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AHHOTANUA

B cmamve npugedenvi pe3ynomamsi UCCIEO08AHUA GIUAHUA PASTUYHBIX HAHOMAEPUALO8 (VeNepOOHbIX HAHOMPYOOK, OK-
cuda sucmyma, OUOKCUOA KpeMHUsL) Ha IKChiyamayuonHle xapaxmepucmuku smanei AC-182 u I1P-115, wupoxo npumens-
eMbIX OJis OKPAUWUBAHUS MEMATLTULECKUX NOBEPXHOCHIEN CIPOUMENbHBIX KOHCMPYKYull u 060pyoosanus. Obpaszyvl Ha ocHoge
8b10pAHHBIX IManell, Oe3 000a8IeHUs HAHOMAMEPUATI08, OEMOHCIPUPYION 0OUYI0 MEHOCHYUIO K CHUNCEHUIO (DUSUKO-MeXaAHU-
YecKuxX XapaKxmepucmuk 8 npoyecce cmapenus NOKpblmuil (ceolicmea nokpwimuil cnuxcaiomes 8 1,5-3 pasa). Beeoenue namo-
Mamepuanos cnocoocmayem yeeauyeHuto a02e3UOHHOU NPOYHOCMU U YCMOUYUBOCMU K 0edhOpMAYUOHHBIM 8030eUCMBUAM, AH-
MUCMamu4HoCmu noKpuimuti 00 08yx u 6oaee pas. Ilpuuem IKCHIYAMAYUOHHbLE KAYECMBA NOKPLIMULL COXPAHAIOMCA HA Gbl-
COKOM YposHe OIUmenbHoe 6peMsl, Ymo NOKA3AU pe3yIbmambl MepMUIecko2o cmapenus nokpuimuil. Haubonvuyio cmabun-
HOCMb NOKA3b16AI0M 00paszybl ¢ 000A6KOU YyelepoOHbIX HaHOMPYOOK 6 akokpacounsiil mamepuan AC-182: nokpeimus coxpa-
HAIOM C80U AHIMUCMAIUYECKUe U DNeKMPONposooswue Kaiecmeda, 4mo xapaKxmepusyem nosblueHnyio 001208e4HOCHb No-
KpbImMuil 8 YCA08UAX IKCHAYAMAYUY, 00eCneyusas HA0eHCHYIO 3auumy Memaniuieckux nogepxHocmel.
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ABSTRACT

The article presents the results of a study of the influence of various nanomaterials (carbon nanotubes, bismuth oxide,
silicon dioxide) on the performance characteristics of AC-182 and PF-115 enamels, widely used for painting metal surfaces of
building structures and equipment. Samples based on the selected enamels, without the addition of nanomaterials, demonstrate
a general tendency to reduce the physical and mechanical characteristics during the aging of the coatings (the properties of
the coatings decrease by 1.5-3 times). The introduction of nanomaterials helps to increase the adhesive strength and resistance
to deformation effects, antistatic properties of the coatings up to two or more times. Moreover, the performance qualities of the
coatings are maintained at a high level for a long time, which was shown by the results of thermal aging of the coatings. The
greatest stability is demonstrated by samples with the addition of carbon nanotubes to the AC-182 paint and varnish material:
the coatings retain their antistatic and electrically conductive qualities, which characterizes the increased durability of the
coatings under operating conditions, providing reliable protection of metal surfaces.

KEY WORDS: metal surfaces, paints and varnishes, protective coatings, nanomaterials, nanostructured coatings, carbon
nanotubes, nanoadditives.

