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Iposedenumu odocnioxncennamu Qopmysanus
pauionanviozo ckaady mpubonoziuno axmue-
HOi 000asxu 0o 6a3060i 0JUEU NOKAZAHA MONCTU-
8iCMb NOKPAUEHHA XAPAKMEPUCUK MPUOOCUCHIEM.
Bussneno, wo oana mpubonoziuio akmuena 0o6as-
xa dae moscausicmv Qopmyeamu mpudonoziuni
enacmueocmi, wo 3ade3neuyromo HOPMAIbHI YMOBU
excnayamauii cnpsvicens demaneii mpuéocucmemu.
Ha ocnoei onmumizauii mexniunozo cmany mputo-
J10214H0 aKmuenoi 006aeKu ompumano pauionanvii
3HauenHs K0xcH020 3 il cknadosux. Onmumizayiro
npoeedeHo 3a Ymoe, w0 6eNUMUHA 3HOUWYBAHHS
NOBUHHA NpAmMyeamu 00 MIHIMYMY, a Kpumuine
HABAHMANCEHHS MA HABAHMANCYEAHHSL 36APIOBAH-
Ha — 00 maxcumymy. Ha ocnosi excnepumenmanvioi
0a3u oanux na YOMUPUKYILKOBIL Mawuni mepms
omMpuMano piHAHHA O KOWCHOI 3 PyHKuiil 8i02yKy
pe3yavmyrouux oznax. Ompumanui peepeciiini pie-
HANHA ma 3nauenns Qynxuii 6axcarocmi nopaoxy
0,698 danu moxncausicmo usHamumu cxkaad mpu6o-
J02iuH0 axmuenoi 000aeKu: memaxaonin, oucnep-
ciunuii nopowox eaunu 3 Kamepuniscvkozo podo-
suwa, oJeam nampiio, 2iopooxcud aimiio ma cipxu.
Bcmanosneno, wo npu suxopucmaxui ompumanoi
mpubonozinnoi akmuenoi 006asKku 6 1adopamopnux
YM08ax 3aPiKCcOBaAHO 3MEHUEHHS 3HOUYBAHHS 3PA3 -
xie na 26,8 %, 30invmenns Kpumuunozo Haganma-
scenns na 17,2 %, 30invmenHs HABAHMANCYBAHHSL
3eaprosanna na 4,89 %. Ananiz excnepumenmano-
HUx oanux cei0uumv, W NPONOHOBaHy MpuGoJo-
2iuHO aKxmueHy 006a6KYy MONCIUBO eKcnayamyeamu
npu OKAILHOMY KOHMAKMHOMY HABAHMAINCYEAHHI
6 xonmaxmi 0o 1078 H ma npu nixosomy nepenasan-
mancyeanni 0o 2372 H.

Pesyavmamu docaidicenv oaromv nidcmaeu
cmeepoicyeamu, w0 NPonoHosAHa Mpubon02iHO
axmuena 0006aséKa 0ae MONCAUGICMb NOKPaUUMU
xapaxmepucmuiu mpubocucmem. Bona moxce 6ymu
KOPUCHOIO CePBICHUM MA aA6MOMPAHCNOPMHUM Ni0-
npuemMcmeam npu nposederi mexniuiozo cepeicy ma
07151 6UZOMOBIIEHHS KOMNOUUILHOT 01UBU

Kmouosi cnosa: mpubonoziuno axmuena doéas-
Ka, eeomooupixamop, 3nowyeanns, cipxa, aimicei
MUA, HAMPIEBI MUNLA, MEMAKAONIH, HABAHMANCEH -
HS1 36aPIOBAHHSL
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1. Introduction

At present, the characteristics of the tribosystems for
transport machines are enhanced by selecting wear-resistant
structural materials, choosing oil for them and creating the
conditions for liquid lubrication of mated parts [1]. More in-
tense studies in this direction are carried out and significant
progress has been made in designing tribojunctions of parts.
In turn, the processes of friction and wear in them during
the operation are largely dependent on the properties of the
lubricating environment and films of antifriction materials
formed on working surfaces.
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In this case, metal-organic materials of surfaces of mated
parts, which are operated under conditions of contact with
overheated, abrasive substances, are used. However, having
high electrical and thermal conductivity, working surfaces
of the parts have low wear resistance [2]. In turn, high elec-
trical conductivity of the materials of parts leads to rapid
tribo-electrization of surface layers, which create an internal
electric field that can affect the particles of additives and
particles of wear. The impact is positive during the operation
of the additive, but with increasing the number of wear par-
ticles and the use of additives in oil, this effect starts playing
a negative role. Under such conditions there is rapid drifting



of particles of wear, followed by their operation as an abrasive
on the surface of a part. This significantly reduces wear resis-
tance of working surfaces of mated parts.

One of the ways to eliminate this shortcoming is to create
non-homogeneous tribotechnologies of antifriction surface
layers with high operational properties on the working sur-
faces of mated parts [3]. Tribotechnologies have a significant
advantage of the formation of the required complex of ope-
rational characteristics and the properties of surface layers of
parts. Their use makes it possible to ensure a rational equi-
distance of working surfaces of moving making parts. The
conditions for the creation and implementation of certain
processes and states of self-organization of a tribosystem both
during friction in the initial period of mated parts, and during
their further operation, are created.

The use of the tribotechnological methods for the prepa-
ration of lubricating media makes it possible to reduce the
magnitude of wear of working surfaces of parts and increase
their wear resistance during different operating modes,
which is undoubtedly an urgent problem.

2. Literature review and problem statement

In the general approach, all the methods for increasing
wear resistance of mated parts of transport machines as the
simplest tribosystems are divided into three main groups:
structural, technological and operational [1]. That is why it is
desirable to focus mainly on the relations between operational
and technological group of oils from the tribotechnological
point of view, as well as on assessment of the working addi-
tives. Structural solutions on increasing wear resistance are
laid at the stage of designing the mated parts of power units
of machines in general. At that, it is possible to reduce power
consumption at friction up to 12 %, but the restriction is
the complication of their composition, oil oxidation, etc. [4].
In this case, it will be necessary to perform the task of select-
ing technological operations for creation of additives to oil.
The magnitude of wear of the working surface of the mated
parts is directly influenced by the level of mechanical and
thermal loading, the type and performance of mated parts [5].
However, the issue of wear control by optimizing the charac-
teristics of a tribosystem was not resolved.

