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Abstract

A numerical rheological model of a thin lubricating oil film was developed and verified to account for
polymolecular adsorption, pseudo-solid adsorption layers, and the influence of zinc dialkyldithiophosphate
(ZDDP) on the rheological properties of the lubricating film. The model adapts the concept of the Polanyi
adsorption potential to describe the viscosity distribution across the film thickness, incorporating pseudo-solid
adsorption layers adjacent to both friction surfaces, while the effective viscosity is determined by harmonic
averaging with numerical integration performed using the trapezoidal rule (n = 200) implemented in Microsoft
Excel. Shear-thinning of the bulk lubricant is described by the Carreau—Yasuda model. Model parameters were
identified by fitting calculated friction coefficients to experimental data obtained for base oil I-20A and oils
containing 1.25 and 2.5 wt% ZDDP. The identified adsorption layer parameters increased systematically with
ZDDP concentration: surface viscosity ps rose from 0.14 to 1.68 Pa-s, the characteristic decay length /, from 2.1
to 4.6 nm, and the optimum pseudo-solid layer thickness /s from 0.8 to 1.9 nm. The average relative deviation
between calculated and experimental friction coefficients was 6.9-10.2%. The calculated pressure corresponding
to the minimum friction coefficient shifted from approximately 5 MPa for the base oil to about 8 MPa for ZDDP-
containing oils, indicating an expansion of the hydrodynamic lubrication regime. The developed model represents
a novel numerical approach that combines polymolecular adsorption, pseudo-solid adsorption layers and non-
Newtonian lubricant behaviour for thin-film lubrication, suggesting that—beyond tribochemical processes—an
increase in the effective viscosity of the polymolecular adsorption layer makes a significant contribution to friction
reduction in the mixed lubrication regime. The proposed Excel-based methodology enables identification of model
parameters and comparative prediction of lubricant tribological performance without specialized numerical
software, and may be used as an engineering tool for assessing the influence of ZDDP concentration on the
tribological performance of lubricating oils for plain bearings.

Keywords: thin-film lubrication, polymolecular adsorption, ZDDP, pseudo-solid adsorption layer, effective
viscosity, rheological modeling, friction coefficient.

Introduction

Current developments in internal combustion engines are focused on improving energy efficiency, reducing
fuel consumption, and lowering exhaust emissions. One of the principal approaches to achieving these objectives
is the use of low-viscosity engine oils, with a transition from conventional SAE 4050 grades to SAE OW-16 and
even lower viscosity grades. However, reducing the bulk viscosity of the lubricant (o) inevitably decreases the
thickness of the hydrodynamic lubricating film and expands the mixed lubrication regime in heavily loaded
tribological contacts, particularly in connecting-rod and main journal bearings, where contact pressures may reach
10-20 MPa [1, 2].

When the lubricant film thickness decreases to the submicrometre and nanometre scales, the rheological
behaviour of the lubricant may differ significantly from its bulk properties. Experimental studies based on the
surface forces apparatus (SFA) and molecular dynamics simulations have demonstrated that, when the separation
between solid surfaces becomes smaller than approximately six to seven molecular layers, the apparent viscosity
of the confined lubricant increases by several orders of magnitude and the lubricant may exhibit pseudo-solid
behaviour [3, 4]. This phenomenon, commonly referred to as confinement-induced non-Newtonian behaviour, is
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generally attributed to the molecular ordering of the lubricant under adsorption forces and to the restricted
molecular mobility normal to the solid surfaces.

Zinc dialkyldithiophosphate (ZDDP) is one of the most widely used anti-wear additives in modern engine
oils. Its effectiveness has traditionally been attributed to the formation of protective tribochemical phosphate-based
films on metallic surfaces during sliding contact [5, 6]. However, several experimental studies have reported a
noticeable reduction in friction at the early stages of loading or under mixed lubrication conditions, where
tribofilms are not yet fully developed [7]. These observations suggest that, in addition to tribochemical reactions,
other physical mechanisms associated with changes in the structure and rheological properties of the adsorption
layer may contribute to friction reduction.

