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Abstract

In this work, the conditions for the formation of adsorbed boundary layers on friction surfaces under rolling
with sliding were studied. The tests were carried out according to the roller-on-roller scheme on an SMC-2 rig, the
specimens being cylindrical rollers of steel 45 with hardness HRC 32. The studies were performed in the mode of
frequent starts and stops: acceleration 4 s, stop 3.5 s, the cycles following one another without pauses. The total
rolling speed was 1.91 m/s, the slip 20 %, the contact stress 550 MPa, the total number of operating cycles N =
2350. The lubricant layer thickness was determined by the voltage drop method in the normal glow discharge
mode. For the base oil, over the first N <250 operating cycles a breakdown of the lubricant layer was recorded in
75 % of the cycles. At 250 <N < 1000 an adsorbed boundary layer 0.036 — 1.056 um thick is formed, and at N >
1280 the film thickness is 0.150 — 1.524 pm and the frequency of breakdowns decreases on average to 10 % of the
cycles. The suspension forms boundary layers more intensively, however their stability is lower: repeated
adaptation occurs only at N > 2100 cycles, the layer thickness in this case being h = 0.130 — 1.620 um. On 55 %
of the contact area chemisorbed films 0.051 — 0.186 pum thick were recorded. A mechanism of the formation and
adaptation of boundary adsorption layers on friction surfaces under conditions of frequent starts and stops has been
revealed, which consists in the fact that activation of the metal surfaces under multi-cycle action and polarization
of hydrocarbon molecules by the electric field of the solid phase initiate the formation of the layer, while its
subsequent failure exposes the nascent metal surface, and the escape of electrons from it (exoelectron emission)
creates conditions for the formation of anions and radicals and the growth of chemisorbed films. The obtained
dependences of the boundary layer thickness on the number of operating cycles make it possible to predict the
lubrication regime of non-conformal friction units under conditions of frequent starts and stops and to choose the
concentration of the fullerene additive in a justified way.
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Introduction

The durability of contacting surfaces in a non-conformal friction unit is to a considerable extent determined
by the lubricating film [1].

Its thickness must be greater than the root-mean-square sum of the highest asperities of the friction surfaces.
The most favorable conditions occur when a hydrodynamic or elastohydrodynamic film is realized in the contact,
at the same time between these two states there lies a transition region with intermediate properties.

It is important to note that the service life of non-conformal friction units in real operating conditions never
covers the whole active friction surface of the mating parts, since manufacturing errors, shaft misalignment and
initial roughness leave only a third or a half of the nominal area in work. Because of this the actual contact stress
can exceed the calculated one, which is able to cause failure of the tribosystem. Therefore the service life of such
a friction unit is determined not by a calculation from nominal parameters, but by the ability to maintain the
required lubricant layer thickness in the contact.
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In unsteady operating regimes boundary friction prevails. The boundary, mixed and hydrodynamic regimes
are distinguished by the mechanism of friction in the contact [2]. Under boundary lubrication the elastic and plastic
deformation of the substrate is decisive, under mixed lubrication the adsorbed layer of liquid dominates, and under
the hydrodynamic regime shear of the lubricant layer takes place between the surface and the asperity.

Under such conditions the interaction of metal surfaces in a lubricating medium is determined by a complex
of mechano-physicochemical processes which depend on the composition and properties of the medium [3]. The
wear resistance of a polymolecular boundary layer is determined by molecular-kinetic factors, whereas for a
monomolecular adsorption layer the strength of the adsorption bond and the kinetics of its restoration on the
nascent surface become decisive.

An additive operating under boundary friction conditions must consist of a mixture of different substances.
Their molecules must exhibit effective adsorption capacity, which ensures the formation of an adaptive boundary
film, at the same time such a film protects the friction pairs from direct contact. Chemisorption provides a stronger
interaction with the surface than physical adsorption, and therefore better protects the film from abrasion [4].

In the crystal, fullerene Cgp molecules are bound by weak van der Waals forces. A calculation by the
molecular orbital method shows that the face-centered cubic lattice of fullerite is described by a series of bands
which do not overlap. The band width is 1.5 — 1.8 eV, which makes fullerite a semiconductor. The valence band
is able to accept no more than six doped electrons.

At 0 < x < 3, where x is the number of doped electrons, the conductivity of the sample increases with
increasing x, while at x = 6 the conduction band is filled completely, and the properties of the sample are
determined by the structure of the next free band.