Working oils with tribopreparations significantly af-
fect the friction surface. The composition of tribological
preparations most often includes the following additives:
surface-active; chemically active; inactive; metal-melting and
plastic-deforming additives [6] and others. At that time, the
technology of their formation was not developed and consti-
tuents according to tribological conditions were not selected.

The operational properties of oils are enhanced during
the introduction of additives into them and the formation of
special films or coatings on the friction surfaces of parts [7].
However, it is desirable to develop a method for controlling
the physical and mechanical characteristics of the parts.
During the operation of mated parts, the conditions with ad-
justable wear processes and regeneration of working friction
surfaces without the additional technical service can be crea-
ted [8]. The issue of self-organization, which allows reducing
internal tensions in the areas of contact of the elements of
a tribosystem, was not resolved in this paper.

Significant merit for controlling the states of a tribosystem
is the introduction of oils with additives. In turn, it is necessary
to consider the conditions under which the effective action of

additives lasts at their sufficient concentration [9], while their
improperly selected composition can even increase the friction
force [10]. For such conditions, it is advisable to perform the
correct selection of the composition of a tribological additive.
Rationally selected composition and concentration of an ad-
ditive can positively affect the rheological properties of the
lubricant during friction. Due to the complexity of physical
and chemical processes and transformations, additives are not
universal for the materials of the tribosystem parts and the
modes of their operation [11]. The paper does not describe
the technology of preparation of additives and the mechanism
to increase the wear resistance of mated parts based on them.

When exploring the character and the nature of tribo-
physical processes in mated parts during operation, it is
possible to increase their operational reliability during the
formation of wear-resistant coatings [12]. To increase the
wear resistance of working surfaces, it is possible to use the
methods of surface influence of laser rays on the areas of
working surfaces [13]. To reduce the intensity of wear pro-
cesses, it is advisable to control the stressed-strained state
of the working surfaces of parts [14]. The authors did not
consider the possibility of forming the renovation coatings
from the composite oil medium, which also makes it possible
to increase the operational reliability.

An important technological operation of obtaining high-
quality working oils for different modes of operation of mated
parts is determining a rational composition of additives to
oils under variable external influences [15]. It is reasonable
in this case to apply the appropriate mathematical apparatus
for determining the values of the components to the additive
to oil within the applied task when using fuzzy responses [16]
and forming a complete experimental database [17]. The de-
sirability function was not used in this research, which makes
it possible to reduce the volume of mathematical toolkit.

Application of oils with additives at different stages of
operation of machines promotes the transition to the normal
mechanic-chemical wear of mated parts and the formation of
juvenile surfaces capable of receiving operational loading [18].
However, it was necessary to solve the problem of reducing the
tribophysical characteristics of moving mated parts during li-
quid friction. It stabilizes the technical condition, composition
and operational properties of friction surfaces of parts through
their alignment [19]. However, alignment of working surfaces
of parts in different media was not considered. The develop-
ment of tribotechnologies makes it possible to form new wear
resistant structures in the surface layers of materials of mated
parts. Accordingly, during the flow of friction processes in the
presence of composition oil, it is possible to observe a similar
process of formation of local areas with the best physicoche-
mical properties, which are realized during the treatment by
the concentrated energy flow [21]. It is advisable to consider
the mechanism of tribological activation of the local areas of
the mated parts, as well as to improve their quality during the
operation with the use of tribologically active additives.

The methods based on tribochemical reactions occurring
under conditions of mechanical activation in the system
«metal — composite olive medium» or «metal — electrolyte»
are the most promising for tribotechnologies of alignment
and recovery [22]. The main cause of such reactions is the
substance transfer by electrically charged components. If
additives or electrolyte are chosen carefully and working
surfaces of parts are activated, it is possible to achieve di-
rected delivery of wear-resistant components to the friction
zone [23]. The paper does not describe or explore the issue of



controlling the tribochemical reactions by means of the com-
position of the functional elements of tribologically active
additives during friction.

Today, a decrease in the level of wear and enhancement
of reliability of mated machine parts are achieved mainly by
using different methods. The most available methods are the
methods for ensuring the accuracy of machining the mated
parts [24] and the equilibrium roughness of surfaces [25],
but these methods do not ensure operational and technolo-
gical requirements for the complete life cycle of tribojunction
cycle. Important in this direction is the formation of coatings
on the working surface of tribojunction, which decrease
the friction coefficient [26] and the use of materials with
significant cyclic strength, electric conductivity, damping
ability, etc. [27]. Instead, it was necessary to develop algo-
rithms for selection of these coatings for characteristic ope-
rating conditions of moving mated parts. Development of
surface layers creates the conditions of self-organization for
parts with normal dissipative and rheological properties [28].
In this case, it was desirable for the authors to establish
regularities of tribological characteristics depending on the
presence of surface layers in mated parts. The methods may
be implemented with the realization of tribotechnologies of
alignment and restoration of mated parts in the composite
olive medium [29]. However, these problems were solved exclu-
sively using synthetic additives without friction geomodifiers.