Despite considerable progress in thin-film lubrication research, no engineering model is currently available
that simultaneously accounts for polymolecular adsorption, the formation of pseudo-solid adsorption layers, the
non-Newtonian rheology of the lubricant, and the influence of ZDDP on the rheological behaviour of thin
lubricating films. Addressing this gap is essential for predicting the tribological performance of modern low-
viscosity engine oils operating under mixed lubrication conditions.

The aim of this study is to develop and verify a numerical rheological model of a thin lubricating oil film
based on the concept of polymolecular adsorption, incorporating pseudo-solid adsorption layers and non-
Newtonian lubricant behaviour, and to validate the proposed model using experimental friction data obtained for
the base oil I-20A and oils containing different concentrations of ZDDP. The numerical implementation was
developed in Microsoft Excel to provide an engineering-oriented methodology suitable for practical tribological
analysis without specialized computational software.

Literature review

Classical elastohydrodynamic lubrication (EHL) theory, developed by Dowson and Higginson [8], assumes
that the lubricant viscosity is uniformly distributed across the film thickness. This assumption provides satisfactory
accuracy for conventional hydrodynamic contacts; however, its applicability decreases as the lubricant film
thickness approaches the submicrometre and nanometre scales. Experimental investigations using surface forces
apparatus (SFA) techniques and nanoscale rheological measurements have demonstrated a pronounced increase in
the apparent viscosity of lubricants confined between closely spaced solid surfaces [3, 4, 9]. These findings indicate
that the rheological behaviour of thin lubricating films differs substantially from that of the bulk lubricant and
cannot be adequately described by conventional EHL models. Several approaches have been proposed to account
for viscosity inhomogeneity within thin lubricating films. Tichy [10] introduced a surface-layer model based on a
stepwise increase in viscosity adjacent to the solid surface, whereas Ono [11] developed a modified Reynolds
equation for lubrication with a highly viscous boundary layer. These models improved the description of thin-film
flow; however, they do not consider polymolecular adsorption, the symmetric formation of adsorption layers on
both friction surfaces, or the influence of lubricant additives on the rheological properties of the adsorption layer.
The concept of the Polanyi adsorption potential [12] provides a theoretical framework for describing
polymolecular adsorption on solid surfaces. Although this concept has been widely applied to adsorption
phenomena in gases and porous materials, its adaptation to thin-film lubrication offers a physically justified basis
for modelling the continuous variation of lubricant viscosity within the adsorption layer. Such an approach makes
it possible to represent the gradual transition from highly structured near-surface regions to the bulk lubricant
instead of assuming an abrupt change in material properties. Most contemporary studies devoted to zinc
dialkyldithiophosphate (ZDDP) focus on the mechanisms of tribofilm formation and their influence on friction
and wear [5—7, 14]. Correlations between tribofilm morphology, chemical composition, adhesion properties, and
tribological performance have been extensively investigated. However, considerably less attention has been paid
to the possible contribution of adsorption-induced changes in lubricant rheology to friction reduction under mixed
lubrication conditions. Recent studies of confined lubricants and boundary films [13, 15, 16] indicate that
molecular ordering and non-Newtonian behaviour may significantly influence friction, although these effects have
rarely been incorporated into engineering lubrication models.

Therefore, the available literature indicates the absence of an engineering-oriented model that
simultaneously considers polymolecular adsorption, the formation of pseudo-solid adsorption layers on both
friction surfaces, the non-Newtonian rheology of the lubricant, and the influence of ZDDP on the rheological
properties of thin lubricating films. Developing such a model is expected to improve the physical interpretation of
friction processes in the mixed lubrication regime and provide a practical numerical tool for analysing the
tribological performance of modern low-viscosity engine oils.

Problem statement

Existing thin-film lubrication models primarily describe the lubricant either as a homogeneous Newtonian
continuum or by introducing simplified high-viscosity boundary layers with prescribed properties. Although such
approaches improve the prediction of lubrication performance under certain operating conditions, they do not
simultaneously account for polymolecular adsorption, the gradual variation of viscosity across the lubricant film,
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non-Newtonian shear-thinning behaviour, and the influence of anti-wear additives on the rheological properties of
the adsorption layer.

