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Abstract

In the course of this research in the field of automotive technology, systematic patterns and features of
wear of structural materials with wear-resistant coatings that were applied using various technologies, depending
on the change in friction modes, were revealed. Our research led to the identification of physical parameters of
tribological properties and their changes in the friction process.

An interesting property discovered in the course of our work is the fact that changing the contact area
several times does not significantly affect the change in the friction coefficient. Instead, changes in the coefficient
of friction are mainly related to the chemical composition of the secondary structures that are formed during
friction.

An important aspect of our findings is that the change in the coefficient of friction is usually due to the
chemical composition of the secondary structures, which in turn depend on the chemical composition of the base
material, the characteristics of the coating, the characteristics of the environment and the temperature conditions
in the friction zone. An analysis of the chemical composition of secondary structures formed during friction was
carried out, which allows for a deeper understanding of wear mechanisms and creates opportunities for optimizing
materials and coatings in the field of automotive technology.
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Introduction

Over the past decades, wear-resistant coatings have been widely used in various fields of human activity,
performing various functions under different conditions - from chemical composition to application methods. This
direction is extremely important, because the development of multilayer or combined coatings is equivalent to the
creation of a new material with unique properties.

During the development of new coatings, laboratory studies of wear resistance are an important stage,
which make it possible to predict the duration of operation of the tribocouple with the coating. The formation of
secondary structures under the influence of specific conditions and modes of friction solves one of the key tasks -
determining the thickness of the coating.

Insufficient or too large coating thickness can significantly affect the result: the difference in adhesion
indicators and insufficient tribological effect from the first case, or the risk of rupture due to internal stresses from
the second case. That is, the thickness of the coating plays a decisive role in achieving the desired indicators of
wear resistance.

One of the important aspects is establishing the nature and dynamics of the process of wear of the coating
over time. Knowing the necessary and sufficient thickness of the coating allows you to effectively influence the
results of operation, and the detection of optimal values guarantees maximum indicators of wear resistance.
Methods of determining the wear resistance of coatings, aimed at establishing tribological characteristics, play a
key role in this process.

To determine the tribological characteristics of coatings in the field of automotive technology, it is
necessary to focus on measuring and controlling the thickness of these coatings during their operation. The coating
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thickness usually ranges from a few micrometers to hundreds of millimeters, which is important to consider when
analyzing its tribological properties in the automotive industry.

According to the recommendations of the GOST 30431-96 (DSTU 3366-96) standard for automotive
tribological studies (autotribology), it is important to pay attention to point 4.4, where it is stated that the lapping
of the coated sample should take place at a speed of 0.7 m/s and a pressure of 1 MPa to values of the roughness
parameter from 0.2 to 0.3 um. If the transition from the technological microrelief to the operational one takes less
than 15-35 minutes, using the specified parameters, then a gradual increase in pressure up to 3 MPa, testing of
various options for increasing the sliding speed should be considered. The maximum possible sliding speed is 3
m/s in the context of automotive research.

Before running in the sample with the coating, it is necessary to carry out a similar process with the base
sample without coating. In thin-layer coatings, in particular thin films, their partial or complete wear is observed.
It is important to consider that there are coatings that are used in the automotive industry to improve the wear
resistance of assemblies, and whose tribological characteristics can be difficult to determine using standard
techniques, especially if they are relatively soft and have a small thickness.

As a result of exposure to uncontrolled high specific pressures and temperatures during processing, a
change in the internal structure may occur on the surface of the sample or a certain part of it. Accordingly, research
results may be limited and used only for comparative analyses. In the automotive field, all these factors introduce
significant errors into the final conclusions and results regarding materials and coatings. Using standard methods
allows you to establish the tribological properties of both the coating itself and the base material, but this leads to
obtaining average values, since it can be difficult to distinguish between the wear of the base and the coating.

Usually, determination of the thickness of car coatings is carried out by a chemical method. The sample,
usually a plate, is covered with a layer of material, and then the base is chemically dissolved, leaving only the
coating (foil), which is weighed. This approach is relatively accurate and simple. However, to establish wear
resistance, friction coefficient and other tribological parameters, it is necessary to use experimental methods using
mechanical action.

In addition, it is important to establish the optimal, as thin as possible thickness of the coating, which
would prevent intensive wear, considering that thick coating layers do not always guarantee a high-quality and
durable coating.

In the automotive industry, there are tribological pairs, such as coating-substrate or coating-coating (in
the case of multi-layer coatings), which exhibit high wear resistance despite their small thickness (a few
micrometers). Studies show that with an increase in the thickness of the coatings, even a small amount of wear can
become more intense [1-3]. This confirms that tribological methods should be used to evaluate the tribological
characteristics of coatings, and not any other approaches.

In general, the interaction of friction in the field of automotive engineering is an extremely complex
process, which at the moment is almost impossible to completely describe mathematically for any conditions.
Thus, the friction properties of materials are studied with the help of experiments. The obtained results can be used
to develop mathematical models and engineering calculations.