For optimal conditions of operation of mated parts, it
is necessary to create a thin layer of coating of antifriction
materials on their working surfaces that promote plasticizing
and smoothing of micro roughness on friction surfaces [30].
At the same time, the peculiarities of the processes of filling
the surface layer and optimizing condition of additives was
not considered. This is achieved with the use of oils with
metal-containing and metal-organic additives [31], that is,
composite olive media. The most widespread among them are
metal-organic compounds of copper and molybdenum [32].
These additives have low magnitude of displacement, and in
this connection it would be desirable to identify the impact of
these additives on internal stresses in detail. It is possible to
achieve comprehensive consideration of the problem with the
analytic approach and decomposition of the general task into
simpler research points [33]. In this case, the general synthe-
sis of the data will make it possible to present a full picture of
research. The malfunction of a cylinder-piston group of trans-
port machines causes from 3...15 % failures of power units of
transport machines. The analysis of their failures shows that
the main reasons are as follows: exceeding the load condi-
tions; severe operating conditions; failure to observe periodic
maintenance of lubrication system and the use of oils that are
unsuitable to the operating conditions [34]. In addition, it
is necessary to consider the issue of changes in the technical
state of mated parts with geomodifiers and their impact on
wear processes. An important criterion of implementation of
tribotechnologies of formation of additives is their automa-
tion both in the manufacture of systems and aggregates of
transport machines and during their exploitation. One of the
key areas at present is the hydro-elements operating on the
effect of sticking of a stream of the working medium [35]. The
use of these elements makes it possible to distribute hydraulic
flow, as well as to redirect it to different technological ope-
rations, which is extremely important during the formation of
composite oils [36]. At the same time, in these elements, it was
desirable to solve the problem of dynamic stirring of mixtures
and the possibility of temperature regulation in a tribosystem.

The stressed-strained state is also possible to detect at
friction by various non-destructive methods, namely, the
methods of acoustic emission and a coercive force on work-
ing surfaces of parts [37]. The areas of stressed-strained state
were found in the places of maximum wear, but to analyze the
complete pattern of parts’ wear, it is also necessary to study
the area of minimum wear. In addition, the magnitude of wear
in mated parts is affected by the abrasive particles, which
getting into the tribological contact, in turn, form the local
compression zones that are the concentrators of stress during
operation [38]. It was not found in the work if this process
flows with participation of the elements of a tribologically
active additive or synthetic additive based on surfactants.
The formation of these abrasive particles is possible due to
clustering wear particles and paint-and-varnish inclusions
in the working oil, which in turn is unacceptable during the
operation of transport machines [1]. The formation of wear
resistant surface layers with favorable rheological properties
is carried out to reduce the internal stressed-strained state
of machine parts. This is possible at the rational composition
of the hydro mixture or composite lubricant media [39]. The
first step is to determine the regularities of the influence of
additives from the composition oil on the working surface
of parts and wear of the mated elements. The latter under some
conditions can provide much lower welding temperature in
tribological contact [40]. For further research in this direction,
it is necessary to describe additionally the mathematical mo-
dels of wear in the presence of active additives to oil.

It is possible to increase the effectiveness of tribological
junctions by selecting rational materials, such as polymer
composites. Instead, it is advisable to detect tribological re-
gularities of polymeric composites under conditions of liquid
lubrication with composite oil [41]. The tribosystems with
hydrodynamic lubrication have better tribological charac-
teristics, but they should be evaluated [42]. The paper did
not reveal any regularities depending on a change in friction
coefficient with functional additives in oil. It is possible to
ensure oil resistance in heavily loaded tribosystems through
the use of oils based on stearic acid and isocyanine [43]. It is
necessary to additionally establish the effect of these types
of lubricants on the operating additives. The functioning of
additives at different stages of operation can be estimated by
assessing the quality criterion of a tribosystem [44], but it is
necessary to develop additionally an algorithm of recommen-
dations for the selection of functional additives.

The solution of the problem of improving the durability
of tribo-elements requires a comprehensive approach and
consideration of each element of the tribojunction, which
positively influences the accuracy of determining the cha-
racteristics of working surfaces of parts. Most power units
of machines require the studies of the formation of surface
layers with tribologically active additives on working sur-
faces of parts under operating conditions. There are virtually
no studies of the dynamics of formation of coatings that
purposefully change the durability of mated parts in the
composite olive medium.

3. The aim and objectives of the study

The aim of this study is to form a tribologically active
additive to the working oil and to determine its rational com-
position, which makes it possible to improve the physical and
mechanical characteristics of a tribosystem.



To accomplish the aim, the following tasks have been set:

— to propose the components of a tribologically active
additive and coordinate their content for obtaining minimal
values of the magnitude of wear, as well as maximum values
of critical load and welding load of mated parts of the «ball —
ball» type;

—to set boundary values of the operational action of
a tribologically active additive under laboratory conditions
for a tribosystem «ball — working oil — ball», specifically, cri-
tical load and welding load in the contacts of a tribosystem.

4. Materials and methods for the formation and research
into characteristics of the tribological additive to oil

In practical terms, it was determined that an increase
in the quality of oil is possible due to the introduction of
functional active additives in it. Under such conditions, the
development and the use of tribologically active additives
makes it possible to form working oils for different conditions
and operating modes by means of their introduction to oil. It
is also advisable to conduct tribological studies on the com-
patibility of additives and their effectiveness for these modes.
Transmission oil Grom Ex QUATTRO API GL-5 80W-90
was used as the basic oil.

The following components were chosen as basic com-
ponents for the tribologically active additive: metakaolin
MK-40; dispersive clay powder from Katerynivka deposit;
sodium oleate; lithium hydroxide; sulfur. Each of these com-
ponents plays a significant role during friction. Metakaolin
makes it possible to activate the working surface of metallic
samples and perform local charging in the surface layers of
the samples. The dispersive clay powder from Katerynivka
deposit forms ceramic coating on working friction surfaces
and inclusion in gel components that can be formed from so-
dium oleate and lithium hydroxide. Its particles are partially
deposited on the surfaces of the metal samples and serve
as solid lubrication in the boundary friction modes. Sulfur
reduces the formation of chippings during the metakaolin
activation. The amount of each element of the composition
of the additive was selected empirically. Metakaolin and dis-
persive powder of Katerynivka deposit previously underwent
cleaning and crushing. Cleaning is performed by soaking
untreated powder of 300 g/ in distilled water and stirring for
30 minutes at 300 rpm by the HG-15A homogenizer.

