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Abstract

A method for evaluation of the lubricating and rheological properties of hydraulic oils in tribological
contacts has been developed, which consists in online studying samples of commercial batches of oils on a
software and hardware complex with visual evaluation of the kinetics of changes in the main tribological
indicators of friction contact. Using a roller analogy, the operation of gears in the conditions of rolling with 30%
sliding is simulated. Samples of AMG-10 oil from two producers are analyzed. It is established that with
increasing temperature of lubricant for Sample 2 (‘“Kvalitet-Avia” AMG-10), a long-term restoration of
protective boundary films of oil is observed and the period of their formation increases by 2.5 times, causing the
implementation of a semidry mode of lubrication at start-up. The total thickness of the lubricating layer is 1.27
times less as compared with Sample 1 ("Bora B" AMG-10 oil), regardless of the lubricant temperature. Also, the
rheological properties of the oils have been determined. Sample 1 exhibits low shear stresses at the level of 9.4
MPa and high effective viscosity, 4249 and 5039 Pa‘s, at a volumetric oil temperature of 20 and 100 °C,
respectively. For Sample 2, with increasing oil temperature to 100 °C shear stress increases by 1.15 times and the
effective viscosity in contact decreases by 1.53 times. Additives present in Sample 1 are characterized by more
effective antiwear properties and thus increase the wear resistance of contact surfaces in the conditions of rolling
with sliding thanks to strengthening of the surface metal layers during operation, while Sample 2 undergoes
strengthening-softening processes which reduce the wear resistance of friction pairs.
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Introduction

Routes to increase the wear resistance of triboconjuction elements are based on modification of contact
surfaces via selecting lubricant compositions and finding optimal operating modes for friction pairs. An
important factor in ensuring a high efficiency of friction units is a high-quality choice of lubricants with high
lubricating, antifriction and antiwear characteristics. Among various producers of commercial oil batches, it is
important to choose a lubricant that meets not only required physical and chemical characteristics, but also has
effective tribological properties. However, tribological indicators have not yet been standardized for a wide
range of lubricants. Therefore, the development of methods for evaluating the quality of lubricants in tribological
contact is an important area of research, the results of which can make it possible to provide valuable
recommendations on oil workabiity in certain operation modes.

Literature review

The aviation hydraulic system is designed to control the mechanisms and systems responsible for flight
safety. Its durability, operational survivability and reliability provide perfection of the design of units. Aviation
hydraulic systems include forced hydraulic pumps. Ensuring their efficiency requires a high level of tribological
properties of oils.
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In particular, oils for aviation hydraulic systems must have an optimal level of viscosity, high viscosity-
temperature properties in a wide temperature range and resistance to oxidation and foam formation. Oils must
also have a sufficient level of tribological characteristics and be compatible with the structural and sealing
materials of the components and units of the hydraulic system. A reduced viscosity of hydraulic oils causes the
most intense manifestation of fatigue wear of the contacting parts of the hydraulic system. An increased viscosity
significantly increases the mechanical losses of the drive, complicates the relative movement of pump parts and
valves as well as makes it impossible for hydraulic systems to operate at low temperatures.

In [1], physicochemical and operational properties of optimized oil samples have been studied in an
extended range of qualification test methods. The performance properties of new oils were compared with
regular counterparts using a system of comparative evaluation of oil quality. All the results of computational and
experimental studies of the properties of prototypes were included in the electronic database, on the basis of
which valuable recommendations were developed for the introduction of new oils.

Many aircrafts use the hydraulic aviation oil AMG-10 in their hydraulic systems. Its lubricity is quite
sufficient to prevent wear of hydraulic devices. To ensure stability over a long service life (2 - 3 years),
unsaturated hydrocarbons are removed from the AMG-10 oil base and an antioxidant additive is added. The
main disadvantage of AMG-10 oil is its low fire safety ("flash point in an open crucible" does not exceed 90 °C).
In addition, during the operation of hydraulic systems with AMG-10 oil there observed a decrease in its viscosity
due to the gradual destruction of the thickening additive. This leads to too rough operation of the mechanisms,
oil overflow inside the hydraulic devices or to an external leak [2].

To improve the performance of oils for hydraulic systems, they are prepared from highly refined oil
fractions with a viscosity index of not below 85 from low-sulfur and sulfur oils, which have undergone an acid-
base or selective purification [3].

In [4], change in viscosity of AMG-10 oil in the temperature range 20 - 80 °C at a constant flow rate
gradient has been analyzed. This fluid was established to change its rheological properties: at a temperature
below 50 °C it is a Newtonian fluid, while at higher temperatures it becomes an Oswald de Ville fluid.

Analysis of publications on lubricating and rheological characteristics of oils for hydraulic systems has
revealed that no comprehensive research in this direction has not been carried out yet. Therefore, study of the
effective viscosity stability under mechanodynamic loads is of considerable interest.

