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Introduction. The possibility of using monocarboxylic acids as
a lubricant composition additive, and the effect of their
concentration in lubricant on the evolution of the friction
factor of a brass-steel couple, as well as the morphology of the
film surface under friction is considered. The work objective is
to study the effect of the concentration of carboxylic acids in
the lubricant composition on the evolution of the friction
factor of copper — steel alloy.

Materials and Methods. Tribological studies of a brass-steel
friction couple in aqueous solutions of monocarboxylic acids
with the concentrations of 0.025; 0.05; 0.1; 0.2; 0.5 mol/l are
carried out. Using scanning electron microscopy, we have
studied the morphology of the servovite film surface that is
formed on a steel disk after frictional interaction of a brass-
steel couple in aqueous solutions of acids with the
concentration of 0.1 mol/l.

Research Results. Tribological characteristics of the brass-
steel tribocoupling in aqueous solutions of carboxylic acids of
various concentrations are studied. The optimum acid
concentration in the lubricant composition is specified.
Herewith, a selective transfer and a wearless friction regime
are implemented under friction of the brass 59—steel 40X
couple. A decrease in the friction ratio to 0.009 and 0.007 is
found out under friction in aqueous solutions of valeric and
caproic acids, respectively. The formation of an anti-friction
film on the steel surface is identified through the scanning
electron microscopy. It is established that the film formed in

an aqueous solution of caproic acid has a denser structure in
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Bseoenue. Ctarhsi IOCBSIEHA MCCIEIOBAHUIO BO3MOXHOCTH
WCIIOB30BaHUS B KAa4yeCcTBE MPUCAAKA K CMa30YHOM
KOMIIO3UIIUK  OJHOOCHOBHBIX  KapOOHOBBIX  KHCIOT H
N3YYEHHIO WX BIIMSHUS Ha SBOJIOLMIO KOd(dUINEHTa TPEHUS
mapsl JIaTyHb-CTallb, a Takke HW3y4YeHHI0 Mopdoimoruu
(hopMupYIOIIUXCS IPH TPSHUH TIOBEPXHOCTH TICHOK.

Llenpto pabOTHI SBISUIOCH U3YYEHHE BIMSHUS KOHIEHTpALUH
KapOOHOBBIX KHCJIOT B COCTaBE CMa304HON KOMIIO3HLHUH Ha
IBOJTIONNIO KO3((UIUECHTA TPEHHS Iaphl CIUIaB ME/Ib-CTallb.
Mamepuanet u memoowi. IlpoBeneHBI TPHOOIOTHIECKHE
WCCIEI0BAaHNUS TMAapbl TPEHHS JIATyHb-CTalb B BOJHBIX
pacTBopax  OJHOOCHOBHBIX  KapOOHOBBIX  KHCIOT  C
koHmeHtpamusmu  0,025; 0,05; 0,1; 0,2; 0,5 momp/n. C
MOMOIIIBIO PACTPOBOW JJIEKTPOHHON MHKPOCKOIIMHM H3y4eHa
Mopdoorust TIOBEPXHOCTH CEpPBOBHTHOM IUICHKH,
(hopmupyromIeiics Ha CTATEHOM IHUCKE Iocie (PUKIHOHHOTO
B3aHMOJICHCTBUSl Tapbl TPEHHS JAaTyHb-CTallb B BOJHBIX
pacTBopax KHCJIOT ¢ KoHIeHTparue 0,1 Monb/m.

Pesynomamul  uccneoosanus. VI3ydeHbl TpHOOIOTHUECKHE
XapaKTePHCTHKN TPHUOOCOIPSIKEHUSI JIATyHb-CTANb B BOJHBIX
pacTBopax KapOOHOBBIX KHCIOT Pa3IM4YHON KOHIICHTPALUH.
VYcraHoBieHa ONTHMajbHas KOHLEHTpPAIUs KHUCIOTHI B
COCTaBe CMa3KH, NPU KOTOPOI B pe3yibTaTe TPEHUS Iapbl
natyHb 59-crans 40X peanusyercsi W30MpaTeNbHBIH HEpeHOC
U JIOCTUTAETCSI PEeXHM Oe3bI3HOCHOTO TpeHms. OOHapyKeHO
cHkeHne koddduimenta tperus mo 0,009 u 0,007 npu
TPEHUH B BOJHBIX PacTBOpax BaJepHAHOBON M KapPOHOBOMH
KHCIOT ~ cooTBeTcTBeHHO. C  IOMONIBIO  PacTpoBOit
JJIEKTPOHHOW MHKPOCKOIHUH BBISIBICHO (OPMHUPOBAHHE Ha
CTaTPHOM  TIOBEPXHOCTH  AHTH()PHUKIMOHHON  IUICHKH.
VYcraHOBIEHO, YTO IUICHKA, (opMupyIOIascs B BOJHOM
pacTBope KalpOHOBOHW KHCIIOTBI, HMEET OoJjiee IUIOTHYIO
CTPYKTYpY, B CPaBHEHHUH C IUICHKOH, (OPMHUPYIOLMIEHCS TpH
TPEeHUH B BOJHBIX pPACTBOPAX MACISIHOM M KallpOHOBOH