After this, the solution was left for 3 minutes, so that
heavy particles of silicon-containing impurities should settle.
The top layer of 95 % of the volume of the obtained solution
was poured out and was subjected to evaporation at the tem-
perature of 100 °C.

The next stage is crushing the elements of the additive,
which passes using an electric crusher. Crushing was per-
formed for 35 minutes for each portion of the powder (50 g).

After the grinding operation had been finished, the pow-
der was sifted on a laboratory sieve to get a fraction of not
more than 100 microns, so that the particles of an additive
should not have the phenomenon of sedimentation. The labo-
ratory sieve GB/T 6003.1-2012 with a cell size of 74 microns
was selected for sifting.

Sifted fractions of the powdered material subsequent-
ly go through the stage of the formation of tribologi-
cal additive. Each element of the additives is weighted
on scales TBE-0.21-0.001, the second class of precision of
DSTU EN 45501.

Preliminary selection of the weight of the components
of the additives was carried out under laboratory condi-
tions: basic oil 50 ml, metakaolin (50..550 mg), dispersive
clay powder of Katerynivka deposit (250...750 mg), sodium
oleate (650...1,150 mg), lithium hydroxide (50...550 mg), and
sulfur (50...550 mg).

The liquid variance of the samples of the tribologically
active additive was formed by means of the homogenizer by
stirring each sample. Stirring was performed within 20 mi-
nutes at room temperature, the number of revolutions was
increased every 5 minutes by 1,000 rpm, the initial value of
the revolution of homogenizers was 1,000 rpm. Working oil
was formed at stirring of 50 ml of the tribological additive
from 11 of fresh oil, stirring was performed by the homoge-
nizer for 10 min homogenizer at 1000 rpm.

Through the point contact of the samples, the four-ball
friction machine serves as a reliable tool to determine the
lubricating ability of basic oils and their compositions, the
effectiveness of additives to lubricants.

The experiments were carried out on the oil composi-
tion GL-5 80W-90+, the additive was formed. We used the
four-ball friction machine, in which the oil media of mated
were tested in a pyramid of four balls, three lower balls of
which were fixed motionless in the cup, where the tested oil
was poured, and the top ball rotated in a vertical spindle.
The four-ball friction machine was used to study the lubri-
cating capacity of composite lubricants [2]. Average values
of critical load, welding load, wear indicator, characte-
rized by the diameter of a spot from wear from the applied
critical load for the corresponding lubricating media were
determined in the course of research. The characteristics of
the lubricating media on a four-ball friction machine were
tested and determined in accordance with the unified stan-
dards GOST 9490-75, in Germany DIN 51350 standards, in
the USA — STM D2783.

To identify the optimum values of the composition of a tri-
bological additive, it is necessary to optimize its composition.

In the process of the active experiment, the influence
of the composition of the additive on the change of tribo-
logical characteristics; their factors and levels are shown in
Table 1. Responses or resulting features during the experi-
ment were: Y1 — magnitude of wear (mm)— min; Y2 — critical
load (N) — max; ¥3 — welding load (N) —max.

Table 1
Formation of factors and their levels for the experiment
Levels

Factors Lower | Upper

b | ¢
X1 — content of metakaolin, mg/50 ml 100 500
X2 - content of di§persive powder of clay of 300 700

Katerynivka deposit, mg/50 ml

X3 — content of sodium oleate, mg/50 ml 700 1,100
X4 — content of lithium hydroxide, mg/50 ml 100 500
X5 — content of sulfur, mg/50 ml 100 500

The preliminary choice of factors’ levels was made based
on the formalization of a priori information of the series of
experiments [1, 2, 6, 23]. The values of the lower factor were
determined according to their impact on the correspond-
ing response function or the possibility of manifestation



of the negative processes in the junction during of the friction
process. The metakaolin content of less than 100 mg/50 ml
contributes to a significant decrease and unstable obtaining
the values of such response function as welding load. The con-
tent of the dispersed clay powder of Katerynivka deposit is less
than 300 mg/50 ml contributes to a significant decrease and
unstable obtaining the values of magnitude of wear and critical
load in the tribological contact. The content of sodium oleate
in the amount of 700 mg/50 ml is characterized by cleaning the
local working surface and the formation of a better access of the
particles of metakaolin and of dispersive powder of Kateryniv-
ka deposit to it. The content of lithium oxide in the amount
of less than 100 mg/50 ml leads to the intensification of the
phenomenon of sedimentation of metakaolin particles and
dispersive clay powder. The content of sulfur in the amount
of 100 mg/50 ml is characterized by sufficient chipping resis-
tance, which is well recommended at the stabilization of wear
magnitude in the initial start modes in the presence of particles
of metakaolin and dispersive powder. The values of the upper
levels of factors were determined according to their influence
and restrictions on the operating oils. The metakaolin content
is limited due to its considerable surface activity, that is, at the
content of more than 500 mg/50 ml of oil, it significantly af-
fects the synthetic surface-active additives of basic oil, thereby
reduces its viscosity under minor temperature conditions. The
content of dispersive powder in the amount of 500 mg/50 ml
of oil is limited due to its high ability to clustering, which in
turn contributes to the formation of additional wear particles.
The content of sodium oleate in the amount of 1,100 mg/50 ml
is limited due to its highly emulsifying and detergent capacity.
At greater values of the content of sodium oleate in the oil, the
formation of a water-oil emulsion is intensified, which leads to
the intensification of corrosion wear. In addition, the content
of sodium oleate that is more than this contributes to washing
the working oil off the friction surface, which in turn creates
the conditions of boundary lubrication. The content of lithium
oxide in the amount of 500 mg/50 ml is limited because of its
high thickening capacity, which contributes to an increase of
density of working oil even at the temperature of about 0° C.
The sulfur content of 500 mg/50 ml is limited due to the
intensity of the oil oxidation process. The average value of
the factor between its initial and critical impact values of the
influence on any response function was taken as the basic level
of the factor.