Experimental observations reported in the literature indicate that lubricant molecules confined within
nanometre-scale films exhibit pronounced structural ordering, resulting in a substantial increase in apparent
viscosity and the formation of highly structured adsorption layers adjacent to solid surfaces. At the same time,
ZDDP additives are known not only to promote tribochemical film formation but also to modify intermolecular
interactions within the lubricant. These observations suggest that changes in the rheological properties of the
adsorption layer may contribute to friction reduction under mixed lubrication conditions. Based on these
considerations, the lubricating film is represented as a heterogeneous medium consisting of a bulk lubricant region
and adsorption layers formed on both friction surfaces. The viscosity within the adsorption layer is assumed to
vary continuously according to a function derived from the concept of the Polanyi adsorption potential, while the
near-surface regions are represented by pseudo-solid adsorption layers characterized by restricted molecular
mobility. The rheological behaviour of the bulk lubricant is described using the Carreau—Yasuda model to account
for shear-thinning effects. The objective of the proposed model is to establish a physically justified relationship
between the rheological characteristics of the adsorption layer and the experimentally observed friction behaviour
of lubricants with different ZDDP concentrations. The model is intended to provide an engineering-oriented
numerical framework suitable for parameter identification and comparative analysis of lubricating oils operating
under mixed lubrication conditions.

Theoretical Model and Numerical Calculation Methodology

To describe the friction processes in the mixed lubrication zone, the lubricating film is regarded as a non-
uniform medium consisting of bulk oil and near-surface adsorption layers formed on both friction surfaces. It is
assumed that, as a result of polymolecular adsorption, the viscosity of the lubricant varies continuously across the
film thickness. In the immediate vicinity of the surfaces, a pseudo-solid adsorption layer is formed in which the
mobility of molecules is substantially restricted. The rheological properties of the bulk oil are described by the
Carreau—Yasuda model, whereas the viscosity distribution in the adsorption layer is determined by the adapted
concept of the Polanyi adsorption potential [12].

It is assumed that the change in viscosity is of a continuous nature and is determined by the degree of
structuring of the lubricant molecules in the adsorption layer. For the mathematical description of this process, an
exponential dependence is used, which reflects the gradual decrease in the influence of the surface with increasing
distance from it:

w&)=u, +(ﬂrﬂg)-{lfexr{flgﬂ’ (1

h

where {'is the distance from the current point in the film to the nearest surface; yo is the dynamic viscosity
of the bulk oil; s is the viscosity of the adsorption layer near the surface; 1, is the characteristic decay length of
the adsorption potential.

At =0, the viscosity equals us. At {>> I, the viscosity approaches the bulk value uo. The parameter I, is
physically interpreted as the thickness of the zone in which surface adsorption forces significantly affect the
mobility of lubricant molecules. For low-molecular-weight hydrocarbon oils, /; is 1-3 nm, whereas for oils with
complex additive packages this value may reach 5-10 nm [3, 13].

For a symmetric contact with identical adsorption layers on both surfaces, the distance {'is determined as

{(z)=min(z—h, h—hy—2), 2)

where z is the coordinate in the direction normal to the surface, measured from the lower boundary of the
pseudo-solid layer; & is the total thickness of the lubricating film; 4 is the thickness of the pseudo-solid adsorption
layer on each surface.

The effective thickness of the fluid film, in which hydrodynamic flow occurs, is

h=h—2h. 3)
The friction force is determined by shear in the fluid part:

u

F=pH-A- s
h—2h,

'

where A is the contact area; u is the relative sliding velocity; z is the effective viscosity of the film.
The optimal thickness of the pseudo-solid layer is determined from the condition of minimum friction force:
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This criterion reflects the competition between two opposing trends: on the one hand, an increase in hg
reduces the effective thickness of the fluid film, which at constant 7z leads to an increase in the velocity gradient
and friction force; on the other hand, pseudo-solid layers increase the effective viscosity zz due to high-viscosity
adsorption layers and enhance the hydrodynamic lifting force, which promotes an increase in h and a reduction in
the velocity gradient.

