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Abstract. An analysis of research regarding the effect of fatty acid additives on enhancing the
anti-wear properties of working fluids was conducted. The characteristics and molecular state of the
additive within the oil were identified as factors influencing the formation of a boundary lubricating
film on friction surfaces. A method for intensifying additive adsorption by subjecting the working
fluid to an electric field was proposed. A methodology was developed to experimentally investigate
how the concentration of surfactant molecules — specifically the fatty acids under study — affects the
formation of a lubricating layer on the friction surfaces of machinery hydraulic drives. Experimental
studies were carried out to examine the effect of stearic and oleic acid concentrations on changes in
boundary lubricating film thickness when the working fluid undergoes electrostatic treatment. A non-
linear relationship between lubricating film thickness and additive concentration was established, and
the optimal concentrations of stearic and oleic acids — yielding the maximum boundary lubricating
film thickness — were determined.

Keywords: hydraulic drive, working fluid, friction surface, surfactant, lubricating film, electric
field, film thickness.

Introduction.

Hydraulic drives and hydraulic transmissions have recently become widespread and are
used to drive the working equipment of construction, track, and materials-handling machines.
Owing to the high cost of these units and the considerable labor intensity of repair work, there
is a need to develop and implement resource-saving technologies aimed at improving the
design of these units and the characteristics of working fluids.

One of the most common ways to improve the anti-wear properties of working fluids is to
add various additives, most of which are surfactants. Such molecules promote the formation
of a more wear-resistant lubricating film, the thickness of which directly depends on their
properties, state, and amount in the working fluid. However, because these substances possess
an electric dipole moment, at a certain concentration they interact with one another and form
supramolecular structures that are unable to form the required lubricating layer effectively.
Surfactant molecules are also adsorbed not only on friction surfaces but also on components
present in the working fluid (wear products and inorganic particles), which reduces their
effective concentration and hinders efficient lubricating-film formation.

An effective method of activating the additive (breaking down aggregates of surfactant
molecules) is treatment of the working fluid with an external electric field. Under such a field,
the protective function of the working fluid is enhanced by reducing friction and wear losses
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in hydraulic drives; wear of friction units in hydraulic machines is reduced, thereby increasing
their service life.

However, the effect of fatty-acid concentration (stearic and oleic acids) in the working
fluid on lubricating-film formation on the friction surfaces of hydraulic drives of construction
and track machines under electrostatic treatment remains insufficiently established. Therefore,
elucidating this process is a relevant scientific task.

Literature Review.

Boundary lubricating films of liquid media play an important role during friction between
solid surfaces. The mechanism of their formation has been considered in numerous research
studies [1-12] because it is of considerable practical interest. Liquid lubricating media that
form a lubricating film are inherently multicomponent systems in which surfactants play a
decisive role [2-4, 7]. The structure of these molecules is such that all of them possess an
electric dipole moment, which enables interaction with metal surfaces. At the same time, the
properties of the boundary lubricating film are also influenced by the structure of the metal
surface because it forms its force field [3-8]. Thus, formation of the anti-wear layer on
hydraulic-drive surfaces in contact with the lubricant depends on two main factors: the force
field of the metal surface and the molecular structure of the surfactants.

In [11], a mathematical model (1) was proposed for determining lubricating-film
thickness, taking into account the structure of the friction-surface material and the internal
state of additive molecules in the working fluid.
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where H is the thickness of the lubricating film on the friction surfaces of machine hydraulic
drives, m; Wy is the interaction energy between surfactant molecules depending on their state
in the working fluid (monomers, dimers, micelles), J; p is the dipole moment of a surfactant
molecule, C-m; o is the surface charge density, C/m?; ¢ is the dielectric permittivity of the
working fluid; & is the vacuum permittivity; b is the radius of the friction-surface contact
area, m.

However, this mathematical model does not make it possible to construct an actual
dependence of the effect of surfactant-molecule concentration on lubricating-layer formation,
because the parameter Wwm [11], calculated using equation (2), depends only on the critical
micelle concentration of fatty-acid molecules (which is a constant for different surfactants)
and on temperature.
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where R is the Boltzmann constant, J-K™!; Na is the Avogadro constant, mol™'; T is the
fluid temperature, K; CMC is the critical micelle concentration of surfactant molecules,
mol/L.

