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Introduction. The paper considers the evolution of friction
coefficient of the pair of copper - steel alloy under friction in a
hexanoic acid solution in various concentrations, and antiwear
properties of the steel-steel friction pair in an oil-acidic
medium. The work objective is to explore the effect of
hexanoic acid additives on the tribological characteristics of
friction pairs under the friction interaction in waterborne and
paraffin-based formulations.

Materials and Methods. Tribological studies of a brass-steel
friction pair were carried out on the AE-5 end-type friction
machine. Antiwear characteristics were explored on a four-ball
friction machine (FBW) in accordance with the standard
GOST 9490-75. When tested at the FBW, the objective
parameters of the lubricity of the oiling compositions were:
welding load (Pc); wear spot diameter (Dr), critical load (Px).
Roughness parameters of the servovite film were determined
through the optical profilometry; its microgeometry and
structure at the nanoscale — through the atomic force
microscopy.

Research Results. Tribological properties of the brass-steel
tribocoupling in aqueous media and steel-steel one in
petroleum paraffin-based media are studied. The dependence
of the frictional characteristics of the brass-steel friction pair
on the concentration of carboxylic acid is established. Its
optimum concentration is specified, which provides the effect
of wearlessness. A decrease in surface roughness is revealed
as a result of the frictional interaction of a brass-steel friction
pair in the hexanoic acid solution compared to the initial
friction surface due to the formation of a sufficiently dense
layer from fine-grained copper clusters with tight particle-size
dispersion. The tribological characteristics of a steel-steel
friction pair were found to depend on the composition of the

lubricant. It is shown that the dependence of the size of the

" The research is done within the frame of the independent R&D.
** E-mail: ekaterina.drogan@gmail.com, vburlakova@donstu.ru
*** Pa6oTa BBINOJHEHA B paMKax MHAIMaTuBHOW HUP.

Bseoenue. PaboTa MOCBAIICHA MCCIIENIOBAHHIO 3BOJIOLUU
K02 duIeHTa TPEHHS Naphl CIUIaB Meb-CTaIb IPH TPEHUU B
BOJAHOM  pacTBOpe  KalpOHOBOW  KHUCIIOTHI  pa3iIMYHOU
KOHLIGHTpallu¥, a Talkoke U3YyYCHUIO0 IPOTHBOM3HOCHBIX
CBOICTB Mapbl TPEHHsS CTalb-CTAlb IPHU TPEHHH B MACISTHO-
KUCIIOTHOU cpefie. Llenpro JaHHOTO MCCNEeNoBaHMs SBIAIOCH
W3y4yeHHe BIVSHUS J00aBOK KalpOHOBOH KHCIIOTHI Ha
TpUOOJIOTHYECKHE  XAPAKTEPUCTHKUA Tap TPEHUS  IpH
(PUKIMOHHOM B3aMMOJECHCTBHM B COCTaBaX Ha BOJHOM
OCHOBE U Ha OCHOBE Ba3eIMHOBOTO MacJa.