The regularities of the formation of boundary layers under lubrication with a fullerene Ceso suspension in
conditions of frequent starts and stops remain unclarified. Among the mechanisms of action of nanoscale additives,
the formation of a tribofilm, the rolling effect of spherical particles, the healing of microdefects, surface polishing
and a synergistic effect are named [5]. It has not been established how the additive concentration affects the
thickness of the adsorption layers and the lubrication regime in a non-conformal contact of point form.

Purpose

To investigate the mechanism of the formation and adaptation of boundary adsorption layers on contacting
surfaces under lubrication with I-20 mineral oil and an 18 % fullerene Cgo suspension in unsteady operating
regimes.

To evaluate the role of the activated metal surface and the temperature factor in the formation of boundary
films.

Methods

The lubricant layer thickness was determined by the voltage drop method in the normal glow discharge
mode. A voltage close to zero corresponds to direct metal-to-metal contact, and its rise corresponds to the presence
of an insulating film [6]; electrical methods for assessing the state of the lubricant layer are systematized in the
review [7].

In order to establish the lubrication regime in the contact, the dimensionless criterion A was used, which is
determined by the ratio of the lubricant layer thickness to the height of the asperities of the contacting surfaces.
The proportion of cycles with breakdown of the layer at standstill was recorded separately.

The tests were performed according to the roller-on-roller scheme on the SMC-2 laboratory rig, the
specimens being cylindrical rollers of steel 45 with hardness HRC 32.

The studies were carried out in the mode of frequent starts and stops. The total rolling speed of the test
specimens reached 1.91 m/s with a subsequent instantaneous stop.

The recording of the lubricant layer thickness was performed during the start-up period, at the maximum
friction torque, under conditions of rolling with 20 % sliding. The duration of one cycle was 7.5 s: 4 s of
acceleration and 3.5 s of stop. The cycles were repeated continuously. The total number of operating cycles in the
experiment amounted to N = 2350 at a contact stress of 550 MPa.

Within the operating cycles up to N = 1000 the bulk temperature of the oil was 20 °C, subsequently it
gradually increased and at N < 2350 reached 66 °C.

Results

Formation of boundary layers under lubrication with the base oil I-20
Over the first 250 operating cycles a loss of layer continuity at stop was recorded in 75 % of the cases,
which caused the appearance of direct contact without lubricant.
It was established that an increase in the rotational speed of the test specimens leads to an increment of the
oil film thickness within 0.360 — 0.420 pm, which is practically independent of the bulk temperature in the contact.
Within the experiment it was recorded that the formation of the boundary layer is ensured by the
acquisition of polarity by hydrocarbon molecules in the field of the solid phase and by the activation of the
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contacting surfaces under cyclic loading. In work [8] it was established that the thickness of the boundary layer,
like the distance of interaction of the molecules with the surface, is determined by the field strength of the surface
and the energy of thermal vibrations.

In the range of operating cycles 250 < N < 1000 the lubricant layer thickness is 0.036 — 1.056 um. The
layer adapts to the variable load, which makes it possible to reduce the proportion of direct contact of the surfaces
to 25 % of the starts and stops.

In work [9] it was established that the accumulation and ordering of adsorbed molecules occurs under the
action of repeated rolling.

Heating of the oil shifts the balance between the energy of thermal vibrations and the energy of retention
of the molecules on the surface. With the predominance of the former, the ordering of the layer is lost, and the
proportion of cycles in which the layer was not recorded at standstill increases.

At N > 1280 operating cycles a repeated restoration of the layer to 0.150 — 1.524 um is observed, and
ruptures of the lubricant film are recorded within 10 % of the starts and stops.

Heating is accompanied by an intensification of the oxidation processes in the friction pair. The joint
action of the activated metal surface and the oxidized hydrocarbons causes polymerization reactions, the products
of which are fixed on the metal chemisorptively; the thickness of the formed films is 0.059 — 0.148 um.

The serviceability of the I-20 oil under non-stationary conditions is determined not by viscosity but by
the ability to retain the boundary layer (Fig. 1). Up to N <250 the boundary regime is realized in the contact; with
the growth of the layer it changes to mixed, which is maintained up to N < 1000.