Analysis of studies [10-15] shows that the use of electric fields to control lubricant
properties and increase the service life of technical systems is a promising research direction.
The theoretical basis of this approach is provided by electrodynamics concepts concerning the
interaction of an electric field with matter, polarization processes, and the behavior of matter
in an electric field [10]. Application of these principles to technical systems is considered in
[13], where electric and magnetic fields are regarded as means of purposefully influencing the
processes that determine the service life of machine hydraulic drives.
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The results of [11] indicate the difficulty of establishing a universal relationship between
additive concentration and the effectiveness of electrical treatment. The optimum
concentration is determined by the specific composition of the working fluid, the type of
additive, the electrical-treatment mode, and the operating conditions of the hydraulic unit.
Therefore, the obtained relationships require additional verification for other lubricants and
hydraulic-drive designs.

The effect of liquid-crystal additive concentration and an electric field on the
physicochemical properties of a lubricant was investigated in greater detail in [15]. The
authors analyzed changes in the kinematic viscosity, viscosity index, and pour point of an
industrial oil depending on the concentration of a liquid-crystal additive and exposure to an
electric field [15]. The results demonstrate that additive introduction and electrical treatment
can change oil characteristics; however, the effect is not unequivocally positive for all
properties. Increasing the additive concentration may cause undesirable changes in certain
operating characteristics.

A practical assessment of the applicability of electrostatic treatment to engine oil was
carried out in [14]. Unlike laboratory studies, the authors conducted operational tests of an
electrostatic engine-oil treatment device directly on an engine. This approach is of
considerable practical importance because it enables the effectiveness of the technology to be
evaluated under actual operating conditions of a technical system [14].

However, the results of operational tests should be considered with due regard to the
limitations of the experimental basis. Device effectiveness depends on engine type, oil grade
and condition, load mode, temperature, operating duration, and the design parameters of the
electrostatic device. Therefore, results obtained for a specific technical system cannot be
directly extended to other engine types or lubricants without additional studies [14].

An important complement to these studies is [12], which addresses the mechanisms of
tribochemical-film formation on friction surfaces. Unlike [11], [14], and [15], which focus
mainly on the effects of the electric field and additives on lubricant characteristics or on the
technical system, [12] gives considerable attention to processes occurring directly at the
friction surface. Investigation of polymethacrylate components demonstrated the possibility of
forming thin tribochemical films on metal surfaces, the characteristics of which are associated
with the anti-wear action of the lubricant [12].

This result broadens the understanding of the mechanism of additive action. Improvement
in tribological characteristics may be associated not only with changes in viscosity or other
bulk properties of the oil, but also with the formation of a protective layer on friction surfaces.
At the same time, [12] does not directly investigate the effect of an electric field on
lubricating-film formation. Therefore, the possible influence of an electric field on the
formation rate, structure, and chemical composition of such films remains insufficiently
studied.

Generalization of the results of [11], [12], [14], and [15] suggests a complex interaction
among three main factors: lubricant composition, the electric field, and the friction surface.
Changes in oil properties under the action of an electric field may affect surface-contact
conditions, while the additive may alter the interaction between the lubricant and the metal. In
turn, processes at the friction surface determine the actual wear level and service life of the
technical unit.

At the same time, the reviewed literature does not provide a complete explanation of the
mechanism of interaction among these factors. Studies [11] and [15] mainly establish
experimental relationships between additive concentration, electrical exposure, and working-
fluid characteristics. Study [14] demonstrates the feasibility of practical electrostatic treatment
in a real technical system. Study [12] helps explain the role of protective tribochemical films.
However, a comprehensive study simultaneously linking electric-field parameters, additive
concentration, physicochemical oil characteristics, surface-layer formation processes, and
wear intensity requires further development.
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Thus, analysis of sources [10-15] indicates that electrical treatment of lubricants can be
regarded as a promising means of controlling their physicochemical and tribological
properties. At the same time, the effectiveness of such treatment depends substantially on oil
composition, additive type and concentration, electric-field parameters, and operating modes
of the friction unit [11, 14, 15]. Establishing the mechanism of this interaction requires a
combination of physicochemical, tribological, and operational research methods. Particular
attention should be paid to the formation of protective surface films and their relationship
with electrical-treatment parameters.