Mamepuanvr u memoowi. IlpoBeneHsl TpHOOIOrHUECKHE
HCCIIeI0BAaHMS TTaphl TPSHNUS JIaTyHb-CTalb HAa MAIINHE TPEHUS
topueBoro THpa AE-5. HccrnemoBaHume NpOTHBOM3HOCHBIX
XapaKTEePUCTHK NIPOBOIMIOCH HAa YETHIPEXIIAPUKOBON MallllHe
tpenus (UILIM) B coorBercTBUe co ctangapToM ['OCT 9490—
75. Tlpu ucnsitanusax Ha YIIIM o0beKTHBHBIMU ITapaMeTpaMu
CMa3bIBAIONINX CBOWCTB CMA30YHBIX KOMIIO3HIUH SBISIINCH:
Harpy3ka cBapuBanus (Pc); mmamerp mnsatHa umsHoca (Dw),
kputuueckass Harpy3ka (Px). Ilapamerprl mepoxoBarocTu
CEpPBOBHUTHOI IIIEHKH OTIPEAEISIINCH C TOMOIIBIO ONTHIECKOIT
npoQUIOMETPUY; €€ MHUKPOTeOMEeTpHs M CTPYKTypa Ha
HAHOYPOBHE — C MOMOII[bIO aTOMHO-CHJIOBOH MHKPOCKOIIHH.
Peszynomamul  uccneoosanus. VI3ydeHel TpHOOIOTHUECKHE
CBOICTBa TPHOOCONPSIKEHUS JTaTyHb-CTallb B BOAHBIX CpPeaax
U CTalb-CTalb B CpelJax Ha OCHOBE Ba3eIMHOBOTO Macla.
VYcraHOBNEHAa 3aBHCHMOCTh (DPHKIMOHHBIX XapaKTEPHCTHK
Hapsl TPEHUS JIaTyHb-CTaldb OT KOHIIEHTPAIMH KapOOHOBOI
kucinoTel. OOHapyXeHa ee¢ ONTHMalbHas KOHILEHTpalus,
obecrieunBaromas  peanuzaniio  dddekra Oe3bI3HOCHOCTH.
BoisiBI€HO yMeHBIIEHHE IIEPOXOBATOCTH IIOBEPXHOCTH B
pe3ynbraTe (QPUKIMOHHOTO B3aMMOACHCTBHS IHapbl TPEHUS
JIaTyHb-CTAJIb B BOZHOM PAaCTBOpPE KallPOHOBOI KHCIOTHI IO
CpaBHCHUIO C HCXOﬂHOﬁ IOBEPXHOCTBIO TPEHHSA BCJICACTBUE
(hOopMHPOBaHUS JOCTAaTOYHO IUIOTHOTO CJIOS, 00pa30BaHHOTO
MEJIKO3EpHHUCTBIMI KJIaCTepaMHd MEAH C MallbIM pa30dpocom
pas3mepy.
TPUOOTEXHUIECKUX XapaKTEPHCTUK ITapbl TPEHUS CTaIb-CTallb

4acTHLl IO OOGHapyxeHa  3aBHCHMOCTb
OT COCTaBa CMa304HOM cpenpl. IlokaszaHo, 4TO 3aBMCHMOCTD

pasMepa quaMeTpa niaTHa U3HOCA OT COACPIKAHUA KUCIOTHI B
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wear scar diameter (WSD) on the acid content in the base oil
is nonmonotonic in nature with a pronounced minimum at a
concentration of 0.1 mass. %. The critical load (Px) at a
content of 0.05 and 0.1 mass. % increases by 32%, welding
load (Pc) - by 27%.

Discussion and Conclusions. As a result of the tribological
studies of a brass-steel friction pair in the hexanoic acid
solution, it has been found that the optimum acid molar
concentration in the lubricant composition is 0.1 mol/L. Under
the frictional interaction of a brass-steel pair in the hexanoic
acid solution, an antifriction copper film is formed on the
friction surfaces, which contributes to a sharp decrease in the
friction coefficient to 0.007 and metal wear of the friction pair
to 25 times. As a result of the frictional interaction of a brass-
steel friction pair in the hexanoic acid solution, a decrease in
roughness is revealed compared to the initial friction surface.
It is found that the frictional interaction of a brass-steel pair in
the hexanoic acid solution causes a significant modification of
the friction surface as a result of the deposition of finely
dispersed copper clusters occurring in the lubricating medium
composition and forming a servovite film. As a result of
studies, it is found that the dependence of the WSD size on the
acid content in the base oil is nonmonotonic in nature with a
significant minimum at a concentration of 0.1 mass. %. It is
shown that the addition of 0.1 mass. % of hexanoic acid into
the lubricant composition exhibits the smallest wear of the
steel-steel tribological pair, the WSD decreases to 0.497 mm,
the critical load (Px) and the welding load (Pc) increase by
32% and 27%, respectively.