To conduct the experiment, it was decided to explore
five factors and their two levels. In this case, the number
of experiments that should be conducted can be calculated
from formula:

N, =2", (D

where 2 is the number of levels, nis the number of factors.

From formula (1), it was determined that 32 experiments
were needed to solve the optimization tasks. The plan for the
full-factorial experiment indicating the levels and factors, as
well as response functions of the experiments, was formed.
Experiments must be performed in a random sequence in or-
der to reduce the impact on the results of response function.

Analysis of this plan of the experiment was per-
formed using portable software (Statistica 10.0.1011.0,
CD-key 42347678921334567692). The experiment results
were processed based on regression analysis, that is, a ma-
thematical model was constructed and unknown coefficients
of the regression equation were determined:

Y=b+b-X1+b,-X2+b,-X3+b,- X4+b;- X5+

+b;- X1-X2+b,-X1-X3+by- X1- X4+b,- X1 X5+
+b,-X2-X3+b,,-X2-X4+b,-X2-X5+
+b,-X3-X4+b,-X3-X5+b,5-X4-X5. 2)

The type of this model is characterized by the existence of
linear and paired effects based on analysis of the obtained ex-
perimental data and the possibility of automated mode of the
construction of the extended matrix of the experiment matrix.

It was determined that the effects of the interaction of
the factors of higher levels are almost absent, and that is why
they were not included in the overall form of the model (2).
The unknown constant coefficients were determined using
the least squares method. The coefficients of the resulting
model were calculated from the following formulas:

N N N
by=3Y,/N; b;=3Y,/N; b,=3Y(X)'/N. (3)
i=1 i=1 i=1

The description of the factors and response using ma-
thematical model (2) is characterized by determination factor,
which should be not less than 0.95 for a qualitative description
of the object of study, this factor is calculated from formula:

S-S0y E-T) @

R*=1-

Y i=1

where o7, o are the variances of residues of regression,
response; Y, Y, Y, are the actual, mean, calculated value
of response.

The standard error that characterizes the standard de-
viation of the studied regression coefficients from the mean
value is calculated from formula:

S, = | & — )

where 7 is the volume of the sample.

From the statistical point of view, the values of regression
coefficients are estimated according to the Student criterion.
At the same time, the calculated value was compared with
the tabular value at the assigned confidence level of signifi-
cance of 0.05 and the calculated degrees of freedom:

a/2f, (6)

where bj, is the estimated regression coefficient, o is the
confident probability 0.95, / is the degree of freedom. At
significant regression coefficient, the calculated Student cri-
terion is more than the tabular one.

The calculation of the boundary error of deviation was
established from the following formula:

Ajr = t(x,f.rb 'Sby, . (7

Confidence interval for each regression factor was deter-
mined according to inequality:

b.—A. <b <b +A,. (8)
J J J J J



Conformity of the mathematical model with the experi-
mental data, that is, its adequacy was determined by the
Fischer criterion F. In this case, the calculation criterion
should be higher than the tabular one:

F=Oo R Lyp

=—= —. = > s
Gf/ 1_R2 ](1 o, f.thl

)

where

for detection of paired effects is subsequently plotted in the
automated mode.

Processing of the experimental data with the use of
applied software makes it possible to automate calculations
from the given formulas. Regression analysis of the experi-
mental results is reflected in Tables 3—5; insignificant coeffi-
cients were not included in the Table 3-5.

Table 2
Experimental database

ofSin-51) s

P No. of experiment Factors Functions (Responses)
(number by order of con-
is the variance of the factor; f; is the degree of ducting the experiment) | X1 | X2 | X3 | X4 | X5 | Y1,mm | Y2,N | Y3,N
freedom; 1(27) “A|=1]-1]-1]-1] 0398 | 991 | 2,218
N —\2 2(8 +H|-1|-1|-1]-1| 0392 979 | 2,539
ciz(Z(Yi—Y) )/N—fq—1 ®)
= 3(1) S+ =11 | 1] 0328 | 942 | 2074
is the variance of response, N is the number of expe- 4(11) +1|+1] -1 -1 |-1] 0321 | 1,031 | 2,424
. P o
riments, R is the de.te?rmpatlon factor. 5(6) ot [+ |1 ] -1 0367 | 883 | 2078

To solve the optimization problem, we used the
method of analysis of desirability function of E. K. Har- 6(15) +1 -1 |+1|-1|-1| 0351 | 861 | 2421
rington. Thls method has such useful properties 701 1|1+t 21| 1] 0328 | 652 | 2185
as continuity, monotony and smoothness. In this
method, the recalculation of specific parameters into 8(26) [+ -1 ~1] 0332 | 751 | 2,505
abstract numerical values is quite simple. The logical
function in the following form is used as the recalcu- 9(14) St o] 0.227 | 947 ) 2,284
lation basis: 10(19) 1| -t +1]-1] 0256 | 947 | 2,367

d, :exp(—exp(—y)‘), (10) 11(28) 1|+ |—1|+1]-1] 0231 | 1,083 | 2,151

) ) 12(27) +H |+ [ -1 [ +1 [ -1] 0.261 | 1,204 | 2,232
where Y is the response function.

Function (10) is characterized by two saturation 13(22) “| -1+ +1|-1] 0232 | 919 | 2,156
sections (d >0 and d —1) and the. hn.ear section 14(32) o+t |+t 1] 0265 | 901 | 2243
(d — 0.2 and d — 0.63). For more qualitative abstract
representation of desirability function, it is necessary 15(24) 1|+t |+ |+ | -1] 0279 | 871 | 2,282
to divide it into ranges where specific values of the

. .1e . o1 + + + + - .
desirability scale correspond to the studied indica- 16 Lt et -] 0812 ) 971 | 2,364
tors. Multi-factor optimization of desirability func- 17(25) A =1 |=1|=1|+1] 0551 | 937 | 2,285
tion was formed from the following formula:

18(30) -1 |-1]|-1|+1| 0522 907 | 2,361

7- /Hd (11) 19(12) “1 1|11 +1] 0481 | 871 | 2,158

- 20(29) 1|1 1| -t |+1] 0471 | 978 | 2,243

Futher research iIl-tO desn"ablhty funCtiOn.ShOuld 21(10) A=+ =1+ 0.524 965 2,187
determine the analysis regarding the studied re-
sponses and factors of the process. The values of the 22(13) t| -1 +1] -1 |+1] 0501 | 926 | 2234
condition of thf} response optimum were assigned 23(17) it |+ | o1 o1 | ous2 | 678 | 2084
by the boundaries of the desired level of response.