The analysis shows that numerous methods for improving the lubricity of working fluids
already exist; however, there is a need to refine existing mathematical models or verify them
experimentally.

Research Methodology.

The aim of the study is to determine the thickness of the lubricating film formed by
surfactant molecules on metal friction surfaces as a function of additive concentration (stearic
and oleic acids) in the working fluid when its action is intensified by electrostatic treatment.

To achieve this aim, an experimental methodology was developed for determining
lubricating-film thickness on a laboratory test bench. Before the experiments, the ranges of
additive concentration were selected: 0—0.35% for stearic acid and 0-2.8% for oleic acid. The
working-fluid temperature in both cases was maintained at 80 °C with an error of 0.5 °C. The
electrostatic-field strength was 2x10° V/m.

Results.

According to earlier studies [2, 12-15], the introduction of additives (fatty-acid
molecules) into the working fluid of hydraulic machines results in their adsorption on friction
surfaces, accompanied by an increase in the service life of hydraulic-system units. However,
these studies did not consider what concentration of molecules in the base oil is rational or
how it changes under the influence of an electrostatic field.

In previous studies, thin metal plates wetted with the lubricant under investigation were
used to determine lubricating-film thickness. During the experiment, several plates with
lubricant applied between them were compressed, after which their total thickness was
measured. The resulting value was then compared with the thickness of the dry plates to
determine the actual thickness of the lubricating layer.

A drawback of this method was that contaminant particles entered between the plates
together with the lubricant. Their size was several orders of magnitude greater than the
thickness of the lubricating layer, which increased the error of the experimental results.
Therefore, a device developed at the Department of Mechanical Engineering and Technical
Service of Machines was used to determine lubricating-film thickness. In this device, balls
arranged consecutively one after another are used instead of plates (Fig. 1). With this
arrangement, the probability of contaminant particles entering the ball contact point is very
low.

The test bench (Fig. 1) consists of frame 1, on which a tube is installed using mounting 6.
Thirty metal balls 4 are rolled into this tube. The tube is then closed on one side with
mounting bracket 7, while a dial indicator 2 (MYI1-10) is installed on the other side; its stem
contacts the first ball through loading mechanism 3. The indicator pointer is thereby displaced
by a certain amount.

At the first stage of the study, dry balls were used. They were rolled into tube 5 (Fig. 1)
and pressed by the indicator spring. The readings obtained on its scale were taken as the
initial values for subsequent measurements.

At the second stage, the mounting bracket was removed, the dry balls were rolled out of
the tube, and each ball was successively wetted with 1-20 working fluid as supplied and with
I-20 containing different concentrations of stearic and oleic acids. Oleic acid is liquid at room
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temperature, which allowed it to be introduced into the base oil without difficulty. Stearic acid
is solid under normal conditions and has a melting point of 68 °C; therefore, it was preheated
to the liquid state. The acids were introduced at the same temperatures, followed by mixing.
After wetting in the resulting 1-20 oil-acid solution, the balls were rolled into the tube again.
Mounting bracket 7 (Fig. 1) was then installed, and the indicator head was pressed with the
same force. The indicator reading shifted relative to the first value obtained for the dry balls.
The difference between these two values, divided by the number of gaps between the balls,
was taken as the thickness of the boundary lubricating layer.

LY PRV VN VR W

Fig. 1. Test-bench arrangement for determining lubricating-film thickness: 1 — frame; 2 — dial
indicator; 3 — loading mechanism; 4 — metal balls; 5 — metal tube; 6 — tube mounting; 7 —
mounting bracket

At the third stage, similar tests were conducted; however, in this case the investigated
working fluid containing the additive was treated with an electrostatic field. Each lubricating-
film thickness value was determined in eight repeated measurements.

The results of the planned experimental studies of the effect of additive concentration
under electrostatic treatment of the working fluid are presented in Tables 1 and 2.