Purpose

The purpose of the work is to develop a method for evaluating the lubricating and rheological properties
of hydraulic oils in tribological contacts.

Objects of research and experimental conditions

Oils to be studied:

- sample 1 is oil "Bora B" AMG-10 according to TU U 19.2-38474081-010: 2016 with change 1
(produced by the LLC “Bora B”, Ukraine);

- sample 2 is oil AMG-10 according to GOST 6794-75 with changes 1 - 5 (produced by the LLC “NPP
Kvalitet”, Russia).

Sample 1 was developed to organize work on avoiding oil import and overcome the critical dependence
of the defense industry of Ukraine on import supplies of AMG-10 oil. The study of the samples was carried out
on a software-hardware complex to evaluate the tribological characteristics of triboelements (Fig. 1), for which a
special software had been developed for stepper motor control and online visual evaluation of the kinetics of
changes in the main tribological parameters of tribocontact [5].

Fig. 1. Device for evaluation of tribological characteristics of triboelements

Work of gears in the conditions of rolling with sliding was modeled using the software-hardware complex
by means of a roller analogy. Lubrication properties (hydrodynamic and non-hydrodynamic components of the
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lubricating film thickness) were determined by the method of voltage drop in the mode of normal glow
discharge. Rheological characteristics of the lubricant (shear rate gradient, shear stress of lubricating layers,
effective viscosity in contact) were evaluated by the kinetics of changes in the lubricating layer thickness,
rotation speed of the leading and lagging surfaces and temperature of the lubricating layer.

Rollers (steel 30KhHSA, HRC 48 ... 52, Ra 0.34 um) were used as the material of contact surfaces.
Lubrication of the contact surfaces was performed through immersing the lower roller in a bath of oil.

Testing was conducted in nonstationary conditions, which provide for the cyclicity of repetition in the
start-up — stationary operation — braking — stop mode (Fig. 2). The total duration of the cycle was 80 s.

1=

FEHSR PN

N - Crapr
Bl - Cron

1
]
1

-4 G4 €4 € €343

Fig. 2. Interface of subprogram for data processing during tribosystem operation
in nonstationary friction conditions

Maximum rotation speed: 700 rpm for the leading surface and 500 rpm for the lagging surface. Sliding:
30%. Maximum contact load by Hertz: 200 MPa. Total number of cycles: 100. Temperature of oil: 20 °C
(cycles 1 - 45), rise to 100 °C (cycles 46 - 50), 100 °C (cycles 51 - 100).

Analysis of the main results

The investigated oil “Bora B” AMG-10 (Sample 1) is characterized by effective lubricating properties
both during start-up and at the maximum rotation speed (Fig. 3). With increasing temperature in the tribological
contact there is observed a decrease in the thickness of boundary adsorption layers due to changes in their nature:
boundary layers of predominantly physical nature are replaced by boundary layers of chemical nature
characterized by more effective antiwear properties. No failure of the lubricating layer during start-up and direct
metal contact of the friction surfaces has been established. A semidry lubrication mode was only revealed for a
short time, namely during the periods of running-in and initial temperature rise.
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Fig. 3. The kinetics of change in the thickness
of the boundary adsorption layers (hy) and the total thickness
of the lubricating layer (ht) in the contact in the course of operation

At start-up, a mixed lubrication mode dominates regardless of the lubricant temperature, which indicates
the effective starting properties of Sample 1 (Fig. 4).
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Fig. 4. The kinetics of change in lubrication modes in tribological contact
(Classification of lubrication modes by A:
semidry (A =0 ... 1); boundary (A=1... 1.5); mixed (A =1.5 ... 3);
elastic-hydrodynamic (contact-hydrodynamic) (A=3 ... 4); hydrodynamic (A > 4))

At maximum rotation speeds of the samples studied, the hydrodynamic mode of lubrication dominates,
regardless of the oil temperature, which indicates effective separation of the contact surfaces due to formation of
a lubricating layer.

Sample 2 (oil Kvalitet AMG-10) is characterized by effective lubricating properties at the maximum
investigated rotation speeds, but during start-up its lubricating properties decrease (Fig. 3). At volumetric oil
temperatures of 20 and 100 °C, the boundary adsorption layer thickness is 0.88 and 0.95 pm, respectively, which
is, on average, 1.44 times less than that for Sample 1. This leads to deterioration of the lubrication mode in
contact during start-up and to dominance of the boundary lubrication mode in 25 % of the operating cycles. With
increasing lubricant temperature, a long recovery of the protective boundary oil films takes place, the time of
their formation increases by 2.5 times as compared with Sample 1, thus causing the implementation of a semidry
mode of lubrication at start-up.

