a maximum load of 500 N, the length and width of the elliptical
contact area are, respectively, 1.7 by 0.6 mm (Fig. 4.12). The analysis
showed that maximum stresses and deformations arise at a certain distance
from the surface and reach values of 300 MPa. Relative plastic deformations
make up about 5 %.

Fig. 4.12. Estimated area contact when loading on a roller 500 N

To the contact area was applied an external thermal flow with a
given equivalent temperature and the temperature distribution along the
depth of the material was investigated. The analysis of the isotherms in
depth (Fig. 4.13) showed that the minimum temperature (700...800 °C), at
which the "white layer" is formed, is located at a distance from the surface
of about 200...250 microns.

Fig. 4.13. Distribution of temperature fields along the depth of the part

It should be noted that the maximum stresses and deformations are at
the same distance from the surface, which contributes to the formation of a
strengthened zone. Relative deformations from the temperature action reach
values of 1 %, with relative total deformations of 0.7 %.
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4.2.3. Stress-deformed state and geometrical parameters
with the electromechanical strengthening

Electromechanics treatment forms on-the-spot a structure with the set
distributing of properties of durability on the local volumes of surface. The fixed
surface shows by itself a regular discrete structure which consists of elements of
“white layer”. Researches show on the study of mechanisms of formation of
elements of ‘white layer’ that it is possible to form discrete structures with
the necessary location of the surface fragments with changing the technological
parameters of electromechanics treatment (EMT). It is necessary for effective
work of surface EMT, that the mutual location of the fixed fragments and area of
coverage of surface took into account the features to construct details.
Optimum from point of operating descriptions EMT of surface will be fixed
with the formed specific structures and fragments of white layer. Further, an
analysis of the behavior of a heterogeneous material whose surface is modified
by elements of a white layer with a higher strength is compared with the matrix
material under friction conditions. For the simulation, a finite-element model of
a bar measuring 15 x 15 x 6 mm, each of which was presented in the form
of 30 elements, consisting of 27,000 elements (Fig. 4.14), was used.

5,000 10,000 frm)

7,500

Fig. 4.14. Finished element model of hardened body

Friction conditions were modeled by applying to the hardened
surface normal and tangent stresses, respectively, 1 and 0.1 MPa. Samples
after electromechanical treatment are bodies with a non-uniform surface,
which is reinforced by locally strengthened zones. The formation of a discrete
structure in the surface layer leads to a change in the stress-strain state. The
stress - deformed state of the body will depend on the nature of the applied
loads and on the relative position of the strengthened areas. When simulating a
surface that is reinforced by non-intersecting tracks, the equivalent stresses
on the Mises are about 400 MPa (Fig. 4.15).
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Fig. 4.15. Distribution of Mises stresses for non-intersecting tracks

When choosing the parameters of electromechanical strengthening,
one must strive to minimize the stress-strain state of the surface layer. The
analysis of various geometric variants of surface treatment showed that the
scheme with cross strength tracks would be most optimal. The analysis of
the obtained results showed that due to the optimum mutual arrangement of
the strengthening of the sites, it is possible to achieve a minimum influence
of stress concentration. A comparative analysis of equivalent stresses (by
Mises), strengthened according to the optimal pattern of the sample, shows
that the maximum stresses are 3.77 MPa (Fig. 4.16).
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Fig. 4.16. Equivalent (Mises) stresses of an optimally strengthened body
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An analysis of the distribution of tangential stresses has shown that
there are stretching and compression tangential stresses of absolute magnitude
on the surface. The maximum values are 0,02 MPa, which is equal to the
maximum value of stresses of the unstable body 0,019 MPa (Fig. 4.17).

Fig. 4.17. Iso-surface of the distribution of tangential stresses
in the plane XY of an optimally strengthened body

Thus, by the right choice of the treatment scheme, the mutual
arrangement of wear-resistant elements, a minimum stress concentration in
the surface layer can be achieved. In the course of operation, the wear resistance
of the surface will significantly increase. An analysis of various geometric
variants of surface treatment showed that for the chosen scheme, the optimum
area of surface hardening was 0.54. Increasing or decreasing the coverage
area resulted in an increase in all components of the stress-strain state.