Table 1. Experimental results for determining lubricating-film thickness as a function of stearic-
and oleic-acid concentration

Additive Mean lubricating-film Mean lubricating-film
Additive concentration in oil, | thickness (without fluid thickness (with fluid

% treatment), pm treatment), pm
0 0,21 0,42
0,05 0,33 0,45
0,1 0,35 0,52
Stearic acid 0.15 0,43 0,62
0,2 0,42 0,62
0,25 0,36 0,58
0,3 0,28 0,56
0,35 0,27 0,54
0 0,21 0,42
0,4 0,25 0,43
0,8 0,27 0,48
. 1,2 0,32 0,48
Oleic acid 16 0.31 0.51
2 0,28 0,49
2,4 0,27 0,49
2,8 0,23 0,48
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Table 2. Regression equations obtained from the experimental studies

Additive Working-fluid treatment Regression equation
Stearic acid With treatment H,(C)= —4,5476C*% +1,9988C + 0,3894
Without treatment H,(C)=-5,7381C* +2,1012C +0,2071
Oleic acid With treatment H,(C) =—-0.029C?* +0.1086C + 0.3992
Without treatment H (C)=-0.0472C* +0.1421C +0,1996

The graphical representation of the research results shown in Fig. 2 demonstrates that the
thickness of the boundary lubricating film between balls lubricated with 1-20 oil was 0.2 pum,
while electrostatic treatment increased it to 0.4 um. This indicates the presence of surfactant
molecules in the base oil as supplied. With a gradual increase in stearic-acid concentration,
the layer thickness first increases and then decreases. This is explained by the transition of
fatty-acid surfactant molecules from the monomeric state to an aggregated state. The
maximum H value corresponds to the rational concentration of stearic acid in the working
fluid. Without treatment, the rational concentration is 0.17%, whereas with an electrostatic
field it is 0.22%.
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Fig. 2. Dependence of lubricating-film thickness on stearic-acid concentration in 1-20 oil at 80 °C

A similar relationship is observed when oleic acid is used in the working fluid (Fig. 3).
Without treatment, the rational concentration is 1.5%, whereas with an electrostatic field it is
1.9%.

According to the experimental results, all graphs exhibit a concentration of surfactant
molecules at which the maximum lubricating-film thickness is formed. For stearic acid, the
thickness increased from 0.2 um to 0.4 um without treatment and from 0.4 pm to 0.62 um
with treatment. For oleic acid, it increased from 0.2 pm to 0.32 um without treatment and
from 0.4 um to 0.51 um with treatment. This confirms the positive effect of additives in the
working fluid and the use of external fields to intensify their action.

The obtained results can be used to verify models for determining lubricating-film
thickness and friction-surface wear intensity and for predicting hydraulic-drive service life as
a function of fatty-acid concentration in the working fluid.
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Fig. 3. Dependence of lubricating-film thickness on oleic-acid concentration in 1-20 oil at 80 °C

However, future work should separately determine the contributions of the additive itself
and the electric field. For this purpose, comparative experiments should be conducted in at
least four modes: base oil without additive and without an electric field; oil with additive but
without electrical exposure; base oil after electrical treatment; and oil with additive after
electrical treatment. This methodology will make it possible to determine the contribution of
each factor and establish whether an additional effect arises from their simultaneous
application.

Conclusions.

Based on the analysis of scientific studies, it was established that the effectiveness of
boundary lubricating-film formation is determined not only by the presence of surfactants in
the working fluid, but also by their concentration and molecular state. As additive
concentration increases, aggregated structures may form, as a result of which some surfactant
molecules lose the ability to adsorb effectively on friction surfaces. One way to intensify
additive action is to apply an external electric field.

A non-monotonic dependence of boundary lubricating-film thickness on fatty-acid
concentration in 1-20 oil was established experimentally. For both additives studied,
increasing the concentration initially increased the lubricating-film thickness; after the
maximum value was reached, the thickness decreased. This indicates the existence of a
rational additive concentration that provides the greatest thickness of the formed lubricating
film. For stearic acid, the rational concentration is approximately 0.17% without electrostatic
treatment and 0.22% with electrostatic treatment of the working fluid. For oleic acid, the
corresponding values are approximately 1.5% and 1.9%. The results indicate that the
electrostatic-treatment mode must be taken into account when determining the rational
additive concentration.

Electrostatic treatment was found to increase boundary lubricating-film thickness under
the investigated conditions. The maximum film thickness was 0.62 um for stearic acid and
0.51 pm for oleic acid, whereas without electrostatic treatment the corresponding maximum
values were 0.43 pm and 0.32 um. The experimental results support further investigation of
electrostatic treatment of working fluids as a means of intensifying the action of surfactants.
At the same time, the established dependence of lubricating-film thickness does not directly
determine hydraulic-drive service life; therefore, additional tribological and operational
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studies are required to establish a quantitative relationship among additive concentration, film
thickness, wear intensity, and technical-system service life.

