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Abstract

Fluorine-containing coatings are promising materials for increasing the service life of equipment used in construction. The range of these
compounds is quite wide, and the thickness of the coatings can vary from tens of nanometers to tens of millimeters. Interest in these coatings is due
to high performance. Thin-layer coatings of fluorine-containing compounds formed from solutions were studied. These connections can be widely used
in various friction assemblies of construction equipment to increase the service life. The article discusses issues related to the change in the physical
and mechanical characteristics of fluorine-containing coatings, known under the trade name "Foleox." The morphology and microhardness of coatings
were studied depending on the technological parameters used to create these protective layers. As surfactant, fluorine-containing oligomers of the trade
name "Foleox" were used, the structural formula of which is RF - COOH (F1); RF = CONHR1 (F-AK1); RF — RF (F14) (where RF — fluorine-containing
radical), RF — CONHR2 (F-AK2), B1 — water-soluble foleox. The coatings were applied by dipping the substrate in a 1-2 % solution of fluorine-
containing oligomer in chladone 113 followed by air drying. A HWMMT-X7 microhardness meter was used to measure the microhardness of coatings
formed on metals. The morphology was studied using an NT-206 atomic force microscope. It has been found that fluorine-containing oligomers
strengthen the surface layers of the substrate if chemical (chemisorption) bonds such as salts of higher acids are formed between the film of the
fluorine-containing oligomer and the metal (substrate). If the formation of a chemisorption interaction between the oligomer molecules and the substrate
does not occur, plasticization of the surface layers of polycrystals occurs. Energy treatment intensifies the processes of crystal formation in thin films,
asa result, the microhardness of the thin-layer composite coating increases. These coatings can be recommended for friction assemblies
of construction equipment operated in severe conditions.

Keywords: nanocomposite coatings, morphology, microhardness, fluorine-containing compounds, oligomer, crystal, construction machinery.