At maximum rotation speeds of the samples, a hydrodynamic mode of lubrication dominates, regardless
of the oil temperature, which indicates the effective separation of the contact surfaces due to the formation of a
lubricating layer. The total lubricating layer thickness, which includes hydrodynamic and non-hydrodynamic
components, is 1.27 times less compared with Sample 1, regardless of the lubricant temperature.

Let us analyze the kinetics of changes in the rheological characteristics of the oils studied.
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Fig. 5. The kinetics of change in the effective viscosity () of oils in the contact

The “Bora B” AMG-10 oil is characterized by effective rheological properties. Ensuring the
hydrodynamic mode of lubrication at maximum speeds of the cycle, in the conditions of rolling with 30% sliding
is due to the high bearing capacity of the lubricant and formation of hydrodynamic and non-hydrodynamic
components of the lubricating layer thickness which are characterized by low shear stress, on average, 9.4 MPa
regardless of oil temperature.

Despite the high shear rate gradients in the contact lubricating layer, from 5.63-10° to 5.73-10° s, which
occur at a maximum sliding speed of 0.71 m/s in the conditions of rolling with sliding, the lubricant is
characterized by effective viscosity, on average, 4249 and 5039 Pa-s at a volumetric oil temperature of 20 and
100 °C, respectively (Fig. 5). This indicates good resistance of the oil components to destruction under
conditions of increasing shear rate gradient. The greatest reduction in effective viscosity to 105 ... 250 Pa-s
occurs in the conditions of initial increase in oil temperature (45 - 49 test cycles). This is due to change in the
nature of the boundary adsorption layers characterized by effective adaptation in a wide range of temperatures.
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Sample 2 (Kvalitet AMG-10 oil), similar to Sample 1, is characterized by effective rheological properties.
The shear stress of the lubricating layers is, on average, 9.4 MPa at an oil temperature of 20 °C, which is close to
that of Sample 1. When the oil temperature rises to 100 °C, this parameter increases to 10.82 MPa, which is
slightly, by 1.15 times, higher than that for Sample 1.

As compared with Sample 1, the effective viscosity in contact is reduced, on average, by 1.53 times at an
oil temperature of both 20 °C and 100 °C and is equal to 2764 Pa-s and 3309 Pa-s, respectively. With increasing
temperature during 45 - 50 cycles of operation, a sharp decrease in this parameter to 78...240 Pa‘s was
established, which is due to adaptation of the lubricant boundary layers to the temperature change in the friction
contact.

The range of change in the shear rate gradient of the lubricating layer (y) in contact at a maximum sliding
speed of 0.71 m/s in the conditions of rolling with sliding for Samples 1 and 2 is from 4.5-10% to 5.73-10%s%.

The formation of boundary films of lubricant with structural adaptability of the triboconjuction elements
can lead to mechanical, physical and chemical changes in the surface layers of the metal, which can significantly
affect the wear resistance of the contact surfaces. Analysis of changes in microhardness of the surface layers of
steel 30KhHSA after 100 cycles revealed the dependence of this parameter on the type of test material. When
using Sample 1 as a lubricant, strengthening of both leading and lagging surfaces was fixed. In particular,
microhardness of the surface layers of the metal was increased by 512 and 517 MPa for the leading and lagging
surfaces, respectively. In the case of using Sample 2, the leading surface of the metal was softened (decrease in
microhardness upon testing was 696 MPa), while the lagging surface was strengthened (increase in
microhardness was 444 MPa).

According to the data of the producers of Samples 1 and 2, they have the same base (mineral oil on the
basis of deeply dearomatized low-solidificated fraction, which is obtained from hydrocracking products of a
mixture of paraffinic oils and consists of naphthenic and isoparaffinic hydrocarbons). That is why it is active
components of additives to Samples 1 and 2 that affect the kinetics of changes in microhardness of surface layers
activated under friction. The additives present in Sample 1 are characterized by more effective antiwear
properties and thus increase the wear resistance of contact surfaces in the conditions of rolling with sliding.

Conclusions

Sample 1 of oil "Bora B" AMG-10 (production: LLC "Bora B", TU U 19.2-38474081-010: 2016 with
change 1) is characterized by more effective lubricating and rheological characteristics in nonstationary
conditions of friction in the rolling with 30% sliding mode as compared to Sample 2 of AMG-10 oil
(production: LLC NPP Kvalitet, GOST 6794-75 with changesl - 5) according to the following criteria.

1. With Sample 1, there was not fixed any failure of the lubricating layer during start-up and direct metal
contact of the friction surfaces. A semidry lubrication mode was only for a short time, during the periods of
running-in and initial temperature rise. At start-up, regardless of the temperature of the lubricant, a mixed
lubrication mode dominates, while at the maximum rotation speeds of the investigated samples a hydrodynamic
lubrication mode dominates.