The research results can be used to refine and experimentally verify mathematical models
for determining lubricating-film thickness and as input data for subsequently establishing
relationships among working-fluid parameters, electrostatic-treatment conditions, friction-
surface wear, and hydraulic-drive service life.

Future Research Directions

Further research should focus on establishing a quantitative relationship between fatty-
acid additive concentration, the parameters of electrostatic treatment, boundary lubricating
film formation, friction-surface wear, and the service life of hydraulic drive components. The
results obtained in the present study characterize the change in lubricating film thickness;
however, this parameter alone does not provide a direct quantitative assessment of wear
intensity or hydraulic-system durability.

A priority task is to separate the individual and combined effects of the additive and the
electric field. For this purpose, comparative experiments should be carried out under four
conditions: base oil without an additive and without electrostatic treatment; oil containing an
additive without electrostatic treatment; base oil subjected to electrostatic treatment; and oil
containing an additive subjected to electrostatic treatment. Such an experimental design will
make it possible to determine the contribution of each factor and to identify a possible
interaction effect between fatty-acid additives and electrostatic treatment.

Further experimental studies should also extend the ranges of operating conditions. In
particular, the effects of working-fluid temperature, electric-field strength, treatment duration,
contact pressure, sliding velocity, and contamination level should be investigated. Particular
attention should be paid to verifying whether the rational concentrations determined for
stearic and oleic acids remain stable when the operating conditions of hydraulic friction units
change.

Another important direction is the tribological verification of the established relationships
using friction pairs representative of hydraulic machines. Measurements of friction
coefficient, wear rate, surface roughness, and changes in the morphology and chemical
composition of the formed boundary films would allow the experimentally determined film-
thickness relationships to be linked with the actual anti-wear performance of the working
fluid.

The resulting experimental data can subsequently be used to refine and validate
mathematical models describing boundary lubricating film formation and wear processes. A
combined model incorporating additive concentration, molecular state, electrostatic-treatment
parameters, lubricating film thickness, and wear intensity could provide a basis for predicting
the durability of hydraulic drive friction units and for selecting rational working-fluid
treatment conditions.
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BILIUB KOHIEHTPALII JKUPHUX KHUCJOT ¥ POBO‘I"II‘/JI PIINHI )
I'IAPOITPUBOJAIB MAIIIMH HA ®OPMYBAHHSA 'PAHUYHOI MACTHJIBHOI
IIJIIBKH

B.O. Creganos’, M.O. Boponin?
YVrpaincoxuii deporcasnuii ynisepcumem 3aniznuuHo20 mpancnopny

Anomauisn

VY oMy JIOCHIKEHH]I BUBUAETHCS BIUIMB KOHIIEHTPALIl IPUCaJ0K Ha OCHOBI )KUPHUX KUCIOT Ha
(dbopMyBaHHS TpaHUYHOI MACTHJIBHOI TUIIBKM Ha METAJCBHX MOBEPXHAX TEepTS Mix dYac
€JIEKTPOCTATHYHOI O0OpOOKM poOOYMX pinuH TifpaBniyHuxX MamuH. Oco0iHMBY yBary HpUAICHO
MOJIEKYJISIPHOMY CTaHy MPUCAAKH, OCKUIBKU MiABUIIEHHS ii KOHIEHTPAaLil MOXKe CIPHUITH YTBOPEHHIO
HaJMOJIEKYJISIPHUX arperariB i, K HACJIIJIOK, 3MEHIIYBAaTH YacTKy MOJIEKYJI, JOCTYITHHUX JUIsI afcopOmii
Ha TOBEPXHAX TEPTs. 30BHIIIHE €ICKTPUUYHE IT0JIC PO3IIIAIAEThCS K 3aci0 iHTeHCHiKalli aacopOril
npucanok Ta Moan(ikamii MOJIEKYJISIPHOTO CTaHy OBEPXHEBO-aKTHBHUX PEUYOBHH y PoOOUil piAuHI.
Byno po3pobneHo eKxcnepuMEeHTadbHY METOAMKY BH3HAYCHHS TOBIUMHHM TPAHUYHOI MAaCTHIBHOT
IUTIBKM 3 BHKOPHUCTAHHSM BHIPOOYBAIBHOTO CTEHIA, IO MICTHTh 30 IOCHITOBHO PO3MINICHHUX
MeTaJeBUX KyJIboK. Taka KoH]Iryparlis 3MeHIITye HMOBIpHHIA BILUTUB 3a0pyIHIOBAIBHUX YaCTHHOK Ha
pe3yabTaTd BHUMipIOBaHb. EKCHEpUMEHTH NpPOBOAMIM 3 BHKOpPHCTaHHAM Oa3zoBoi omuBu [-20 3a
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5 THATY ACHIT