Keywords: friction coefficient, selective transfer, servovite
film, wear scar, welding load, critical load
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6a30BOM Macile IMeeT HEeMOHOTOHHBIH XapakTep ¢ HaJIHMIHeM
SPKO BBIPA)KEHHOI'O0 MHHHUMyMa IpH KoHueHTparuu 0,1 macc.
%. Kpurnueckast Harpy3ka (P,) npu comepxxannu 0,05 u 0,1
Mmacc. % yBennuuBaercst Ha 32%, Harpyska capuBanus (P.)
—Ha 27 %.

Obcyacoenue u 3axmouenusi. B pesynbprate TpHOOIOTHYSCKAX
UCCIEIOBaHUN Tapbl TPEHUs JATyHb-CTalb B  BOJHOM
pacTBOpe KalpoHOBOH KHCIOTHI BEIIBICHO, YTO ONTHMAJIbHOM
MOJIIDHOM KOHILIEHTpAaLMell KHUCIOTBI B COCTaBE CMa3Ku
sisiercst 0,1 mons/n. Ilpu (GPUKIHOHHOM B3aUMOJCHCTBHUU
Hapsl JIaTyHb-CTAlIb B BOAHOM PacTBOpPE KalpOHOBOH KUCIOTHI
Ha TOBEPXHOCTAX TpeHHs (GopMupyeTcs aHTHOPUKIHMOHHAS
MeJHas IUICHKa, CHOCOOCTBYIONIAas pPE3KOMY CHIDKEHHIO
koo durmenta tperus 1o 0,007 u M3HOCA METAUIOB Iapbl
TpeHuss 1m0 25 pa3. B pesynprare  QpHKIMOHHOTO
B3aMMOJICHCTBUSL Taphl TPEHHUS JATyHb-CTAIb B BOJHOM
pacTBope KalpoHOBOH KHCIOTBI BBISBIEHO YMEHBIIECHHE
IIEPOXOBATOCTH IO CPAaBHEHHIO C HCXOAHOH IOBEPXHOCTHIO
TpeHus. OOHapyXeHO, YTO (PUKIHOHHOE B3aUMOICHCTBHE
Hapbl JIATyHb-CTANIb B BOJAHOM PacTBOpPE KalpOHOBOH KUCIOTHI
NPUBOANT K 3HAYUTENBHOW MOIU(UKAINH ITOBEPXHOCTH
TpeHHs B  pe3yabTaTe OCAKICHHWS  MEIKOIMCIIEPCHBIX
KJIaCTEPOB MeJH, 00pa3yIONIUXCSl B COCTABE CMa304YHOMN CPeIbl
U (GopMHpPYIOIIMX CEpBOBHTHYIO IUIEHKY. B pe3symbprate
HCCIIEIOBaHUH  YCTaHOBJIEHO, 4YTO 3aBHCHUMOCTH pa3zMepa
JraMeTpa IIATHA M3HOCA OT COAEpKaHMs KHCIOTHI B 6a30BOM
Macie HMMeeT HEMOHOTOHHBIM XapakTep ¢ HalHdueM SPKO
BBIPAKCHHOTO MUHMMyMa Ipu KoHueHTpanuu 0,1 macc. %.
IToxazano, uro no6asnenue 0,1 macc. % KanmpoHOBOW KUCIOTHI
B COCTaB  CMa30YHOH  KOMIIO3HMIIMHM  OOHAapyKHBaeT
HAMMEHBIINH M3HOC TPHUOOMaps! CTalb-CTallb, AUAMETp ISITHA
HW3HOCa INpH 3ToM cHmxkaercs no 0,497 MM, KpuTHueckas
Harpy3ska (P,) n Harpy3ka cBapuBanus (P.) yBennunBarotcs Ha
32% u 27 % COOTBETCTBEHHO.

KnroueBble cioBa: kodpduimeHT TpeHus, H30HpaTeIbHBII
HEepPeHoC, CepBOBUTHAS IUICHKA, ISTHO M3HOCA, HArpyska
CBapHBaHMUs, KPUTHIECKash Harpy3Ka.