Within these limits, the most appropriate values of 24(31) +1 |+ +1 | -1 |+1| 0464 | 798 | 2,361
the factors were selected. Note that the method of

desirability function is visual. 25(29) Shp ety eL] 0525 | 801 ) 2605

26(16) -1 |1 |+1|+1]| 0531 756 | 2,447

5. Results of selection of the rational 210 “L| 1]+ 0546 | 918 | 2481

composition of the tribologically active additive 28(5) H1 |+ [ =1 [ +1 | +1] 0571 | 1,005 | 2,324

to oil and obtaining the regularities of wear

of corresponding industrial additives 29(7) LA+ 0531 | 869 | 2,483

. . . 30(4) +1| -1 |+1[+1 [ +1] 0543 | 839 | 2321

Based on the conducted tribological studies of
the proposed active additive on the four-ball friction 31(9) “1|+t |+t +1|+1] 0587 | 812 | 2,606
machine, we formed the following experimental data-

) . 32(2 1| +1 [ +1 [+1 [ +1 | 0.604 885 | 2,442
base of Table 2, from which the augmented matrix @




Regression analysis of experimental results for resultant feature Y;

Table 3

R%*=0.9991 is the determination factor of regression model of experimental data
Regression Regression factors Standard Student’s Significance Confidence Confidence
factors (values) error coefficient level p, (p<0.05) | interval —95% interval — 95 %
by 0.638 0.032 20.19 1.0-10°6 0.56 0.72
by 43107 5310 -8.2 1.72-104 -5.610~1 -3.1:1074
bs 2,110 3310 6.4 711074 -2.910* -1.3104
by -8.51074 6.6-103 12.9 1.3-1075 -1.01-1073 -6.9107
bs 1.76:10°% 6.6107° 2.7 3.7-1072 1.5107° 3.41071
byo 281077 541078 5.1 211073 1.4-1077 411077
byy 4.1-1077 9.9-10°8 4.1 6.4-1073 1.6-1077 6.51077
bis 241077 6.7-10°8 3.6 1.0-10°2 8.0-10°8 4.0-1077
bis 8.9-1077 1.0-1077 8.4 1.6-1074 6.3-1077 1.1-10°6
Table 4
Regression analysis of experimental results for resultant feature Y,
R?=0.9961 is the determination factor of the regression model of experimental data
Regression Regression factors Standard Student’s coeffi- Significance Confidence Confidence
factors (values) error cient level p, (p<0.05) | interval — 95 % interval — 95 %
by 1145.59 71.06 16.12 4.0-10°6 971.71 1319.48
by —0.245 481072 1.65 491072 —-6.0-10! 1.210°!
by 4.64-10°! 0.118 39 781073 1.710°1 751071
by -7.56-10°" 1.4810°! 5.09 221073 -1.12 3.93-107°!
bs -6.21-10°! 1.48-10°! 4.19 581073 -9.810°! 2581071
bg 1.0-10°3 221074 3.17 1.91.0-10°2 2.0-10°4 1.0-10°3
byo 1.1:1073 1.21074 9.8 1.0-104 1.41073 1.0-1073
by 1.08-1073 221074 5.21 1.9-103 6.0-10~* 2.0-1072
bys 4.61-107* 1.5-10~* 3.05 221072 9.1-10° 8.3-107*
by 851071 1.52:1071 5.64 131073 481071 121072
Table 5
Regression analysis of experimental results for resultant feature Y3
R?=0.9979 is the determination factor of the regression model of experimental data
Regression Regression factors Standard Student’s Significance Confidence Confidence
factors (values) error coefficient level p, (p<0.05) | interval —95% interval — 95 %
by 2,739.05 60.8 44.9 8.0-10°7 2,590.08 2,888.02
by 1.099 1.210°1 8.6 1.3-1074 0.788 1.41
by -1.378 1.01-10°! 13.6 1.0-10°5 -1.626 -1.13
bs -1.6107 211071 7.89 2.19-10~1 2.11073 1.1-10~
by -1.51073 21104 7.69 25104 2.010°3 1.310°3
byo 1.4-1073 1.1-10°4 13.79 9.02:10°6 1.1-1073 1.7-1073
bys 1.85-1073 21107 9.01 1.04-10~4 1.3:1073 231072

For more accurate display of the results of the experi-
ment, the mathematical regression model was complicated

to the second order of dependence of factors without inter-

action, on conditions that determination factor should not
be lower than 0.95. Analyzing the data from Tables 35, it is
possible to conclude that all included factors are statistically
significant, as evidenced by their significance level, the model
describing the process of friction with the tribologically ac-

tive additive. Substitute the data of Tables 3—5 in the general
form of regression equations and obtain:

Y,=0.638-43-10"-(X2)-2.1-10"*(X3) -
~85107"(X4)+1.76-10""(X5)+
+2.8107(X2-X3)+4.1-107 -(X2-X4)+
+24107(X3-X4)+8.9-107-(X4-X5);



Y, =1145.59-2.45-10""(X1)+
+4.64-10"(X2)-7.56-10"(X4)—
-6.21-10"+(X5)+1.0-107 - (X1- X2)+
+1.1-107(X2-X3)+1.08-107 (X2 X4) +

+4.61-107(X3-X4)+8.5-10"(X3-X5); (13)
Y, =2739.05-1.09-(X1)-1.378-(X2)—
—-1.6-107(%1X4)-1.5-10"-(%1X5)+
+1.4-107 (X2 X3)+1.85-107 (X4 X5). (14)

To assess the adequacy of the models, the variance analy-
sis of experimental data was carried out and Fisher criterion
was determined. The implementation of the variance analysis
is shown in Tables 6-8.