KHUCIIOT.
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comparison with the film formed under friction in aqueous
solutions of butyric and caproic acids.

Discussion and Conclusions. Thus, the tribological studies of
a brass-steel friction couple in aqueous acid solutions show
that the optimum molar acid concentration in the lubricant
composition is 0.1 mol/l. At this acid concentration, the values
of the friction factor characteristic of the wearless mode are

attained.
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Obcyscoenue u 3axmouenusi. B pesynbprate TpHOOIOTHYSCKAX
UCCIICJIOBAaHUI Tapbl TPEHHs JIATYyHb-CTalb B BOJAHBIX
pacTBOpax KUCIOT BBISABICHO, YTO ONTHMAJIBHON MOJISIPHOMN
KOHIICHTpAI[MEHl KHUCIOTBI B COCTABE CMAa3KH SIBJISETCSI
koHuentparust 0,1 Mosb/m. I[Ipy 3TOM KOHIEHTPALUH KHCIOTHI
JIOCTUTAIOTCS 3HAYECHUsI KOd(P(HUIIMEHTA TPEHHsI, XapaKTEPHBIE
UL pekuMa Oe3bI3HOCHOCTH. BBISBICHO, YTO H3MCHCHHE
KOHIICHTPAIUA KUCIOTHI IPUBOIUT JIUOO0 K YBEIHMYEHUIO
3HaYCHUH KOA(DPHIMEHTA TPEHHUIO, THOO0 K HE3HAUUTEIBHOMY
ero CHWKeHH0. [IpH 3TOM yBEIHYEHHE KOHICHTPAIUH
KHCJIOTBI COTIPOBOXKIAETCS KOPPO3HOHHBIMH IPOIIECCAMU Ha
MOBEPXHOCTH I1aphl TPEHUSL.

KnwueBsle caoBa:  kodhunueHT

n30HMpaTeNbHBIil IepeHOC, CEPBOBUTHAS IUICHKA, KapOOHOBas

TpeHus,  H3HOC,
KHCJIOTa, TONOrpad st HOBEPXHOCTH TPEHUSL.
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Introduction. Modern high-developing machine-building industry advances new demands on lubricants. Most
conventional methods of the friction and wear control are based on the use of solid and liquid lubricants [1-4]. The
principal function of lubrication in friction units is to keep two contacting surfaces of machine parts from wear. To
perform the necessary functions, basic fluids need modification by functional additives that change the antiwear
properties of base oils through improving their lubricity among other. For this reason, additives are an integral part of
the design of modern lubricants. The studies [2—7] show that to reduce friction and wear, both nanoparticles of metals
and various organic components are used as additives to lubricant compositions. Some of them contribute to the
formation of protective antifriction films on the tribocontact surfaces due to the presence of metal powders with particle
sizes in the micro-range and nanoscale in the lubricant composition [7-9]; others — as a result of selective dissolution of
tribo-conjugated surfaces (in the case of copper-steel alloy friction pair) under friction [10-17]. As is known, the
lubricating medium plays a critical role in the selective transfer of copper to the steel surface under frictional
interaction. For example, during the copper alloy — steel friction, various polar compounds, including carboxylic acids,
are formed in the aqueous-glycerin medium. It was interesting to study the possibility of using them as additives to the
lubricant composition for implementing a selective transfer and wearless friction.