As a result of heating of the lubricant, the boundary lubrication regime is established. The subsequent
restoration of the adsorption films at t = 50 — 66 °C ensures the mixed regime until the end of the experiment.
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Fig. 1 Dependence of the lubrication regime criterion A on the thickness of the adsorbed boundary layer h, pm:
dashed line — I-20 oil, solid line — 18 % fullerene Ceo suspension

Effect of the 18 % fullerene Ceo suspension on the Kinetics of the adsorption layers

It was found that the 18 % suspension based on fullerene Cg¢o forms boundary adsorption layers more
effectively than the base mineral 0il I-20 at t =20 °C. It was experimentally established that at N < 190 the thickness
of the boundary films is 0.063 — 0.371 pm. During the stop, a breakdown of the lubricant layer was found in only
10 % of the cycles.

With an increase in the number of operating cycles of the tribosystem it was established that in 35 % of
the cycles the thickness of the layers reaches 0.700 — 1.400 um, however the formed boundary layers are unstable,
which leads to their gradual failure.

The thermal effect in combination with frequent starts and stops causes a disturbance of the stability of
the boundary lubricating film and its gradual removal from the contacting areas of the surfaces. Repeated
adaptation of the layer occurs at N > 2100, its thickness in this case being h =0.130 — 1.620 um. The low stability
of the formed layers is associated with the weak adhesive interaction with the metal surface, as a result of which
they are easily removed. A breakdown of the lubricant layer was recorded in 40 % of the cycles.

Fig. 2 shows the state of the contact zone after the formation of the lubricant layer. According to the
experimental results, the formation of a chemisorbed film with a thickness ofh=0.051 —0.186 pm was established,
extending over 55 % of the area of interaction of the surfaces.
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Fig. 2 Friction surface after lubrication with the 18 % fullerene C60 suspension

Lubrication regime and the mechanism of formation of chemisorbed films

With an increase in the number of operating cycles the mixed lubrication regime is realized in 25 % of the
cycles (A > 2.860), whereas at the initial stage of operation of the contact the boundary regime prevails (A = 0.845
— 1.471). The established regularities were obtained for multi-cycle dynamic loading in the presence of the
fullerene Cg additive, Fig. 1.

Chemisorbed films are formed on the friction surfaces, which include resinous products, friction polymers
and oxidation products. Their formation is caused by the attachment of activated anions and radicals to positively
charged microsurfaces.

The source of these particles is the hydrocarbon components of the oil, which are converted into anions,
radical anions and radicals. Under variable loading the adsorption layers are destroyed, and the exposure of nascent
areas is accompanied by exoelectron emission. The exoelectrons react with the molecules desorbed from the
boundary film, whose reactivity, in view of their activated state, should be the highest.

It can be assumed that two interrelated processes develop in the contact zone. Electrons pass from the metal
surface into the conduction band of the semiconductor, whereas polarized hydrocarbon molecules accept them
from the valence band. Because of the frequent renewal of the physically adsorbed layers the second of them
prevails, and the hydrocarbon molecules play the role of p-type dopants.

The absence of the lubricant layer observed in the stationary state is probably associated with the presence
of a fullerene layer as a semiconductor phase, which is retained on the contact surface. Under optical magnification
this layer becomes noticeable. The experimentally confirmed ability of the I-20 oil to form chemisorbed films is
consistent with known data. The polarization of aromatic hydrocarbons by the electric field of the solid phase with
the subsequent formation of friction polymers was described earlier [1]. The layer of spherical fullerene Cqo
molecules polymerized on the surface reduces the shear resistance of the crystallites in the tangential direction.
Together with the intensity with which the hydrocarbon components of the oil form the film, this determines the
stability of the boundary layers upon the introduction of an additive with a layered structure of the crystal lattice.

With a significant cohesive component of the interaction of the polarized molecules, failure of the
adsorption layer becomes less probable.

Conclusions

It has been established that the start-stop mode leads to activation of the friction surfaces, which initiates
the formation of boundary adsorption layers and their subsequent adaptation to the variable load. The mechanism
of this process is the polymerization of the hydrocarbon components, characteristic both of I-20 and of the 18 %
fullerene suspension.

A comparison of the lubricating media showed that at the initial stage of the operating cycles the suspension
provides a substantially more stable boundary layer: a breakdown was recorded in 10 % of the cycles against 75
% for the base oil. With further operating cycles the ratio changes to the opposite, and a breakdown of the
suspension layer is observed in 40 % of the cycles against 10 % for the oil, which indicates the predominantly
physical nature of the layers formed by it.