Table 6

Variance analysis of experimental results
of resultant feature Y;

Tables 6—8 show that the factors included in the mathe-
matical model (12) to (14) adequately describe the examined
friction process with the tribologically active additive, since
significance level p for each factor is below the allowable level.

It is necessary to estimate additionally the emissions of
residues between the experimental and forecasted values
for obtained models (12) to (14). Significant emissions of
>10 % of studied values (blue markers) from the forecasted
values (red lines) should not be present in the analyzed data
of the experiment. In the case where residues are 210 %, the
model cannot be accepted for further research. The results of
emissions of residues of the corresponding models are shown
in Fig. 1.

Analyzing Fig. 1, it is possible to observe that there are no
significant data emissions, so the mathematical model can be
accepted as reliable.

The surfaces of the response of development of the stu-
died response functions of the studied friction process with
a tribologically active additive with the display of the values
of factors and desirability scale are identical in character and
presented in Fig. 2. The levels of response function by the

Coeft- | o] Fisher Significance desirability scale are shown in Fig. 3.
cients criterion | level p, (p<0,05)
by | 435107 | 1315 227103 07 oo
by | 25104 | 765 1310 2 0.6 0.003 “on
by | 30107 | 9192 21106 05 0.002 ° o %
- — 0.001 %o o5
bs | 394107 | 119.27 3.4-10 P O 0,000 oo 8
by | 2211072 | 66.81 741077 -0.001 ° g °
=) = 03 -0.002 o o ©
by 1.45-10 436.6 1.2-10 0003 Q o
bis | 32109 | 967 36106 02 20004 o
bis 4.48 136.5 531077 Mo s v e = - 94 o * v 9 ~
(=} (=} (=} (=} (=) (=) (=) (=} (=1 (=1 (=} (=1 (=} (=}
B D
Table 7 a b
Variance analysis of experimental results 1,300.0
of resultant feature Y, 1,200.0 8 o ° iy
1,100.0 4 0° o °
Coeffi- . Fisher Significance ° Co
. Variance o level <005 1,000.0 o ° o
cients criterion | level p, (p<0,05) < 900.0 o 0 ° 00°, i
by 1,250.0 109.8 1.4210°8 800.0 -4 B
by 7567 | 148 20101 700.0 5 ° o
600.0
by | 104401 | 10194 | 241108 500.0 K. | Ll 12 ’
bs | 30,5040 | 297,85 9.2:10°12 2222222282 222222222
oS O O O o o o o O (=3 (=3 [=} (=3 (=) (=3 (=) (=} (=3
bs | 30,752.0 | 300.27 8.62:1012 A s S S e R e
bio 71,442.0 | 697.58 1.3-10° 1 B D
byy 72,010.0 | 703.12 1.210- 14 ¢ d
bis | 87120 | 8506 84105 zzggg o A
10-11 e 6
by |26,106.13 | 25491 3.0-10 2.500.0 A 8 g o i
2,400.0 2 08
Table8 < o o0 8 .85 g°
2,300.0 2 o o %3 c 8
Variance analysis of experimental results 2.200.0 4 8°
,200. o
of resultant feature Y3 2,100.0 :g ° 0°
Coeffi- Variance Fisher Significance 2’000'0Q S @ © o © o o 55 2 2 9 < 9
cients criterion | level p, (p<0.05) s 8 8 8 8 8 8 8 s 8 8 8 8 €8 g €
< - N . ﬁ‘“ vy o o =4 - N (2o} < ) o [l
by 53,710.0 | 578.49 5.47-1071 A e a A A a o A e A a e A A
by 399 | 419 46102 : v
bs 116,041.5 | 1,249.9 1.29-1016
b 1978915 | 1.377.49 596.10-7 Fig. 1. The diagram of forecasted and observed residues, as well as estimation
. . - of their span: A — Forecasted values; B — Studied values;
. 16 ’ ’
bro | 1158000 | 1,247.27 131 10717 C — Output residues; D — Studied residues; a, b — for function of magnitude
bis | 120,172.5 | 1,294.35 9.76-10 of wear; ¢, d — critical loading; e, f— welding loading
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Fig. 2. Graphic display of response surfaces by the desirability scale of the studied tribologically active additive:
a — dependence of Zon X2 and X1; b — dependence of Zon X3 and X1; ¢ — dependence of Zon X3 and X2; d — dependence
of Zon X4 and X1; e — dependence of Zon X4 and X2; f— dependence of Zon X2 and X1; g — dependence of Zon X5
and X1; h— dependence of Zon X5 and X2; /— dependence of Zon X5 and X3, j — dependence of Zon X5 and X4

700.0 [ o7
o 550.0 Bl <0.675
" 4000 | 48 B <0.575
1500 FME [ <0475
500.0 F - 0.6
< 3500 B < 0.683
" 2000 Bl <0.673
500 LA T <0.663
soo9
[N
v o wn o
AN <t N~
X2
e

X4

wn 350.0

500.0 [B
350.0
200.0 f
50.0 G5

500.0 =

200.0
50.0

I >0.70

Bl <0675 o

B <0.575
[1<0475

M -o070
M <068
M <063
B <058

1,100.0 [

950.0 f
800.0
650.0

M >0.70
M <0.60
[J<0.50
<040

M -0.70
M <065
M <055
<045

> 0.70
M <0675
M <0.575
M <0.475
500.0 M - 070
w 350.0 M <066
200.0 M <061
S
= R e R
v O N O
A<t n o~
X2
h

Fig. 3. Graphic display of response levels by the desirability scale of the studied tribologically active additive:
a — dependence of Zon X2 and X1; b — dependence of Zon X3 and X1; ¢ — dependence of Zon X3 and X2; d — dependence
of Zon X4 and X1; e — dependence of Zon X4 and X2; f— dependence of Zon X2 and X1; g — dependence of Zon X5
and X1; h— dependence of Zon X5 and X2; /— dependence of Zon X5 and X3, j— dependence of Zon X5 and X4



By analyzing these diagrams visually, it is possible to note
unambiguously that the optimum composition of the tribo-
logical additive exists in the studied ranges of the values of
factors X1, X2, X3 X4, X5. The implementation of the compo-
sition of the tribologically active additive to oil by the deve-
loped model is possible with the help of desirability function.