The effective viscosity of the lubricating film is determined by harmonic averaging of the local viscosity
over the thickness of the fluid part:

__h=2n . @
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Harmonic averaging is employed because individual layers of the lubricant material act as elements
connected in series that resist shear deformation. This approach is widely used for multilayer media with a non-
uniform distribution of rheological properties.

For a symmetric contact with the viscosity profile (1), the integral in the denominator of (4) is calculated
analytically:
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In the general case, when the adsorption potentials from both surfaces overlap or the contact conditions are
asymmetric, the integral is computed numerically.

Accounting for Non-Newtonian Behaviour. The rheological properties of the bulk oil are described by
the Carreau—Yasuda model [17]:

o)== ) 1+ (7P 7 ©

where ¥ =u/h, is the average shear rate in the fluid part of the film; 4 is the relaxation time; a is the transition
parameter; n is the power-law index; /. is the limiting viscosity at high shear rates. At low shear rates the model
reduces to the Newtonian flow law, whereas at high shear rates it describes shear thinning of the lubricant.

The numerical implementation of the model was performed in the Microsoft Excel environment. Integration
of the viscosity distribution across the thickness of the lubricating film was carried out using the trapezoidal method
with n=200 nodes, which ensured convergence of the results. The model parameters (us, I, hs) were determined
by minimising the root-mean-square deviation between the experimental and calculated values of the friction
coefficient.

The parameters subject to identification include:

s — viscosity of the adsorption layer near the surface;

I, — characteristic decay length of the adsorption potential;

h — thickness of the pseudo-solid adsorption layer.

The other parameters (uo, 4, a, n, u.) were taken in accordance with the experimental conditions and
literature data for base oil I-20A.

Results of Numerical Modeling and Model Verification

The model parameters ys, /, and the optimal thickness of the pseudo-solid layer A, Were identified by
approximating the calculated values of the friction coefficient to the experimental data for base oil I-20A and oils
containing 1.25 and 2.5 wt.% ZDDP using the least-squares method. The optimisation was carried out by the
method of successive approximations in Microsoft Excel, using as the objective function the minimum of the sum
of squared deviations between the calculated and experimental values of the friction coefficient. The identification
results are presented in Table 1.
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Table 1
Model parameters for the investigated oils
Parameter | Base oil I-20A (0% ZDDP) | 1.25 % ZDDP | 2.5 % ZDDP
s, Pass 0.14 0.98 1.68
Hslio 5.0 35.0 60.0
I, nm 2.1 3.8 4.6
s ope NM 0.8 1.4 1.9

Although the identified surface viscosity is one to two orders of magnitude higher than the bulk viscosity,
this parameter characterizes the rheological response of the highly structured adsorption layer rather than the bulk
lubricant and therefore should not be interpreted as the viscosity of the liquid phase.

With increasing ZDDP concentration, a systematic increase in surface viscosity ps, characteristic decay
length 1, and optimal thickness of the pseudo-solid adsorption layer h; is observed.

Calculation of the x({) profile using equation (1) at a fixed bulk viscosity of o = 0.028 Pa-s showed that
for base oil I-20A with the fitted parameters x; = 0.14 Pa-s and /; = 2.1 nm, the viscosity reaches 95% of the bulk
value at a distance of {~ 6 nm from the surface. For oils with ZDDP, the transition zone expands: at z; = 0.98 Pa-s
and /; = 3.8 nm (1.25% ZDDP) and x, = 1.68 Pa-s and /, = 4.6 nm (2.5% ZDDP), the viscosity approaches s only
at a distance of 15-20 nm. This indicates the formation of a thicker and denser polymolecular adsorption layer
upon the introduction of ZDDP, which is consistent with data on the formation of phosphate adsorption complexes
on iron surfaces [5, 13].

Figure 1 presents a comparison of the experimental and calculated dependences of the friction coefficient
on contact pressure.
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Fig. 1. Dependence of the friction coefficient on contact pressure for base oil
and oils with various ZDDP concentrations

For all investigated oils, the model correctly reproduces the shape of the curves, the position of the friction
coefficient minimum, and the character of the transition between lubrication regimes.