4.2.4. Calculation-experimental investigation
of wear resistance at discrete hardening
For a comparative evaluation of wear of cylindrical parts after a discrete
electromechanical strengthening, the theoretical model of wear is proposed
in the form of a dependence of the wear intensity on the dimensionless
parameters of contact pressure and speed in the form:

du, s\ (VY
v _k [ O , 4.18
ds W(HB) (v) (4.18)

where G is pressure in contact, MPa; HB is the Brinell hardness, MPa;
Uw is linear wear of cylindrical surface, m; S is the friction path for the
cylinder, m; Ky, m, n are the parameters of wear; V, V'is the test speed and
the base speed, m/s.
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In the wear model (4.18) the parameters Ky, m, n characterize the
influence of determining factors of contact pressure and slip speed on wear.
These parameters characterize the conditions of wear of the tribosystem and
are determined as a result of solving the inverse of wear-contact task based
on the results of experimental tests according to the “cylinder-ball" scheme

(Fig. 4.17).
The main stages of the solution are as follows. Distribution of contact
. o a(s)’
pressure: o:i. Geometric condition in contact: u, (S) = ( ) as the
na’ 2R

dependence of wear on the path of friction.
Experimental dependence of the radius of the cylinder's wear track

on the friction path in the form of power approximation a(S)=cS", where
c,p are the parameters of approximation, which are determined by the

results of the tests. As a result of the substitution of the relations in the
model (4.18) we obtain the equation of solving the problem:

wollola] (Ve e

After integration (4.18) for the tests with two slip rates, the expres-
sions for calculating wear parameters are obtained:

mzl_ZB; n=(2m+2)—|g(cllcz) Ky =B012T+2 [ﬂj (V—*j . (4.20)
26 lg(V, /V,) ROLQJ LV

To test samples that were strengthened by electromechanical treatment,
a multifunctional laboratory installation was modified (Fig. 4.19).

Uw

|
|
7

Fig. 4.18. Scheme of contact *"cylinder - ball**: Q is load; n is the speed of rotation;
a is the half-width of the contact; R, r are the radius of the cylinder and balls
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Fig. 4.19. Modernized test setup: 1-shaft; 2-control sample

The samples from 40Kh steel in a normalized state and after
processing with non-cross and cross paths were tested. The force of pressing

the ball was 50 N, the lubrication of the surface of the sample was carried
out with Castrol 10W-40 oil.
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Fig. 4.20. Dependence of wear on the duration of tests
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The test results showed that the wear resistance of the samples after
electromechanical treatment is 1.26...3.62 times higher than the wear
resistance of the non-hardened sample. The increase in wear resistance is
due both to the formation of discrete zones of higher hardness, and to the
magnitude and distribution of stresses in the surface layer.

When processing according to scheme 2, there are significant
tangential tension stresses, which are practically absent in the processing
under scheme 3. The tensile stresses reduce wear resistance. The reduction
of wear on sample 2 compared to the sample without processing is due to
the positive effect of discrete strengthening. The results of determination of
wear parameters are presented in Table 4.3.

Table 4.3
Parameters of wear resistance
sample m n Ky
1 1,058 0,685 2,571 - 10™
2 1,079 0,5184 1,939 - 10™
3 1,1896 0,130 5,522 - 107

The obtained results indicate that the wear of unstable samples
significantly depends on the slip speed. Examined electromechanical treatment
samples have a high wear resistance at high slip speeds. Dependence (4.18)
calculated the intensity of wear of samples depending on the contact
pressure (Fig. 4.21).
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Fig. 4.21. Dependence of the intensity of wear on the contact pressure
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As a result, they increased the wear resistance by 3 times during cross-
turning compared to unidirectional discrete rolling. This can be justified by
the fact that the cross-sectional formation of discrete zones results in a greater
strengthening effect due to a more favorable stressed surface condition.

Conclusions

It has been established that continuous strengthening of surfaces does
not allow to provide the necessary durability in tough operating conditions.

A new method of increasing the wear resistance of steel parts by
discrete electromechanical processing has been developed by forming linear
reinforcement areas with controlled geometry. A computer simulation of the
conditions of the contact between the tool roller and the machined shaft has
been carried out. The contact areas, contact stresses, depths of deformation
and temperature distribution in depth are calculated. It has been established
that the main factor controlling the wear resistance of discrete surfaces is
their surface tension under friction conditions. Computer simulation of the
stress state of the surface showed that the scheme would be optimal in the
form of cross-sectional areas of processing.

The results of the calculation of the intensity of wear showed that for
a cross-section discrete profile wear resistance of samples from steel 40Kh
was 3 times higher.
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