Materials and Methods. The evolution of the friction factor of the “brass 59-aqueous solution of carboxylic
acid — 40X steel” system was investigated on the AE-5 type face friction machine. Aqueous solutions of saturated
monobasic carboxylic acids with the general formula: R—~-COOH (R = C,H>,+,;), with the concentrations of 0.025-0.5
mol/l were used as a lubricant composition. Before the tribological studies, samples of steel 40X and brass 59 were
cleaned with abrasive paper, washed with distilled water, degreased with hexane, and air-dried. The friction assembly
consisted of a steel rigidly fixed disk and three movable brass fingers arranged in a circle at the angle of 120° relative
to each other. A friction couple of a ring steel specimen and brass fingers was placed in the lubricant composition into
the working part of the friction machine made in the form of a textolite bath. A PHYWE Cobra force sensor was
attached to the front face of the working part of the friction machine for continuous recording of the friction variation.
Tribological studies were carried out under the following modes: sliding speed of the specimen was 0.45 m/s; axial
load was 1.7 MPa; test time was 10 hours; temperature of the working environment was 37° C; slide path was 15,260
m.

The morphology of the servo film was studied using the scanning electron microscopy (SEM) on a Carl ZEISS
microscope in the Electron and Optical Microscopy Laboratory and the Center for Collective Use of Scientific
Equipment, REC “Materials” (http: //nano.donstu.ru). The studies were conducted under high vacuum conditions.
Accelerating voltage under the scanning mode was 1-3 kV.

Research Results. The dependence of the friction factor on the concentration of carboxylic acid for various
volume acid densities under the brass-steel couple friction is given in Fig. 1 and in Table 1. From the analysis of the
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data obtained, it follows that the dependence in Fig. 1 is nonmonotonic, with a minimum concentration of acid in the
solution of 0.1 mol/L.

Table 1
Dependence of friction factor on acid concentration in lubricant
comlfjgls)irtli(;?lrjtaci d Acid chemical formula: R- 0035 (),l(()\?d concent(r)e.lilon, moll 03 03

solution COOH, where K friction factor, p
Formic -H 0.307 0.348 0.274 0.391 0.545
Acetic -CH; 0.285 0.312 0.258 0.367 0.462

Propionic -CH,CH; 0.195 0.129 0.087 0.239 0.335
Butyric -CH,CH,CH; 0.112 0.083 0.037 0.184 0.307
Valeric -CH,CH,CH,CH; 0.071 0.031 0.009 0.045 0.154
Caproic -CH,CH,CH,CH,CH; 0.054 0.016 0.007 0.028 0.126

Studying the effect of acid concentration on the friction factor variation in the solution shows that strengthening of
formic and acetic acids in the lubricant composition from 0.025 mol/l to 0.05 mol/l leads to the increase in the acidity of
the medium and, consequently, to an increase of the values of the friction factor from 0.3 to 0.35.

As a result of frictional interaction, tribocorrosion occurs on the metal surface in the tribosystem. A further
increase in the acid concentration to 0.1 mol/l causes a decrease in the friction factor, and then it is accompanied by its
sharp increase and strong wear of friction couple materials as a result of the adhesion-mechanical interaction of the
protrusions of the surface microrelief (Fig. 1, 2).

0.6
0.5 it
0.4
03 it
02 '

0.1

01 02 03 04 05
C, mol/l

Fig. 1. Dependence of friction factor (i) on acid concentration (C) in lubricant composition under friction of brass-steel couple: 1 is
formic acid, 2 is acetic acid, 3 is propionic acid, 4 is butyric acid, 5 is valeric acid, 6 is caproic acid
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Fig. 2. Evolution of friction factor (i) on concentration (C) in “brass-aqueous solution of acetic acid-steel” system
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A similar dependence of the friction factor on the acid concentration in the lubricant composition is also
observed under friction of a brass-steel couple in aqueous solutions of propionic and butyric acids (Fig. 3).
0.5

C, mol/l
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—10.05
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—10.2
—0.5
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. x10*
- Time,s
Fig. 3. Evolution of friction factor (i) on concentration (C) in “brass-aqueous solution of butyric acid-steel” system

At this, the friction factor decreases significantly at the acid concentration of 0.1 mol/l and does not exceed 0.1.
A further increase in the acid concentration in the lubricant composition, as well as in the case of formic and acetic
acids, is accompanied by its sharp increase (Fig. 1). As a result, wear products are formed in the lubricating fluid
volume. In this case, the friction surface is subjected to corrosion-mechanical wear, and the friction factor has rather
high values from 0.15 to 0.35 (Fig. 3).