The average relative deviation between calculated and experimental values was 10.2% for the base oil, 7.8%
for the oil with 1.25% ZDDP, and 6.9% for the oil with 2.5% ZDDP.

Based on the experimental and calculated f(P) curves, the characteristic points of the Stribeck diagram have
been determined (Table 2). The data are presented as calculated examples typical for similar tribosystems.

The pressure corresponding to the minimum friction coefficient shifts towards higher values for oils
containing ZDDP. The hydrodynamic lubrication range, defined as the interval from the minimum to the onset of
the sharp increase in friction, expands upon introduction of the additive. The relative expansion of the
hydrodynamic lubrication range is approximately 60% for 1.25% ZDDP and 100% for 2.5% ZDDP compared
with the base oil.

For the oil with 2.5% ZDDP, the friction minimum is flatter (a plateau in the range of 6—10 MPa), indicating
an extended zone of stable hydrodynamic lubrication due to the formation of a thick adsorption—tribochemical
layer with enhanced load-carrying capacity.
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Table 2
Characteristic points of the Stribeck diagram
Parameter Base 0il I-20A (0% ZDDP) | 1.25 % ZDDP | 2.5 % ZDDP
P1 (minimum f), MPa 4-6 6-10 6-10
finin 0.008-0.010 0.005-0.007 | 0.004-0.006
P; (start of f increase), MPa 5-7 8-10 9-12
P; (boundary regime plateau), MPa 9-12 12-16 14-18

The obtained parameters demonstrate a monotonic increase with growing ZDDP concentration. The most
substantial growth is observed for surface viscosity ps: the ratio ps/po changes from 5.0 for the base oil to 35.0 and
60.0 for oils with ZDDP. This indicates enhanced structuring of the lubricant material in near-surface layers upon
introduction of the antiwear additive.

To generalise the results of numerical modelling, dependences of the effective viscosity of the lubricating
film on its thickness have been constructed for the base oil and oils with various ZDDP concentrations (Fig. 2).
The calculated dependences show that at a film thickness 4 < 0.3 um, the effective viscosity of oils with ZDDP
exceeds the corresponding value for the base oil by a factor of 2—4. As the film thickness increases, this effect
gradually decreases: at 4> 1 um the difference is only 5-10%, and at 4 > 2 um all curves practically coincide with
the bulk viscosity of the oil 0 = 0.028 Pa-s. The obtained results indicate that adsorption effects are decisive at a
lubricating film thickness of less than approximately 0.3 pm for the base oil and 0.6-0.8 pum for oils with ZDDP.
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2 =~ For oil with 1.25% ZDDP
o
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Fig. 2. Calculated dependence of the effective viscosity on the lubricating film thickness for the base oil and oils
containing different ZDDP concentrations

A parametric analysis has been conducted of the influence of the characteristic length of the adsorption
layer (/;) and the surface viscosity (u) on the effective viscosity of the lubricating film and the friction coefficient.
At a lubricating film thickness of 2 = 0.5 pm, an increase in /; from 1.0 to 6.0 nm at a fixed value of y; = 0.98 Pa-s
leads to an increase in the effective viscosity from 0.033 to 0.061 Pa-s. At & =5 pum the influence of this parameter
decreases substantially: the effective viscosity exceeds the bulk viscosity zo by only 1.8% and 28.6%, respectively.
Thus, the sensitivity of the model to the parameter /, is greatest in the mixed lubrication region (0.1 < 2 < 1.0 um),
where adsorption phenomena determine the rheological properties of the lubricating film.

A sensitivity analysis performed using normalised partial derivatives at the operating point (P = 8 MPa,
ZDDP concentration 1.25 wt.%) showed that the surface viscosity y (normalised sensitivity coefficient —0.65) and
the characteristic length of the adsorption layer /, (—0.48) have the greatest influence on the friction coefficient,
whereas the influence of the bulk viscosity uo is less pronounced (—0.28). The obtained results indicate that the
tribotechnical characteristics of the oil under thin-film mixed lubrication conditions are determined to a
considerable extent by the structural-rheological properties of the adsorption layer, and not solely by the viscosity
of the base oil.