Increasing the wear resistance of automotive parts can be achieved at the design stage, using technological
methods, as well as during operation. Among the most common methods of increasing wear resistance in the
automotive industry is the use of technological methods.

One of the ways to protect the friction unit from wear in the automotive sector is to use wear-resistant
coatings using various technological methods. Application of composite and multi-layer coatings is carried out in
various ways, such as powder sintering, surfacing, galvanic methods and others.

Understanding the characteristics of each material used in complex multilayer or composite coatings,
predicting the behavior of such a composite becomes a challenge, as it depends on many factors: chemical
composition, proportions of components, application technology and thickness of the coating itself. The interaction
of heterogeneous elements leads to an effect equivalent to the creation of a new material [1], the properties of
which differ from the properties of each individual component in terms of qualitative and quantitative indicators.
The difference in the characteristics of materials is directly related to their composition and structure. In the field
of automotive technology, this is especially relevant, since the properties of complex coatings can determine the
quality and durability of automotive elements.

According to A. V. Chichinadze [2], the main difficulty in the development of wear-resistant coatings is
that in the modern process of designing mechanisms there is no agreed methodology for the optimal use of various
methods of strengthening friction nodes.

A. S. Vereshchak [3], considering a cutting tool that works under conditions of high load, tries to use
multilayer composite coatings to create tool materials with "ideal properties”. However, this task is not an easy
one, since the improvement of some parameters usually leads to the deterioration of others. This limits the
technological possibilities of using known tooling materials in the automotive industry, as their effectiveness is
usually within a limited range of applications.

Purpose and setting of the task
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The purpose of this study is to track the process of coating thickness reduction under the influence of
wear and analyze the change of tribological parameters during operation, focusing on the context of automotive
technology.

Presentation of research materials

Research was carried out on HVG steel (the chemical composition is presented in Table 1) using a
modernized tribomachine UMT 2168 [4, 5], specially adapted for the automotive field. This allowed tribological
parameters such as linear wear, friction moment and average temperature in the friction zone to be automatically
captured and recorded at a frequency of 0.5 seconds, without the need to remove the sample from the rig. The
obtained data were processed on a computer for further analysis of the results.

Table 1
Chemical composition of the investigated steels
Steel Chemical composition, % (weight)
C Si Su Mn No P Cr S w Mo
0.90- | 0.10- 0.80- 0.90- | <0.03 | 1.20-
KhVG 105 | 040 <0.30 110 <0.35 | <0.03 120 0 160 <0.30

The steel was heat treated to a Rockwell hardness of HRC 55. After that, the samples were ground to
remove the decarburized layer, achieving a roughness Ra of 0.8 to 1.6.

The research was carried out according to the scheme of dry disc-finger friction with a spherical surface
(see Fig. 1), which has advantages for automotive subjects: no need for running-in, no distortions and base errors,
the possibility of achieving high specific pressures in the contact zone.

The main goal is achieved thanks to the selected spherical working surface of the sample, which does not
require additional work-in. Fixation of wear is carried out with the help of a linear displacement sensor, which
allows you to determine the wear limit of the coating and the base without interrupting the friction process.

Requirements for the working surface of the specimen include 100% contact with the counterbody and
immediate run-in, which is achieved through the use of a spherical friction surface (see Fig. 1).

A series of experiments made it possible to identify several key areas of wear on samples with coatings,
which can be conventionally marked in fig. 1: a) the point of contact of the sample with the counterbody at the
stage of initial friction, marked as the I-I section and point A (at this moment the maximum specific pressures
occur), which ensures immediate work-in and 100% further adhesion of the contacting surfaces; b) the wear area
directly of the coating, marked as section Il-11 and plane B; c) transitional zone of general wear of the matrix and
coating, marked as section I11-111, wear of the coating (plane C) and base (plane D).
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Fig. 1. Stages of wear of the coated sample
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To evaluate the resistance to wear, samples made of thermally hardened steel XBI' (HRC 55) were used.
The counterbody is made of high-carbon heat-strengthened steel UI0A HRC 62. The tests were carried out
according to the "disk - finger" friction scheme with a spherical contact shape (see Fig. 1). The AIN-ZrB2 coating
was applied to the sample by electrospark alloying with a thickness of approximately 0.1 mm. The test regime
included an initial specific pressure of 1300 MPa and a sliding speed of 0.67 m/s. These experiments are important
for the automotive industry, as they allow to determine the effectiveness of materials in friction nodes and provide
optimal performance for automotive parts.

As illustrated in Figures 2—4, data obtained during friction are presented. Figure 2 shows the linear wear
of the coating and the base, which can be divided into three stages: 1) 0 ... 30 m, 2) 30 ... 400 m, 3) 400 ... 0. From
the information on material consumption during coating, it is known that the thickness of the coating is
approximately 0.1 mm.
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Fig. 2 Change in the value of linear wear from the path of friction
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Fig. 3. Variation of the coefficient of friction from the path of friction
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Fig. 4. Change of the average temperature in the friction zone from the friction path

The inflection of the curve when reaching a friction path of 400 m corresponds to wear with a value of h
= 0.08 mm (Figure 2), after which the intensity of wear increased. That is, the actual thickness of the coating is
0.08 mm. The tribological properties of this coating and the characteristics of its tribological behavior during
friction and wear were also determined.