It follows from this that the concentration of the fullerene additive is a means of controlling the composition
of the boundary layer, and the maintenance of a stable lubrication regime under unsteady operating conditions
ensures the durability and reliability of non-conformal friction units.
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Typuusa 10., AxmaroB B. Kinernka rpaHmuHuX mapiB y HEKOH(GOPMHOMY KOHTakTi B YMOBax
HECTAI[IOHAPHOTO PEKUMY

Y po0oTi JOCIiIKEHO YMOBH YTBOPEHHS aACOPOLIHNX I'PaHUYHUX IIApiB Ha MOBEPXHAX TEPTS B YMOBax
KOYEHHS 3 TPOKOB3YBaHHIM. BHUIpoOyBaHHS NPOBONMIN 32 CXEMOIO PONHK-pONIHK Ha ycraHoBdi CMII-2,
3pa3KaMu CIyTYBaJ¥ OIWTIHAPWYHI poiukH 3i ctami 45 tBepaictio HRC 32. JlocnmimkeHHS BUKOHYBAJH B PEXKAMI
YacTUX ITyCKiB-3yIIMHOK: pO3TiH 4 c, 3ymuHKa 3.5 ¢, IMKJIN CIigyBajdW OXWH 3a omHMM Oe3 may3. CymapHa
MBUAKICTh KO4YEHHS cTaHoBmia 1.91 m/c, mpokos3yBanHs 20 %, xoHTakTHa Hampyra 550 MIla, 3arambHe
HanpamroBaHHA N = 2350 nukiiB. ToBIIHY 3MamryBajbHOTO MIapy BH3HAYAd METOAOM IAMiHHSA HANPyTH B
PEeXUMiI HOPMAJIBHOTO TIiF0YOTr0o po3pamy. Jms 6azomoi omumBu Ha mepmux N < 250 mukiax HamparffoBaHHS
3aikcoBaHO 3pHB 3MalryBajgbHOro mapy B 75 % nmuxiis. [Ipum 250 < N < 1000 dopmyerbest ancopOuiitaumit
rpanuuHuil map 3aBToBIIKA 0.036 — 1.056 MxMm, a pu N > 1280 ToBmumHa miiBku ckinagae 0.150 — 1.524 MM i
4acTOTa 3pHBIB 3HWXKYEThCS B cepenHboMy 10 10 % nmkimiB. Cycnensis Gopmye rpaHHYHI MIapy IHTEHCUBHILIE,
npore 1X CTIHKICTh HIDKYA: MMOBTOPHA ajanTauis Hactae jgunie npu N > 2100 nukiiB, TOBIIMHA 1apy IPH LHEOMY
ckmanae h=0.130 — 1.620 mxm. Ha 55 % mutomi koHTakTy 3adikcoBaHO XeMocopOUiiiHi miiBkY 3aBToBIIKH 0.051
—0.186 MxM. BusiBneHo MexaHi3M yTBOpPEHHS 1 ajanraiii 'paHUYHUX aJCOpOLIHHMUX IIapiB HA MOBEPXHSIX TEPTS
332 YMOB YacTUX ITyCKiB-3yIHHOK, SKHH TIOJITAE B TOMY, 10 aKTHBALlisl IOBEPXOHb METANTy NPH 0araToIMKIOBUX
IisIX 1 TOJISIpHU3allis ByTJIEBOOHEBUX MOJIEKYI EIEKTPHYHIM IT0JIeM TBEpZOi (a3 3ammycKaroTh GopMyBaHH mapy,
a rofanplie Horo pyHHYBaHHS OTOJIO€ IOBEHUIbHY IIOBEPXHIO METAILY, 1 BUXIJ €JIEKTPOHIB 3 Hel (€K30eeKTPOHHA
eMICis) CTBOPIOE YMOBH IIJIsl YTBOPCHHS aHIOHIB 1 paJWKajiB Ta HAPOCTAHHSA XeMOCOPOUiHHIX TTiBoK. OnepkaHi
3aJIeKHOCTI TOBIIMHHM TPAaHWYHOTO MIApy BiX HAIPAIfOBAHHS IO3BOJITIOTH MPOTHO3YBAaTH PEXHM MAIICHHS
HEKOH(OPMHUX BY3JIiB TEPTS B yMOBaX YaCTHX IMYCKIB-3yIIMHOK Ta OOIPYHTOBaHO OOHMpaTH KOHIIEHTpALIilo
(hynepeHoBOI PUCAIKH.

Korouosi ciioBa: Teprsi, MallieHHs, TPaHUYHUN aIcOpOLiiHUI map, xeMocopOuiiHa riBka, dynepe Ceo,
PEKHMM MallleHHs, HeCTalliOHAPHI YMOBH, JIOBTOBIYHICTb.