The average relative deviation between calculated and experimental values of the friction coefficient was
6.9-10.2%. The largest deviations were observed in the region of transition from mixed to hydrodynamic
lubrication regime, which may be associated with the simplified assumptions of the model regarding the properties
of the adsorption layer.
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The proposed model is based on a one-dimensional description of viscosity distribution and does not
account for local temperature non-uniformities, elastic deformation of surfaces, and the kinetics of tribochemical
growth of ZDDP films. The obtained results should be regarded as a description of the rheological contribution of
polymolecular adsorption to the change in the friction coefficient. Further development of the model may be
associated with accounting for elastohydrodynamic effects, temperature dependence of adsorption layer
parameters, and tribochemical kinetics of protective film formation.

Conclusions

1. A numerical rheological model of a thin lubricating oil film has been developed based on the concept of
polymolecular adsorption. The model combines a continuous viscosity distribution within the adsorption layer,
pseudo-solid adsorption layers adjacent to both friction surfaces, and the non-Newtonian rheology of the bulk
lubricant described by the Carreau—Yasuda model.

2. The proposed methodology enables identification of the adsorption-layer parameters from experimental
friction data. The identified parameters demonstrate a systematic increase with increasing ZDDP concentration,
indicating enhanced molecular structuring of the lubricant in the near-surface region.

3. Comparison between calculated and experimental friction coefficients confirmed that the proposed model
adequately reproduces the characteristic shape of the friction—pressure relationship over the investigated range of
contact pressures. The obtained agreement indicates that the model captures the principal rheological features
governing friction under mixed lubrication conditions.

4. The obtained results suggest that, in addition to the well-established tribochemical action of ZDDP,
adsorption-induced changes in the rheological properties of the lubricating film may contribute to friction
reduction. The proposed model therefore provides a complementary physical interpretation of the influence of
anti-wear additives on tribological behaviour.

5. The developed numerical approach is implemented in Microsoft Excel and does not require specialized
computational software. Owing to its engineering-oriented formulation, the model may be applied for comparative
evaluation of lubricant formulations, identification of adsorption-layer parameters, and preliminary prediction of
tribological performance in plain bearings operating under mixed lubrication conditions.

Future work will focus on incorporating elastohydrodynamic effects, temperature-dependent rheological
properties, and tribochemical film growth kinetics to extend the applicability of the proposed model to a wider
range of operating conditions.
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Jlpau L., lnxa M., Toeriok JI, UncenbHe peosioriune MoJIENOBAHHs TOHKOTO IIapy MOTOPHOI OJIMBHU 3
ypaxXyBaHHAM MOJIIMOJIEKYILIPHOT ancop6iiil Ta BBy ZDDP