Oébpazey ona wyumupoeanusn: Jporan, E. . UccinenoBanue
MOBEPXHOCTH TPUOOKOHTAKTa T[OCIHE TPEHHS B BOJHOM

pactBope kampoHoBoi  kuciaotel / E. T. Jlporas,
B. O. bypnakoBa // BectHuk JIoHCKOTO Toc. TeXH. YH-Ta. —
2019. — T. 19, Ned. — C. 366-373. https://doi.org/

10.23947/1992-5980-2019-19-4-366-373

Introduction. The issues of friction and wear are the basis of tribology, the science of the interaction of the

mating surfaces of contacting bodies in relative motion. In the aerospace and engineering industries, the reduction of

friction and wear is one of the priorities [1-3]. Currently, to reduce friction and wear, special attention is given to
lubricants with antifriction additives, which are used as metals or metal oxides with particle sizes in the nanoscale [4—

7]. Tt is found that among the metals used as modifiers or metal plaque additives, copper shows a great tendency to
reducing friction and wear as a result of the formation of a metal film with low shear strength on rubbing surfaces on
the steel surface [4]. Under friction, such a film prevents direct contact of steel surfaces. Studies on the tribo-conjugated
surfaces after friction at the nanolevel establish a dependence of the evolution of the friction and wear factor of a
tribopair on the morphology and physicomechanical characteristics of the antifriction film [8, 9].

It should be noted that oil-based Ilubricants with nano-additives demonstrate improved tribological
characteristics, but their application inevitably causes the environmental pollution. Their reuse is not possible.

In this regard, this study objective was to study impact of the hexanoic acid additives on the tribological
characteristics of friction pairs under the frictional interaction in water-based and petrolatum-based formulations.
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Materials and Methods. The evolution of the friction factor of the system “brass 59 - aqueous solution of
carboxylic acid - steel 40X” was studied on an AE-5 end friction machine with a rotation speed of 180 rpm under an
axial load of 98 N for 10 hours in the laboratory “Hybrid functional materials based on graphene”, REC “Materials”.
Hexanoic acid with a concentration of 0.025-0.5 mol/l was used as an organic component of the lubricating
composition.

The investigation of anti-wear characteristics was carried out on the FBW on GOST 9490-75 standard. The
friction pair on the steel-to-steel FBW was the point contacts of the balls. Balls for tests were made of bearing steel
ShKh-15 on GOST 801-78 and thermally processed to a hardness of HRC 62—66. The ball diameter was d=12.7 mm.
When tested on the FWM, the objective parameters of the lubricating properties of the lubricant compositions were as
follows: welding load (P.); wear scar diameter (WSD) (D,), critical load (P,). The tests on the FWM were carried out
under two modes: tests for 3600 seconds at constant load to determine the wear rate of the test samples through
measuring the WSD of each of the three balls using the microscope MMU-1 No. 660002; tests for 10 seconds at the
increased load before welding the balls to determine the values of P, P.. The resulting numerical values were
approximated by the least square method. As a lubricating composition (emulsion) for testing on the FBW, paraffinic
oil with addition of various concentrations of hexanoic acid was used. The tests were carried out at an acid
concentration of 0.025—05 mol/l in the base paraffinic oil.

To determine the thickness of the servovite film obtained on the surface of the tribocontact as a result of the
frictional interaction of the brass-steel friction pair, as well as its roughness parameters, we used the Contour GT-K1
optical profilometer with the Vision 64 analytical software installed in the REC “Materials” (nano.donstu.ru). The
measurements were carried out using vertical scanning interferometry (VSI) with a scanning speed of 0.1 pm/s, with the
RMS repeatability of 0.01 nm.

The topography of the servovite film surface was studied through the atomic force microscopy (AFM). The
film surface was scanned using an atomic force microscope of the PHYWE Compact brand under the tapping mode
with a single-crystal silicon probe with an aluminum coating.

Research Results. Long-term evolutionary tribological studies of a brass-steel friction pair in an aqueous
solution of hexanoic acid establish a dependence of the tribological characteristics on the concentration of acid in a
lubricating medium. The analysis of the variation of the brass — steel pair friction coefficient in an aqueous hexanoic
acid solution with a concentration of 0.025 and 0.05 mol/L specifies rather low values up to 0.07 [8, 9]. A further
increase in the acid concentration in the lubricant to 0.2 and 0.5 mol/L, on the contrary, leads to an increase in the
friction factor (Fig. 1).