temreparypu 80 °C. JlocmipKyBaiau KOHIIEHTparlii creapuHoBoi kucinotu B miamazoni 0-0,35 % Ta
oneiHoBoi kucnotn — 0-2,8 % sk 3a yMOB eJeKTpoCTaTH4IHOI 00poOKH, Tak 1 Oe3 Hei. Pedynmbratn
EKCIIEpPUMEHTIB IPOJEMOHCTPYBAJIH HEJiHIMHY 3aJISKHICTh MK KOHIEHTpALi€l0 NpUCATKHA Ta
TOBIIMHOIO TPaHU4YHOI IUTBKH. {151 000X >KMPHHUX KHCIOT TOBIIMHA IUTIBKH CIIOYATKy 3pocTaia 3i
30UTBIIIEHHSAM KOHIIGHTpAIlii TPHCAAKH, a TICIA TOCATHCHHS MAaKCHMAaJIbHOTO 3HAYCHHI —
3MeHITyBanacs. J[js cteapuHOBOI KUCIIOTH palliOHaNbHA KOHIEHTpaIlis cranoBmwia mpuommsHo 0,17 %
0e3 enekTpocTatnyHOi 00poOku Ta 0,22 % — 3 00poOkoro. I 0neiHOBOI KHCIOTH BiAMOBITHI
3HaYeHHS cTaHOBWIX MpuOmm3Ho 1,5 % ta 1,9 %. MakcumanbHa TOBIIMHA TUTIBKH U CTEAPUHOBOI
kuciioTu cranosmina 0,43 MM 6e3 06poOku Ta 0,62 MKM 3 €JIEKTPOCTATUIHOIO 0OPOOKOIO, TOMI K IS
OJICTHOBOI KHCJIOTU IIi MOKa3HuWkH popiBHoBam 0,32 mxMm ta 0,51 mxMm BignosimHo. Otpumani
pe3yabTaTH CBig4aTh MPO Te, MO SIK KOHLEHTpamis MPUCAAKH, TaK 1 eJIeKTpocTaTnyHa oOpoOka
BIUIMBAIOTh Ha (OpPMyBaHHS TPAaHWYHOI MACTHJIBHOI TUTIBKM 3a OOCHKyBaHMX yMOB. OTpumaHi
EKCIIEpUMEHTANIbHI  3aJIKHOCTI MOXYTh OYTHM BHUKOPHCTaHI A YTOYHEHHS Ta Bepudikamii
MaTeMaTHYHHUX MOJIENIEH, 10 OMUCYIOTh (POPMYyBaHHS MACTHJIBHOT ILTIBKH, & TAKOX ISl TOAAIBIIOr0
BUBYEHHSI B3a€MO3B’SI3Ky MDK CKJIIAJJOM pPOOOYOi PpiITWHH, MOJEKYISAPHHUM CTAaHOM IPHCAIKH,
3HOIIYBaHHSM 1 pECypCOM TiApaBIidHUX CUCTeM. BHCHOBKHM MOCTIKEHHS CTBOPIOIOTD MiIPYHTS s
BUOOPY palliOHAJLHUX KOHIICHTpAIlid MPUCAJOK Ha OCHOBI KUPHUX KHUCIOT 3 YypaxXyBaHHSIM
3aCTOCYBaHHS €IEKTPOCTATHIHOI 0OPOOKH.

KuarouoBi cjoBa: rimpaBiidanii MpuBiA, podoYa pifrHa, TOBEPXHSA TEPTS, TOBEPXHEBO-aKTUBHA
p€4yoBHUHA, MAaCTUJIbHA HJ'IiBKa, CJICKTPUYHE I10JIC, TOBIIIMHA HJ'IiBKI/I.
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