Analysis of the friction factor variation of a brass-steel couple in aqueous solutions of valeric and caproic acids
with the concentrations of 0.025 and 0.05 mol/l determines rather low value to 0.07 (Fig. 1, 4).

Application of valeric and caproic acids in a lubricant composition with the concentration of 0.1 mol/l enables
to obtain the lowest values of the friction factor to 0.007; optimal conditions for self-organization on the steel surface;
the formation of a visually detectable servovite film [13, 18]; and the establishment of a wear-free mode in the
tribological system. At this, reduction of the friction factor in the copper-steel alloy couple is associated with the best
damping of tribo-film stresses caused by friction.
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Fig. 4. Evolution of friction factor (i) on concentration (C) in “brass-aqueous solution of caproic acid-steel” system

Triboelectrochemical reactions occurring in the frictional contact zone in aqueous solutions of valeric and
caproic acids not only initiate the formation of a servovite film, which helps to reduce the friction factor, to heal surface
microdefects, but intensify the chemosorption which enhances the ordering effect of the substrate on the orientation of
molecules under the formation of adsorption acid molecule layer.

Active —COOH polar groups in a carboxylic acid molecule lead to its interaction with metal surfaces with the
formation of chemically adsorbed compounds of the bidentate-ligand type [12]. Aliphatic monocarboxylic acids (R —
COOH) form layers in which the hydrocarbon radicals of the molecules form a closely-packed structure. The adsorbed
carboxylic acid molecules on the metal surface not only reduce the friction factor, as compared to a clean friction
surface, as it follows from the results obtained, but also increase it. At very low acid concentrations in the solution — to
0.05 mol/l, the degree of filling the adsorption layer is very small; the molecules do not form a continuous film and
move freely along the metal surface. Aside from the acid molecules, water molecules can adsorb on the metal surface;
however, they do not have an effective shade action, therefore, the friction factor is almost the same as for clean
surfaces. As the acid concentration in the solution rises to 0.1 mol/l, the occupancy of the adsorbed friction surface layer
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increases, while the acid molecules run parallel to the surface reducing the friction factor as compared to the values for
clean friction surfaces. The generated boundary layers at low acid concentrations reduce the friction factor. With further
raise of the acid concentration, molecules are arranged perpendicular to the surface; the adsorbed layer increases the
surface roughness; and the friction factor grows. The closedness of intermolecular bindings inside the adsorption layer
leads to low surface energy and virtual absence of secondary adsorption of acids or other components [19-21].

Analysis of the results obtained through the scanning electron microscopy (SEM) indicates drastic structural
changes in the friction surface in acid aqueous solutions when moving from formic to caproic acid (Fig. 4). As can be
seen from the SEM visualization of the results obtained, with the relative movement of two surfaces in an aqueous
solution of acetic and butyric acids, the surface of the tribocontact has a heterogeneous structure with a large number of
pores and irregularities resulting from mechanochemical corrosion; as well as the occurrence of wear particles on the
friction surface which causes abrasive wear of rubbing metals. At this, cracks and scratches appear on the friction
surface, which significantly reduces wear resistance of the material. Micrographs of the sample surface after friction in
aqueous solutions of acetic and butyric acids show major roughness of the friction track, which leads to an increase in
the friction factor (Fig. 4a, b). The friction force growth also provokes an increase in temperature in the friction unit,
and, as a result, thermal stress of the metal, which is also one of the causes of the crack formation, both on the material
surface and in its volume.

Fig. 5. SEM results of servovite film obtained under friction in “brass-aqueous solution of acid-steel” system:
(a) is acetic acid, (b) is butyric acid, (c) is caproic acid

When an aqueous solution of caproic acid is used as a lubricant composition under friction of a copper alloy
over steel, the formation of a copper non-oxidizing layer on the surface of a steel disk is observed (Fig. 4c) [22]. This
effect is explained by the catalytic effect of copper, which converts the lubricant monomers into polymers, ensuring that
copper remains in an unoxidized state [12]. Copper film, which is formed through friction in an aqueous solution of
caproic acid, has a dense structure with a minimum number of pores, ensuring wearless friction.

Conclusion. As a result of the tribological studies of a brass-steel friction couple in acid aqueous solutions, the
optimum acid concentration in the lubricant composition was found. It is established that a change in the acid
concentration causes a change in its adsorption on the friction surface, leading to a change in the morphology of the
tribo-conjugated surfaces.
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