TOHKOCJTIOMHLIE HAHOKOMNO3WUTHbIE NOKPbLITUA ANA CTPOUTENBHOWU TEXHUKM

E. B. OBunHHUKOB, A. L. Bepemeituuk, B. M. XBuceuy, H. H. Ketpuk, [1. A. Jlunnuk, A. E. OBunHHuKOB, E. H. Ma3yp

Pedepar

OTopcoaepxaluMe MOKPbITUS  SIBMSIOTCA  MEPCTIEKTUMBHBIMU - MaTepuanamu Ans  yBENWYEeHUst Ccpoka CRyxObl TEXHUKW, NPUMEHSIEMON
B CTPOUTENLCTBE. ACCOPTVMEHT AaHHbIX COEAMHEHUA AOCTATOYHO LUMPOK, @ TOMLLMHA MOKPLITUA MOXET BapbUpOBaThCA OT AECATKOB HAHOMETPOB
[0 AECATKOB MUNNMMETPOB. VIHTEPEC K JaHHbIM MOKPbLITUSIM 0BYCNIOBNEH BbICOKMMM 3KCMIyaTaLMOHHLIMK XapakTepucTukamu. B pabote uccnenosatbl
TOHKOCINOMHbIE MOKPLITUA (PTOPCOAEPXKALYNX COEAMHEHWA, (DOPMUPYEMBIX M3 PACTBOPOB. [laHHble COEAWMHEHUS BO3MOXHO LUMPOKO NPUMEHSTH
B Pa3NNYHbIX Yy3nax TPEHUS CTPOMTENbHOM TEXHUKW [N1s YBENWYEHUs cpoka aKchnyaTtauwu. B cTaTbe paccMoTpeHbl BOMPOChI, CBSI3AHHbIE
C M3MEHEHNEM (DU3NKO-MEXaHMYECKMX XapaKTEPUCTUK (PTOPCOAEPXALLNX NOKPbITUA, M3BECTHBIX MOA TOProBbIM HassaHueM «Poneokc». M3yyeHa
MopconorMst U MUKPOTBEPAOCTb MOKPLITUA B 3aBUCUMOCTW OT TEXHOMNOMUYECKMX MapaMeTpoB, MPUMEHSBLUMXCS NMPW CO3MaHUM [aHHbIX 3aLLMTHbIX
cnoes. B kauecTse MAB ucnonb3oBanu hropcogepxalline onMroMepsl ¢ TOProBbIM Ha3BaHueM «Poneokc», CTPYKTypHas hopMyna KOTopbIX UMeeT
Bug RF — COOH (®1); RF — CONHR1 (®-AK1); RF - RF (®14) (rne RF - dropcogepxawmin pagukan), RF - CONHR2 (®-AK2), B1 -
BOAOPACcTBOPUMbI choneokc. [oKpbITUS HAHOCUNK NyTeM OKyHaHWs nognoxks B 1-2 % pacteop hropcoaepxallero onuromepa B xnagoHe 113
C nocreaytoLLen CyLLKOM Ha Bo3gyxe. [1ns n3mepeHns MUKPOTBEPAOCTYU NMOKPbITUIA, CHOPMMPOBAHHBIX HA MeTannax, MCnonb3oBany MUKPOTBEPSOMED
HWMMT-X7. Mopdbonorvio usyyanu ¢ npuMeHeHWeM aTomHo-curioBoro mukpockona NT-206. YcraHosneHo, 4to dTopcogepkaline Oonuromepsbl
YNPOYHSIOT MOBEPXHOCTHBIE CIIOV MOAOXKKN, B CIy4ae eCrv NPOMCXoauT 0Bpa3oBaHmne XMMUYECKUX (XEMOCOPBLIMOHHBIX) CBA3EN THna Comneil BblCLUIMX
KACNOT MexXay NMNeHKoi (pTopcoaepaLlero onuromepa U MeTanna (Moanoxkoit). B cnyyae ecnn He npoucxogut 0Bpa3oBaHue XeMOCOPOLMOHHOTO
B3aUMOLENCTBIA MEXOY MOMeKynamu Onuromepa M MOAMIOKKOA MPOUCXOAMT NnacTU(MUMPOBaHNE MOBEPXHOCTHbIX CIIOEB MONMKPUCTAmNOB.
OHepreTuyeckast 06paboTka MHTEHCUULMPYET NPOLIECCHI KPUCTannoobpa3oBaHus B TOHKMX MMeHKax, B pe3ynbTaTe NoBbILLAETCS MUKPOTBEPAOCTb
TOHKOCIMOMHOTO  KOMMO3WLMOHHOMO MOKPbITUS.  [JaHHble MOKpbITUS MOryT ObiTb PEKOMEHOOBAHbI AN Y3MOB TPEHWS CTPOWUTENBHON TEXHUKY,
3KCMIyaTUPYEMOIA B TSKEMbIX YCMOBMSIX.

KntoueBble cnoBa: HaHOKOMMO3WLMOHHbIE MOKPbLITUS, MOPONONUs, MUKPOTBEPAOCTb, (hTOPCOLEPXKALLMEe COEAMHEHMS, ONUTOMEP, KpucTanm,
CTpouTenbHaa TexXHKKa.

Introduction ranging in thickness from nanometers to several millimeters, consisting of
Fluorine-containing coatings are a promising material for increasing the  fluorinated polymers, oligomers, or polymer-oligomer compounds. The most
service life of construction equipment. These materials consist of layers ~ common representative of this class of materials polyvinylidene fluoride
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(PVDF). These coatings are known for their high performance characteris-
tics: high chemical resistance, resistance to ultraviolet radiation, high Me-
chanical strength, hydrophobicity, and heat resistance. Another fluorinated
material widely used in the construction industry is polytetrafluoroethylene.
It has unique anti-adhesive properties. It is often used not as a decorative
but as a functional coating for friction units (bearings, sliding surfaces) to
reduce the adhesion of soil, clay, and concrete [1-3]. The use of coatings
based on this chemical compound can significantly increase the durability
and appearance of the product, provide protection against corrosion, in-
crease resistance to mechanical damage, and reduce the adhesion of vari-
ous types of contaminants to the surface of construction equipment, which
improves environmental friendliness and reduces fuel consumption. Typical-
ly, the thickness of these coatings is 100 um or more. Another area is the
use of thin-film coatings with a thickness of about 0,5 um to 10 um. These
coatings are formed on the surface of solids from solutions and using vacu-
um methods. Formation from solutions is carried out by applying surfactants
to a pre-cleaned substrate [1-4].