2. At a volumetric oil temperature of 20 and 100 °C, the thickness of boundary adsorption layers is 1.44
times that for Sample 2.

3. Sample 1 is characterized by low shear stresses, on average 9.4 MPa, regardless of oil temperature, and
high effective viscosity, on average, 4249 and 5039 Pa's at volumetric oil temperature 20 and 100 °C,
respectively.

4. Additives present in “Bora B” AMG-10 oil (Sample 1) are characterized by more effective antiwear
properties and increase wear resistance of contact surfaces in the conditions of rolling with sliding due to
strengthening of surface layers of metal during operation, while in Sample 2 hardening-softening processes have
been established, which cause a decrease in wear resistance of friction pairs.
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Lnpina O. A., Mikocsaunk O. O., MuanakanoB P.I'., SIko6uyk O.€. Po3poOka METOMKH OLIHKH SKOCTI
3MallyBalbHUAX BIACTUBOCTEH TifpaBIivyHUX aBialliiHUX OJIUB.

Po3po0iieHo METOAMKY OLIHKHM 3MAalllyBaJbHUX Ta PEOJIOTIYHUX BJIACTUBOCTEH TiPaBIIYHHUX OJIMB B
TPUOOTEXHIYHOMY KOHTAKTi, sIKa TOJATaE B JOCHIIKEHHI 3pa3KiB TOBApHHUX MapTiii OJNMB Ha MPOTPaMHO-
amapaTHOMY KOMIUIEKCI 3 Bi3yallbHOIO OIIHKOI KIHETHKH 3MiHH OCHOBHUX TPHOOTEXHIYHMX MOKAa3HHKIB
(hpUKIIfHOTO KOHTAKTY B pekuMi on-line. 3a JOIIOMOT0I0 POJIMKOBOI aHAJIOTi1 MOJENOEThCS poOoTa 3y0UacTux
mepenad B yMOBax KOYEHHs 3 MpokoB3yBaHHAM 30%. IlpoanamizoBano 3pasku omuBu AMI-10 nBox
BUpOOHWKIB. BcTaHOBIEHO, IO TpHM 3pOCTaHHI TeMIEpaTypd MACTHIBHOTO Martepiany s 3paska Ne 2
BiOyBa€THCS TpUBAJIE BiIHOBICHHSA 3aXHUCHUX IPAaHUYHUX IUTIBOK OJIMBH, MepioX iX (GopMyBaHHS 301IBIIYETHCS
B 2,5 pa3u, oOyMOBIIOIOYM peasi3alil0 HamiBCYXOro pPEXHMY MallleHHS NpH MYyCKy. 3arajibHa TOBIIMHA
MacTWIbHOTO 1apy B 1,27 pa3iB MeHIIe, B IOpiBHAHHI 3 onuBoio «bopa b» AMI'-10 (3pasok Nel), HezanexHo
BiJl TEeMIlepaTypy MacTHJIBHOT'O MaTepiary. Bu3HaueHo peosoriuHi BIaCTHBOCTI OJIMB Ta BCTAHOBIICHI JJISl OJTUBH
«bopa b» AMI'-10 Hu3bKi Hanpy>keHHs 3CyBY Ha piBHI 9,4 MIla Ta BHcoka edekTHBHA B'A3KicTh - 4249 Ta 5039
[Ta-c npu o6'emuiii Temneparypi onusu 20 ta 100 °C BinnosigHo. st 3paska Ne 2 npu 3pOCTaHHI TeMIepaTypu
omuBH 10 100 °C HampyxeHHs 3cyBY 30inbIryeTbes B 1,15 pa3iB, edexTiBHa B'SI3KICT B KOHTAKTi 3HWKYETHCS B
1,53 pasu. Ilpucankm, nmasBHi B ommBi «bopa b» AMI-10, xapakTepu3yroTbcs OiTbII ePEKTHBHUMH
MPOTU3HOIIYBAIbHUMH BJIACTUBOCTSAMH Ta OOYMOBIIIOIOTH IiIBUIICHHS 3HOCOCTIHKOCTI KOHTAKTHHX MOBEPXOHb
B YMOBAaX KOYEHHS 3 IPOKOB3YBAaHHAM 32 PAaXyHOK 3MIIIHCHHS OBEPXHEBUX IApiB METATy IIPH HAIPAaIIOBAHHS,
Jutst 3pa3zka Ne 2 BCTaHOBIIEHI NPOIIECH 3MIIHEHHS — 3HEMIITHEHHS, 1110 00YMOBIIIOIOTH 3HIKEHHSI 3HOCOCTIHKOCTI
map Teprsi.

KoarouoBi ciioBa: aBiamiiiHi OJIMBM, 3MallyBaIbHHN IIAp, PEKUM MAIICHHS, €(QEKTHBHA B'S3KICTh,
MIKpOTBEPIICTb.