As follows from the results obtained, during the burn-in period of the tribopair, there is a tendency to decrease
in the friction factor. However, with the introduction of a high acid concentration, corrosion processes on the contact
surface are also initiated. The application of hexanoic acid in a lubricant composition with concentration of 0.1 mol/L
provides the lowest values of the friction coefficient up to 0.007 during lengthy tribological tests, the formation of a
servovite film and the transition of the system to anti-wear friction [10, 11]. At the same time, wear of a brass-steel
friction pair is reduced by up to 25 times, and on a tribo-coupled surface as a result of a selective transfer during
friction, a copper film is formed with different roughness and density of surface coating.

0.4

0.3

0.2

0.1

0 0.72 1.44 2.16 2.88 3.60 t,s(x10%

Fig. 1. Friction factor evolution in the brass-aqueous solution of hexanoic acid-steel system with acid concentration:
1 —-0.025 mol/L, 2 —0.05 mol/L, 3 0.1 mol/L, 4 — 0.2 mol/L, 5 — 0.5 mol/L
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Comparison of the roughness parameters of the formed antifriction copper film under surface scanning by
optical profilometry establishes significant differences from the original topography. As a result of the frictional
interaction of the brass — steel friction pair in a hexanoic acid solution, a decrease in roughness up to R, equal to 69.4

nm was established (Fig. 3), compared to the roughness of the initial friction surface R, equal to 118 nm (Fig. 2).

0 0.5 1.0 1.5 [, mm

Fig. 2. Study results of the steel surface before friction by optical profilometry: a) 2D visualization, ) 3D visualization,
¢) surface profile. 1 — roughness profile, 2 — surface scan profile, 3 — waviness profile

h, pm
0.5
0
-0.5
0 0.5 1.0 1.5 L mm
a) b) ¢

Fig. 3. Study results of the surface after friction by optical profilometry: a) 2D-visualization, ) 3D-visualization, c¢) surface profile.
1 — roughness profile, 2 — surface scan profile, 3 — waviness profile

The surface after friction is a nanochannel located parallel to the sliding direction, which is typical for the
formation of a smaller amount and particle size of wear products in the lubricant [12]. This state of the friction system
causes a significant decrease in the friction factor. It is known [13—15] that nanoscale irregularities, as a rule, have a
lesser effect on the wear resistance of the surface than their micron counterparts due to their almost defect-free
structure. In addition, the presence of nanoscale irregularities contributes to a decrease in the contact area and increases
the hydrophobicity of the surface [16], which causes a decrease in the adhesion forces under friction in aqueous
solutions. In this regard, nanostructured films have huge potential in the processes of decreasing the friction coefficient
and protecting surfaces from wear.

Further approach to the friction surface when analysing the atomic force microscopy findings shows that the
frictional interaction of a brass-steel pair in a hexanoic acid solution causes a significant modification of the friction
surface as a result of the deposition of finely dispersed copper clusters that originate in the composition of the
lubricating medium [17] and form a servovite film (Fig. 4).
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b)

0 1.0 3.0 50 7.0 I, pm

Fig. 4. Results of atomic force microscopy of the sample surface:
a) Dbefore friction, b) after friction of brass-steel pair in hexanoic acid solution

As a result of visualization, it is found that the steel surface after friction interaction in a hexanoic acid
solution is smoothed out and get covered with fine-grained copper clusters [18, 19] due to their adsorption from the
working medium composition onto the counterface (Fig. 4). At that, the layer formed on the surface is quite dense, with
a small dispersion of particles in size.