According to modern concepts, the application of surfactants to the
surface of a polycrystal leads to a decrease in strength. This strength-
reducing effect (meaning the external adsorption effect, when volume
diffusion and corrosion phenomena do not occur) is caused by the facili-
tation of dislocation emergence at the surface of the deformation crystal
as a result of a decrease in the surface energy of the solid during surfac-
tant adsorption [4-6]. This effect is widely used in the plastic deformation
of metals. However, in a number of cases, when treating crystals with
surfactants based on fluorine-containing oligomers, an increase in the
microhardness and strength of metals is observed [4, 6, 7].

The aim of the work was to study the strength properties of polycrys-
tals modified with surfactants based on fluorine-containing oligomers,
including when exposed to energy factors.

Study methodology and some results

The following metals were used as a substrate: copper (M1); steel
45; aluminum (Al 99); titanium nitride. Fluorine-containing oligomers with
the trade name "Foleox" were used as surfactants; their structural formula
is Rr— COOH (F1); Re— CONHR 1 (F-AK1); Re— R (F14) (where Rris a
fluorine-containing radical), Re — CONHR 2 (F-AK2), B 1 — water-soluble
foleox. The coatings were applied by dipping the substrate in a 1-2 %
solution of fluorine-containing oligomer in freon 113, followed by drying in
air. Heat treatment of metals with a FSO coating was carried out in air for
1 hour at T = 373 K; 473 K; 573 K. Irradiation was carried out on a URS -
1,0 setup at a voltage of 40 kV and a current of 20 pA on a molybdenum
anode (wavelength K ., = 0,7 (A)). The irradiation time was varied from 0 to

60 min. The morphology of the FSO film was examined on an NT 206 atom-
ic force microscope. Microhardness was measured on. The structure of the
boundary layers was studied by IR spectroscopy (AFR).

Figure 1 shows the dependence of the microhardness of a steel
substrate treated with different grades of fluorine-containing oligo-
mers on the heat treatment mode. The application of fluorine-
containing oligomers in all cases leads to an increase in the micro-
hardness values. This can be explained by the process of chemisorp-
tion of polar molecules on the surface of the steel substrate, which
results in the healing of microdefects in the surface layers of poly-
crystals and an increase in the free energy of the surface layers of
the metal, which hinders the emergence of dislocations on the sur-
face [6]. Chemisorption of these grades of foleoxes on the metal
surface is confirmed by the appearance of an absorption band in the
IR spectrum in the region of 1610-1690 cm-1, which is identified as
the absorption band belonging to the metal salts (COO)2 Me,
Me (NH2), Me (NH3) [7].

22  H.GPa

a—steel 45; b — steel 45 + B1; ¢ — steel 45 + FAK-2; d — steel 45 + F14
Figure 1 — Dependence of the microhardness of steel treated with fluo-
rine-containing oligomers on the heat treatment mode

The optical density of the absorption band depends on the grade of
foleox used, i. e., on its structure. Heat treatment leads to a further in-
crease in microhardness values. As a result of energy exposure, crystalli-
zation processes occur in thin-layer composite coatings (Figure 2), which
may explain the effect of increased microhardness values [8-11].

e)

a - original steel substrate; b — steel substrate + Folekos F1; ¢ — steel substrate + Folekos F1, heat treatment at 473 K for 1 hour;
d - steel substrate + Folekos F1, heat treatment at 573 K for 1 hour; e — steel substrate + Folekos F1, X — ray irradiation for 15 minutes;
f - steel substrate + Folekos F1, X — ray irradiation for 60 minutes (scanning area 12 x 12 um)
Figure 2 — Morphology of oligomer films on metals depending on the energy treatment
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Foleoxes F1 and F14 are fluorine-containing compounds containing
chemically active groups: COOH (F1) and CF2 - CF (F14). Exposure of
FSO to radiation results in noticeable changes in both the ATR and ex-
ternal reflectance spectra, with the difference that the changes in the ATR
spectra are more significant. This indicates that, although the process
affects the entire volume of the FSO, it is diffusion-controlled and is ap-
parently related to the action of atmospheric oxygen [12-14].