In addition to the specified tribological characteristics, the technical capabilities of the equipment make
it possible to establish the process of changing the friction coefficient, the average temperature in the friction zone,
and the intensity of wear. It is well known that the friction coefficient for a certain tribopair under constant friction
conditions is constant. Figure 3 shows that the friction coefficient undergoes changes. This change is associated
with wear of the coating at a distance of 250 m of the friction path, from 250 to 400 m - wear, partial contact of



56 Problems of Tribology

the microprotrusions of the base (roughness). The number of microprotrusions from 250 to 400 m gradually
increased, and therefore the proportion of the surface contact area decreased, which led to changes in the friction
coefficient and temperature (Figures 3, 4).

There are cases where accurately defining the boundary between the substrate and the coating becomes a
challenge, and therefore a complex of tribological characteristics such as the coefficient of friction, the temperature
in the friction region and the intensity of wear must be considered. To obtain more accurate data on the thickness
of the coating, especially in the case of diffusion coatings, there is a difficulty due to the smooth transition from a
more saturated layer to a less saturated one.

Determining the thickness of such a layer turns out to be a difficult task, since there is a smooth transition
from a solid surface to a less solid base. The change in hardness is determined using a hardness tester on a cut and
specially prepared sample. This technique is quite time-consuming, it is especially difficult to cut the sample and
prepare it, requiring special equipment and high qualification of the laboratory technician.

Figures 3 and 4 show that the relative stability of the tribological parameters occurs after about 500 meters
(averaged dashed curve), which is explained by the inertness of temperature indicators and residual friction
products. This is important for the automotive industry, as it allows to determine the effectiveness of the materials
in the friction nodes and to ensure optimal performance for the automotive parts.
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Makoskin O.M., BuuaBka A.A., Baabuyk I.K. Be3nepepBHuii KOHTpOJb TOBIIMHM HMOKPUTTS IiJl 4ac
NpoLeCy 3HOIYBAaHHS BY3JIiB aBTOMOOLIIS

VY XoJli TaHOTO TOCHIHKEHHS B T'aly3i aBTOMOOUTHLHOT TEXHIKH BHSBJICHO CHCTEMAaTH4HI 3aKOHOMIPHOCTI Ta
0COOJIMBOCTI 3HOLTYBaHHS KOHCTPYKIIHHUX MaTepialliB i3 3HOCOCTIIKMMU MOKPUTTSIMH, HAHECEHUMH 33 PI3HUMH
TEXHOJIOTISIMH B 3aJIe)KHOCTI BiJl 3MiHU PEKUMIB TepTsA. Hamri mocmimkeHHS IpuBeNr 10 BU3HAYCHHS (Di3MIHIX
mapaMeTpiB TPUOOJIOTIYHNX BIACTUBOCTEH Ta X 3MiHHU B MPOILIEC] TEPTS.

[ikaBoo BIACTHBICTIO, BUABICHOIO B XOIi HAIIO1 pOOOTH, € Te, IO 3MiHa IUIOMNTi KOHTAKTY KiJTbKa pa3iB He
BIUIMBA€E iCTOTHO HA 3MiHY KoedimieHTa TepTsa. HaToMicTs 3MiHM KoedimieHTa TEpTS B OCHOBHOMY ITOB’S3aHi 3
XIMIYHUM CKJIaIOM BTOPHHHHX CTPYKTYP, AKi YTBOPIOIOTHCS i/ 9ac TePTSL.

BaxnBrM acieKTOM HaITuX BHCHOBKIB € Te, IO 3MiHa KoegiIlieHTa TepTs 3a3BUYaii ITOB’13aHa 3 XiIMITHUM
CKJIQJIOM BTOPHHHHX CTPYKTYp, SIKi, Y CBOIO 4epry, 3ajiekaTh BiJl XIMIYHOTO CKJIaJly OCHOBHOTI'O Marepiaiy,
XapaKTEePUCTUK MOKPHUTTS, XapaKTEPUCTHK HABKOJIMIITHEOTO CEPEIOBHILA 1 TEMIIEPATYPHOTO PEXXHUMY B 30HI TEPTSI.
[IpoBeneHo aHaii3 XiMIYHOTO CKJIaay BTOPHHHHX CTPYKTYp, LIO YTBOPIOIOTHCS MiJ 4ac TEPTs, LIO JIO3BOJISIE
rioIIe 3p03yMiTH MEXaHi3MH 3HOLIYBAaHHS Ta CTBOPIOE MOKJIMBOCTI JUIsl ONTHMI3allil MaTepiaiB i HOKPUTTIB y
cepi aBTOMOOTBHOT TEXHIKH.

Kiro4oBi cjioBa: 3HOITYBaHHS, TOKPUTTS, aBTOMATUYHAN BIUMIp, TOBIIMHA, XIMITHUNA CKIIa].