FOR CITATION: Pchelnikov A.V., Pichugin A.P., Iskandarov M.H., Ilyasov A.P. Evaluation of performance characteristics of
nanostructured protective coatings of metal surfaces // Technique and technology of silicates. — 2025. Vol. 32, No2. — Pp. 156 —163. DOI
10.62980/2076-0655-2025-156-163, EDN mazwau

156



Technique and technology of silicates. Volume 32, No2, 2025

BBEJEHUE

Mertamnyeckue TMOBEPXHOCTH CTPOUTEIBHBIX KOH-
CTPYKIMIA U 00OPYIOBaHUS, SKCILTyaTHPYEMBIC B pa3iidy-
HBIX YCJIOBUSIX HEOOXOUMO 3aIUIIATh OT BHEITHUX BO3/ICH-
cTBuil. OgHEM U3 HamboJee PaclpoCTPAaHCHHBIX CIIOCOOOB
3aIIUTHl SIBISIFOTCS JITAKOKPACOYHBIE MOKPBITUS, KOTOPBIE
JIOJDKHBI 00J1a71aTh OMpeielICHHBIM HAOOPOM CBOMCTB, 00ec-
MEYMBAIOIIMM JKCIUTYaTAllMOHHYIO0 CTOMKOCTH MOKPBITHS U
HAJISKHYIO 3alUTy METAIMYECKUX TOBEPXHOCTEH B 3aaH-
HBIX YCIIOBHAX AKCIUTyaTary. DPPEKTUBHBIM METOIOM IS
VIIyYIICHUS TEXHOJOTHUECKUX M IKCIUTyaTAllMOHHBIX XapaK-
TEPUCTHK MATEPUAIIOB SBJISACTCS MX HAHOMOAU(DUKALIKS, YTO
OBLIIO MOJIOKEHO B OCHOBY P MPOBEACHUU HACTOSIIETO UC-
cienoBanus [1-15].

Hean uccjienoBaHUs: OICHKA BIUSHUS HAHOMOAU(DHKA-
TOPOB Ha JKCIUTyaTallMOHHBIC XapaKTEPUCTUKU 3aIIATHBIX
MOKPHITHH METATHYSCKIX TIOBEPXHOCTEH.

MaTtepuaiabl H METOABI HCCIETOBAHUS

[Tpn mpoBeeHNN MCIIBITAHUH TPUHIMAIINCH AKPHUIOBBIE
1 TeHTadTaNeBble JaKOoKpacodHble Marepuansl (AC-182,
[ID-115), mupoko pacmpocTpaHEHHBIE IS OKPAIIMBAHUS
METATMYECKUX U3AEIUN U KOHCTPYKIHH, BBIOOP KOTOPBIX
000CHOBaH B APYI'MX HCCIeAOBaHUSIX. [ Mogudukanmun
JIAKOKPACOYHBIX MAaTEPHAIOB MPUMEHSUINCH COCTaBbI HA OC-
HoBe yriepoanslx HaHOTpyOok (YHT) — Poccus, Hanoua-
ctul okcuja BucmyTta (Bi2O3) — Kurait), anokcnaa kpeMHuUs
(Si0,) — Poccust). Crioco6 aucneprupoBaHusi HAHOMaTepHa-
JIOB — MEXaHH4eckoe cMmerieHue [1].

AJre3svoHHass MPOYHOCTH JIAKOKPACOYHBIX MOKPHITHI
onpenensnack B coorBerctBuu ¢ OCT 32299-2013 «Mare-
puaibl Jakokpacoynsle. OnpeneneHue aare3ud MeTo10M OT-
pbIBa». TBEpIOCTH MOKPHITHH OLCHUBAIACh B COOTBETCTBUHU
¢ TTOCT P 54586-2011 «Marepuansl TakokpacodHble. Me-
TOJ OIpEeIeTCHUs TBEPIOCTH MOKPBITHS MO KapaHIALIy».
DNaCTUYHOCTD MOKPBITUH TPH U3TH0e OI[CHUBATACH B COOT-
BerctBun ¢ ['OCT 6806-2024 «Marepuaibl JaKOKpacod-
Hble. MeTO/1 OnpeieNieHHs TaCTUYHOCTH OKPBITUS ITPU 13-
rubey». Tepmudeckoe crapeHHe NOKPBITHI OCYIIECTBISIOCH
B cooTBeTcTBUM ¢ MeTogukoit 'OCT 33291-2015 «Marepu-
aJIbl JJAKOKpacoyHble. MeToJ1 onpeesieHns TEIIOBOro BO3-
neiictBus». OLEHKA TUIEKTPUYECKUX XapaKTEPUCTUK Jia-
KOKPACOYHBIX TTOKPBITHH IMPOBOAMIACH B COOTBETCTBHHU C
HW3BECTHOM METOOUKOM, OmHMCAaHHOH B IareHT P® Ne
2778798.