Qualitatively, the spectral changes are expressed in a decrease in
the optical density of the absorption bands at 980 and 1280 cm-!,
an increase in the optical density at 1340 cm~" and the appearance of
additional peaks in the region of wavenumbers of 1600-1900 cm-". In the
F1 spectra, there is a decrease in the optical density of the 1640 cm-"
band with the simultaneous appearance of absorption bands at about
1720 and 1780 cm-", which can be attributed to C = O bonds in orga-
nofluorine compounds.

Irradiation of Foleox F1 on an aluminum substrate leads to the ap-
pearance of absorption bands in the ATR and BO spectra in the region of
1700-1800, 1870-1900 cm-", which can be attributed to peroxide and
hydroperoxide groups [15-17].

Transformations of this kind are characteristic of organofluorine acids
and can occur according to the scheme

0—o0

Ry—CF;—CF

2R¢— CF;— COOH CF—CF;—R¢+H,

o0—o0 )

Based on the properties of fluorinated acids, oxidation under the in-

fluence of oxygen promotes the formation of free radicals, which leads to
the formation of peroxy acids R f(= COOH ® RCOOOH.

Another possible process under these conditions may be decarboxy-
lation with the formation of unsaturated compounds:

RF-COOH®R¢-CF 2H +CO 2
R¢-CF 2H®R - CF +HF
Rt-CF+R2-CF®R-CF=CF-R2.

Unsaturated compounds are capable of reacting with peroxyacids to form
cross-inked structures. The appearance of absorption bands at 1700-
1800 cmin the spectrais consistent with the proposed mechanism.

It is obvious that transformations of this kind must be carried out with
the participation of the substrate as a catalyst. It is known that copper and
iron are capable of forming carboxyl binuclear complexes with metal-
metal bonds, which are catalysts for many transformations. The absorp-
tion bands at 1540-1670 cm-" correspond to the absorptions of the car-
boxyl groups COO — in complex compounds with Al, Cu and Fe.

Irradiation of F1 deposited on a copper substrate leads to a decrease
in the intensity of the absorption band at 1660 cm-" with a simultaneous
increase in absorption in the region of 1520-1600 cm-1[18, 19].

Irradiation of FSO grade F1 film on an iron sample leads to increased un-
saturation and, with longer exposure times, to oxidative processes. The orien-
tation of CF and CF2 bonds is perpendicular to the substrate plane, while the
C—C bonds are parallel to the substrate. The C-O bonds formed as a result of
irradiation are oriented perpendicular to the substrate. With increasing irradia-
tion time, the orientation increases for both F1 and F14 [20].

0,6 H. GPa
0,5 F
04 |

03

a—aluminum + FAK-2; b — aluminum + F14; ¢ — aluminum; d — aluminum + B1
Figure 3 — Dependence of the microhardness of aluminum treated with
fluorine-containing oligomers on the heat treatment mode

At temperatures above 523 K, ~destructive processes occur in fluo-
rine-containing oligomer films, resulting in film desorption from the metal
surface and a consequent reduction in microhardness. Applying fluorine-
containing oligomers to an aluminum substrate sometimes leads to
a decrease in microhardness (Figure 3).

IR spectroscopy studies of the structure of fluorine-containing oligo-
mer films revealed that chemisorption bonds do not form upon application
of fluorine-containing oligomers, resulting in the Rehbinder effect. Heat
treatment induces crystallization processes in thin fluorine-containing
oligomer films. Figures 4 and 5 show the microhardness curves for cop-
per and titanium nitride substrates treated with various grades of fluorine-
containing oligomers. As in the previous cases, an increase in microhard-
ness is observed when chemisorption bonds form between fluorine-
containing oligomer molecules and the substrate. If this process does not
occur, plasticization of the polycrystal is observed. Heat treatment virtual-
ly always leads to an increase in microhardness.