To determine the optimal composition of tribologically
active additive, we will set the boundaries of the examined
response, which would include the entire experimental data-
base, which is available for analysis. In these circumstances, it
is possible to find the necessary maximum values of response
by desirability function. Consider the above for each factor
and each response function. Implementation of the procedure
of determining the optimization of the tribologically active
additive is shown in Fig,. 4.

Fig. 4 shows that the rational option of the variant of the
components is at the intersection of the maximum value of
desirability function in the specified interval of each factor.
At this composition of the tribologically active additive, it
is possible to assert the rationality for the solution of the
applied task. The results, which enable assessing the effec-
tiveness of the additives, are summarized in Table 9.

The formed tribologically active additive allows increas-
ing the quality of the lubricating composition as evidenced
by the data of Table 9. There is a decrease in the indicator of
wear in the tribological contact, an increase in critical load
and in welding load.

X1 X3 X4

0.700

6. Discussion of results of tribological examination
of the obtained additives to oils

To prepare the tribologically active additive to oil and
to achieve maximum values of response in the friction pro-
cess of the tribosystem system, it is necessary to ensure the
rational composition of the studied substances, at which
response function has the maximum of desirability function.
The maximum achievable desirability according to the ex-
perimental database and optimization conditions is 0.698.
For this magnitude of desirability, the rational composition
of the tribologically active additive will contain metakaolin
in the range of [100.0...500.0 mg/50 ml], rational value is
500.0 mg/50 ml; dispersive powder of clay of Katerynivka
deposit in the range of [300.0...700.0 mg/ 50 ml], the ratio-
nal value is 700.0 mg/50 ml; sodium oleate in the range of
[700.0...1,100.0 mg/50 ml], rational value is 700.0 mg/50 ml;
lithium hydroxide in the range of [100.0..500.0 mg/50 ml],
rational value is 200.0 mg/50 ml; sulfur in the range of
[100.0...500.0 mg/50 ml], rational value is 100.0 mg/50 ml, ac-
cording to the results in Fig. 4. Note that for another desirabi-
lity level, the rational composition of the tribologically active
additive will be different from the obtained one.

The formed composition of the tribologically active
additive makes it possible to improve the physical and me-
chanical characteristics of tribosystems. According to the
obtained tribological results, it is possible to assert that the
tribologically active additive

X5 z ) I, Sy
in the composition with oil is

06040 effective in comparison with
. the basic oil by its tribologi-
04155 cal characteristics. Under la-

7
Y1

0309 == = === il = e

0.100

boratory conditions, it was

0.2270
found that the wear indicator

decreased by 26.8 %, critical

1,400.0

12040 load increased by 17.2 %, and

1,078.6 = == e = ==&

500.0

welding load increased by
4.89 %. Working surfaces have
a lower friction coefficient.

928.0

Y2

652.0

2,800.0

For a more detailed study of

26060 functional coatings with the

2,372.1

use of the tribologically active

2,340.0 ot '
additive, in subsequent stu-

2,074.0

1,900.0

dies, it is necessary to pay at-

rrrrrrrrrrrrrr -~ P - 1 - I e

0.698

tention to spectrometric ana-
lysis of functional coatings

g of samples and parts. The oil

= composition can be used for
operation in power gearboxes
with contact loading on the

100.0
500.0
300.0
700.0
700.0
1,100.0
100.0
200.0
500.0

Fig. 4. Graphic display of the procedure of finding the rational composition of the
tribologically active additive by the profile of desirability function

Averaged results of testing on a four-ball friction machine of lubricating media

100.0

500.0

tooth surfaces up to 1,078 N
and with peak overloading up
to 2,372 N, according to the
results in Table 9. Gear switch
boxes and reducers of main
transmission of transport ma-
chines can be the most ratio-
nal for these data, as these

Table 9

Averaged indicators | Basic oil GL-5 80W-90

Basic oil GL-5 80W-90+formed additive

units and their parts constant-

ly operate under conditions of

Wear indicator, mm 0.392+0.05 0.309£0.04 A . .

varying cyclic loading.
Critical loading, N 893.9+3.0 1,078.6+3.0 Limitations in the forma-
Welding loading, N 2,252+17.0 237214250 tion of components of the tri-

bologically active additive by




the input factors are described in more detail during the for-
mation of Table 1.

The harmful effect on the reproduction of results pri-
marily includes a failure to comply with the technological
operations on preparation of dispersed clay powder, as well as
metakaolin of necessary fraction dimensions. The operating
modes of the use of this tribological active additive, first of
all, must by characterized by its loading modes, which are
specified above. The limitation during the operation in the
temperature mode reaches about 150 °C, because this boun-
dary is characterized by the level of oxidation of the basic
oil GL-5 80W-90.

Extracts and components from clay must be effectively
used for further research in the direction of the formation of
tribologically active additives.

7. Conclusions

1. The rational composition of the tribologically active
additive was found: oil — 50 ml, metakaolin — 500 mg/50 ml;
variance clay powder of Katerynivka deposit — 700 mg,/50 ml;
sodium oleate — 700 mg/50 ml; lithium hydroxide —
200 mg/50 ml; sulfur — 100 mg/50 ml.

2. The introduction to oil of the tribologically active
additive in the amount of 5.3 % under laboratory conditions
reduces wear by 26.8 %, increases critical load by 17.2 % and
increases welding load by 4.89 %. It was established that
during the technical operation of the tribosystem with the
composition oil with the developed tribologically active ad-
ditive, the boundary loading should not exceed 1,078 N, and
peak contact overloading should be not more than 2,372 N.
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