JKcnepuMMeHThI U 00Cy KAeHHe pPe3yIbTaTOB

[o pe3ynmpTaTam OLEHKH (HUIUKO-MEXaHUICCKUX XapaK-
TEPUCTHUK JIAKOKPACOYHBIX MOKPBHITHHA MOJTYYCHHBIX Ha OC-
Hoe sMameii AC-182 u IID-115, ompeneneHo BIUsSHHE
HaHOMO0ABOK Ha W3MEHEHHE aare3MOHHON MPOYHOCTH,
TBEPJIOCTH M MACTUYHOCTH IpH u3ruode (tabmmua 1 u 2).

O6pa3sitsl Ha ocHOBe dManu AC-182, neMoHCTpHpyeT 00-
Y0 TEHACHIIUIO K CHUKESHHIO aAr€3MOHHOM MPOYHOCTH T10-
cje TepMudeckoro crapeHus. Tak, aare3uoHHasi IPOYHOCTh
3TaioHHOTo 00pasia AC-182 cHmkaercs ¢ 2,0-2,2 MIla o
1,7-1,8 MIla nocne nepBoro pexuma u a0 1,6—1,8 MIla no-
CJIe BTOPOTO peKUMa. AHAIOTUYHOE ITOBEICHUE HaOII0qa-
eTcsl TIpH BBEJCHWM HaHOMarepuanoB. Hampumep, mns
Bi203-0,5% axare3moHHast IPOYHOCTH CHIDKaeTes ¢ 2,7-2,8
MIla no 2,5-2,7 MlIla mocme mepBoro pexunma u a0 2,2-2,3
MIla nocne BTOporo pexuma.

INTRODUCTION

Metal surfaces of building structures and equipment used
in various conditions must be protected from external influ-
ences. One of the most common methods of protection is
paint and varnish coatings, which must have a certain set of
properties that ensure the operational durability of the coat-
ing and reliable protection of metal surfaces under specified
operating conditions. An effective method for improving the
technological and operational characteristics of materials is
their nanomodification, which was the basis for this study [1-
15].

The purpose or objectives of the study: to assess the
influence of nanomodifiers on the performance characteris-
tics of protective coatings of metal surfaces.

Materials and methods of research

Acrylic and pentaphthalic paints and varnishes (AC-182,
PF-115) were used in the tests. They are widely used for
painting metal products and structures, and their choice is
justified in other studies. The paints and varnishes were mod-
ified using compositions based on carbon nanotubes (CNT)
— Russia, bismuth oxide nanoparticles (Bi.O3) — China, sil-
icon dioxide (SiO,) — Russia. The nanomaterials were dis-
persed by mechanical mixing [1].

The adhesive strength of the paint and varnish coatings
was determined in accordance with GOST 32299-2013
“Paints and varnishes. Determination of adhesion by the pull-
off method”. The hardness of the coatings was assessed in
accordance with GOST R 54586-2011 “Paints and varnishes.
Method for determining the coating hardness using a pencil”.
The bending elasticity of the coatings was assessed in ac-
cordance with GOST 6806-2024 "Paint and varnish materi-
als. Method for determining the bending elasticity of the
coating". Thermal aging of the coatings was carried out in
accordance with the methodology of GOST 33291-2015
"Paint and varnish materials. Method for determining ther-
mal impact". The dielectric characteristics of the paint and
varnish coatings were assessed in accordance with the known
methodology described in Russian patent No. 2778798.