To study the effect of the hexanoic acid on the anti-wear properties of a lubricant, it was instructive to
consider a steel-steel friction pair. To do this, paraffinic oil was used. From 0.025 to 0.5 mass. % of hexanoic acid was
introduced to its composition as an additive. The test results have shown a change in the tribological parameters of the
modified oil. It was found that the dependence of the WSD (D,;) on the acid content in the base oil is non-monotonic in
nature with a pronounced minimum at a concentration of 0.1 mass. % (Fig. 5). The addition of hexanoic acid to the
lubricating composition as a modifying additive provides the least wear of the tribocouple at an acid concentration of
0.1 mass. %. In this case, the WSD decreases to 0.497 mm, while the WSD under friction of the steel-steel pair in pure
paraffinic oil is 0.664 mm. At a concentration of 0.025 mass. % and 0.5 mass. %, deterioration in the tribological
characteristics of the friction pair is observed. Under friction in the base oil with the addition of caproic acid with a
concentration of 0.05 mass. % and 0.2 mass. %, there is only a slight decrease in the WSD (Fig. 5).

Dy, mm 0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

1 2 3 4 5 6
Fig. 5. Wear scar diameter dependence (D;) on concentration of hexanoic acid in paraffinic composition:
1-0.025%,2 -0.05%, 3 - 0.1%, 3 - 0.2%, 5 - 0.5%,
The modified oil film strength analysis by the load capacity of the lubricating composition in comparison to
the base oil established a change in the ultimate bearing capacity of the lubricant. When rubbing in paraffinic oil with
the addition of hexanoic acid with a concentration of 0.025 mass. %, there is a slight increase in the critical load in

comparison to pure base oil (Fig. 6).
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Fig. 6. Bearing and ultimate load capacity of paraffinic oil modified with hexanoic acid of various concentrations (C):
1 — pure paraffinic oil (PO), 2 — PO + 0.025 mass %, 3 — PO + 0.05 mass %, 4 — PO + 0.1 mass %,
5 —PO + 0.2 mass %, 6 — PO + 0.5 mass %

When the critical load is reached, the rubbing surfaces of the steel-steel pair get hot, the adsorption film formed
in the base oil destroys, friction is enhanced, and the metal surfaces are welded at the points of contact (Fig. 6).
Hexanoic acid introduced into the base oil reacts with the steel friction surface forming a more resistant chemisorption
film on the protrusions of the contacting surfaces, which protects the surfaces from wear and reduces friction under
conditions of high temperature and pressure, due to which the friction surfaces are smoothed out, and wear is reduced.

The best result under the steel-steel pair friction is observed in paraffinic oil modified by hexanoic acid with
concentrations of 0.05 and 0.1 mass. %; in this case, the critical load (Py) increases by 32%, the welding load (P.)
increases by 27% (Fig. 5). A further increase in the concentration of hexanoic acid to 0.2 mass. % and 0.5 mass. % in
the lubricant composition already negatively affects its bearing and ultimate load capacity.

Discussion and Conclusions. The results obtained afford drawing the following conclusions:

e The tribological studies of a brass-steel friction pair in the hexanoic acid solution showed that the optimal
molar concentration of acid in the composition of the lubricant is 0.1 mol/L.

e Under the frictional interaction of a brass-steel pair in the hexanoic acid solution, an antifriction copper film
is formed on the friction surfaces, which contributes to a sharp decrease in the friction factor to 0.007 and metal wear of
the friction pair up to 25 times.

o As aresult of the frictional interaction of the brass-steel friction pair in the hexanoic acid solution, a decrease
in roughness was established, compared to the initial friction surface.

e It was found that the frictional interaction of a brass-steel pair in the hexanoic acid solution causes a
significant modification of the friction surface as a result of the deposition of finely dispersed copper clusters formed in
the lubricating medium composition and forming a servovite film.

o [t was found that the WSD dependence on the acid content in the base oil is non-monotonic in nature with a
pronounced minimum at a concentration of 0.1 mass. %

e It is shown that the addition of 0.1 mass. % of hexanoic acid in the lubricant composition exhibits the
smallest wear of the steel-steel tribopair, the WSD decreases to 0.497 mm, the critical load (Py) and weld load (P.)
increase by 32% and 27%, respectively.
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