Po3pobieHo Ta BepHdikOBaHO UHCEIbHY PEOJOTIYHY MOJENb TOHKOIO IIAPy MOTOPHOI OIMBH 3
ypaxyBaHHSAM TMOJIMOJIEKYIAPHOI aJcopOIii, NCEeBIOTBEPANX aACOPOIIMHMX WApiB i BIUIMBY HPOTH3HOCHOT
npucanx ZDDP Ha peoJoriuHi BIacTHBOCTI 3Ma3yBalbHOTO mIapy. i omucy po3Mmoaily B'S3KOCTi B TOBIIHI
3Ma3yBalbHOTO WAPY aJalTOBAHO PEOJOTidHY MOJENIb, MOOYTOBaHY HAa OCHOBi KOHIEMNIl ancopOiiitHoro
noteHiany ITomani. Jlo Momeni BBEIEHO MCEBROTBEPAL ajcopOiiiiHi mapu Ha 000X MOBEPXHAX TEpTs, a
e(eKTUBHY B'I3KICTh BU3HAYCHO METOJIOM TapMOHIIHOTO YCEPEIHEHHS 3 YHUCEIbHHM iHTEIPYBaHHAM METOJIOM
Tpaneniit (n = 200), peanizoBanum y Microsoft Excel. HeHploTOHIBCbKe 3piKeHHS MacTia BpaxoBaHO 3a
momemmo Kappo—Slcymn. Ilapamerpu Mozmeni BH3HAYWANM IUIAXOM — Y3TO/DKCHHS —PO3PAaXyHKOBHX 1
EKCHEePUMEHTAILHUX 3HaUCHb koedirienTa TepTs mist 6a3oBoi oymsu I-20A Ta onus i3 BMictom ZDDP 1,251 2,5
Mac. %. BcTaHOBICHO 3pocTaHHs MapaMeTpiB ancopOiiiiHoro mapy 3i 36imbuIeHHAM KoHIEHTparii ZDDP:
B'3KiCTh NPUMOBEPXHEBOTO WAPY (s 30inbIumnacs Bix 0,14 1o 1,68 Ia-c, xapakTepHa JJoBxHHa cnaty /, —Bin2,1
710 4,6 HM, a ONTHMabHa TOBIIMHA ICEBIOTBEpIOro mapy /i — Bin 0,8 mo 1,9 um. CepenHe BimHOCHE BiIXMICHHSL
MK PO3paxyHKOBMMH Ta €KCHEPHMEHTAIbHUMM 3HaYEHHAMM koedillieHTa TepTsa cranoBwmio 6,9-10,2 %, mo
MITBEP/DKY€E 3aTOBUIBHY Y3TOKCHICTh MOJEN 3 EKCIEPHUMEHTAIbHUMH JaHUMH. P03paxyHKOBHIl THCK, IO
BiamoBinae MiniMyMy KoedirieHTa TepTs, 3MityeTbes npudnu3Ho 3 5 MITa st 6a30B0i onusH Jo 61m3bko 8 MIla
Juist onus i3 ZDDP, 1110 cBiMYHTH PO po3iIMpeHHs o6JacTi rizpoguHaMitHoro MarmeHHs. HaykoBa HOBH3Ha.
Po3po6iieHa YHCENbHA PEONIOT{YHA MOJENb TOHKOTO 3Ma3yBaJbHOTO WIAPY € HOBUM YHCJIOBHM IIiJXOJOM, IO
MOEHY€E TOTIMOJICKYIISPHY aJCcopOILifo, KOHIENIHI MCEBIOTBEPANX aICOPOIIHHMX IIapiB i HEHBIOTOHIBCHKY
peotorito Mactiia. OTpuMaHi pe3yisTaTH CBiYaTh, 1110 MOPAL i3 TPHOOXIMIYHUMH MPOIECaMH iCTOTHHIT BHECOK
y 3HIDKCHHS TepTsS B 30HI 3MIlIAHOTO MaIlCHHA MOXE 3a0e3ledyBaTH MiABUINCHHA e(hEKTUBHOI B'A3KOCTI
MOJIIMOJICKYJISIPHOTO acopOIiiiHoro mapy. 3amponoHOBaHa METOJMMKA, pealizoBaHa B cepenoBuii Microsoft
Excel, mae 3mory imeHTH}ikyBaTH mapaMeTpd MOJENi Ta HPOTHO3yBAaTH TPHUOOTEXHIUHI XapaKTEPHCTHUKU
MAacCTHIBHHX MaTepiani 6e3 BUKOPHCTAHHS CHeIliali30BaHOTO MPOrpaMHoOro 3abesnedeHts. Po3pobuennii miaxin
MoOe OYTH BHKOPUCTAHMH I iHXKCHEPHOTO OIiHIOBaHHA BIUIMBY KoHIeHTpanii ZDDP na TpuborexHiuni
BJIACTUBOCTi MOTOPHHX OJIMB JUIs MiMIIUITHUKIB KOB3aHHA.

KurrouoBi cjioBa: TOHKOLIApOBE MalleHHs, MOJIMOJNEKyIsipHa ancopOis, ZDDP, mcesnoTBepauit
a/IcopOIiiiHNMii map, eeKTHBHA B'S3KICTh, PEOJIOTiYHE MOJIEIIOBAHH, KOSIIHEHT TepTsL.