22 . H.GPa

a — copper, b — copper+FAK2; 3 — copper+F1; 4 — copper+B1
Figure 4 — Dependence of the microhardness of copper treated with
fluorine-containing oligomers on the heat treatment mode

Another mechanism explaining the increased microhardness of poly-
crystals may be that oligomer molecules "flow" into the indentation after
the indenter is removed from the test material. This results in a decrease
in the indentation diagonal and, consequently, an increase in microhard-
ness. Studies have shown that this effect has virtually no effect on micro-
hardness measurements.

125 H, GPa

T -

a - titanium nitride + fluoroplastic; b — titanium nitride + FAK2;
b — titanium nitride + F14; g — titanium nitride + FAK1, titanium nitride + F1
Figure 5 — Dependence of the microhardness of titanium nitride
treated with fluorine-containing oligomers on the heat treatment mode

According to classical concepts, the application of surfactants to metal
surfaces should lead to the implementation of the Rehbinder effect [9].

Typically, two types of the Rehbinder effect are distinguished: 1) ex-
ternal and 2) internal. The external Rehbinder effect consists in the fact
that upon adsorption of surface-active substances (surfactants), the free
energy of solids decreases. This reduces the resistance of the surface
layer of the solid to plastic deformation, facilitates plastic flow in grains
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and the emergence of dislocations to the surface [9]. The upper layer of
the metal may have lower microhardness than the underlying layers satu-
rated with dislocations. The internal Rehbinder effect (adsorption-
wedging) is realized during the adsorption of molecules on the surfaces of
cracks occurring in the surface layer of the solid. The active centers of the
molecules reach an area whose size is less than two sizes of the mole-
cules, the latter, attracted by the crack walls and experiencing the pres-
sure of neighboring molecules, tend to wedge it. This phenomenon con-
tributes to the destruction of the modified surface layer. However, in the
works [10-13] it was shown that the application of surfactants such
as fluorine-containing oligomers to metal substrates in a number of cases
leads to strengthening of the surface layers of the material and the Re-
binder effect does not appear.

The application of fluorine-containing oligomers to metals results in the
formation of nanophase composite materials that exhibit an electret state,
as evidenced by the presence of conduction current values ranging from |1-
5| pA under normal experimental conditions. It was found that increasing the
thickness of the fluorine-containing oligomer coating leads to a decrease in
conduction current values, which is explained by the shielding effect of the
fluorine-containing oligomer coating on the charge mosaic of solid surfaces.
However, exceeding the thickness of the fluorine-containing coating on
a metal surface above 1,0-1,2 um reduces the shielding effect due to disor-
dering in the boundary layers of the coating. The charge activity of the metal
substrate significantly influences the activity of the resulting fluorine-
containing coating. The presence of picoampere currents in coatings
formed from non-polar fluorine-containing oligomers was established, with
these currents exceeding those generated in coatings formed from polar
oligomers. This effect can be explained by the fact that chemisorption of
polar fluorine-containing oligomers most likely occurs primarily at the active
(charge) centers of the metal surface. Changes in thermally stimulated
currents in coatings formed from non-polar oligomers on a metal substrate
are virtually independent of the coating thickness when the metal surface is
treated with fluorine-containing oligomers more than twice. Coatings formed
from a combination of polar and non-polar oligomers produce protective
layers that combine high chemical adsorption activity provided by the polar
oligomer with a surface layer formed from a non-polar oligomer with low
shear strength. These coatings exhibit a high shielding effect on the charge
surface of the solid.

Conclusions

Fluorinated oligomers strengthen the surface layers of the substrate
if chemical (chemisorption) bonds, such as salts of higher acids, are
formed between the film. A fluorine-containing oligomer and a metal
(substrate) are combined. If chemisorption interactions between the oli-
gomer molecules and the substrate do not occur, plasticization of the
surface layers of the polycrystals occurs. Energy treatment intensifies
crystal formation processes in thin films, resulting in increased micro-
hardness of the thin-film composite coating. These coatings are recom-
mended for friction units of construction equipment operating in harsh
conditions.
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