Experiments and discussion of results

Based on the results of assessing the physical and me-
chanical characteristics of paint and varnish coatings ob-
tained on the basis of enamels AC-182 and PF-115, the effect
of nanoadditives on the change in adhesive strength, hard-
ness and elasticity in bending was determined (Tables 1 and
2). Samples based on enamel AC-182 demonstrate a general
tendency to decrease in adhesive strength after thermal ag-
ing. Thus, the adhesive strength of the reference sample AC-
182 decreases from 2.0-2.2 MPa to 1.7-1.8 MPa after the
first mode and to 1.6—1.8 MPa after the second mode. Similar
behavior is observed when introducing nanomaterials. For
example, for Bi203-0.5%, the adhesive strength decreases
from 2.7-2.8 MPa to 2.5-2.7 MPa after the first mode and to
2.2-2.3 MPa after the second mode.
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TABJIMLA 1. PE3YJIBTATBI OHEHKH ®U3UNKO-MEXAHUYECKHUX XAPAKTEPUCTHUK
JAKOKPACOYHBIX IOKPHITUIL HA OCHOBE DMAJIM AC-182

Table 1. Results of evaluation of physical and mechanical characteristics of paint and varnish coatings

based on enamel AC-182

Cpennee 3Hauenne aaresuu, MIla MuHumManbHbIN JHaMeTp
Xapakrep 0TpbIBa Anrensnonnuii A) Tneprocts CTEPIKHA NPH U3rHde NOKPbI-
— Kore3uonnsiii (K) Hardness THA, MM
Average adhesion value, MPa / Peeling be- Minimum diameter of the rod
havior Adhesive (A) - Cohesive (K) when bending the coating, mm
Oopazen ITocae 1-ro Ilocuie 2-ro
Sample To pexuMa cra- pexuma Tocra- | 1-iipe- | 2 pe- o 1-it 2-i
CTapeHust pems crapenis peHust KM KAM CTapeHust pexuM pe-
Before o) WD) Before Ist 2nd Before Ist K
aoin After 1st ag- | After the 2nd aoin mode mode aoin mode 2nd
sing ing mode aging mode sing sing mode
(125°C) (150°C)
Sramon 2,0-22 1,7-1,8 1,6 - 1,8
Reference A-80 A—-60 A—-60 HB 3H 6H 5 10
K-20 K-40 K-40
BiOs- 2,7-2,8 2,5-27 2,2-23
0.5% A-30 A—-40 A-60 2H 3H SH 7 10
’ K-70 K- 60 K-50
2,8-3,0 2,7-3,0 24-25
Bi203-1% A-10 A—-40 A-50 2H 5H 7H 8 12
K-90 K-60 K-50
2,4-2,6 2,1-22 1,8-2,1
Bi203-2% A-30 A—-40 A-80 2H SH 7H 8 12
K-170 K-60 K-20
2,1-22 1,8-1,9 1,6 - 1,8
Si02-0,5% A-80 A—-60 A—-60 H 2H 2H 10 16
K-20 K-40 K-40 3
23-25 22-24 1,9-2,1
Si02-1% A- 80 A-170 A-60 2H 4H SH 8 12
K-20 K-30 K-40
2,1-22 1,7-1,9 1,6 - 1,8
Si02-2% A-80 A-50 A-60 3H 4H SH 10 14
K-20 K-50 K-40
2,4-2,6 2,1-23 1,9-2,0
8'(1){1{/; A—-90 A - 60 A-50 H 2H 4H 7 8
’ K-10 K-40 K-50
VHT- 3,1-33 2,9-3,1 2,8-3,0
0.05% A-90 A-80 A -80 2H 3H 4H 5 7
’ K-10 K-20 K-20
VHT- 33-35 3,1-33 2,8-3,0
0.1% A-50 A-50 A—-40 2H 3H 4H 5 7
’ K-50 K-50 K-60

TBepAOCTh MOKPHITUI TaKXKe U3MEHSAETCS 10CIe TepMHU-
4ecKoro crapeHus. Y stanoHHoro obpasua AC-182 ysenu-
gyuBaercs TBepAocTs ¢ HB no 3H nocne nepsoro pexxuma u
Jo0 6H nocne Broporo pexxuma. Hanpumep, y Takux oOpas-
11oB Kak Bi,03-0,5%, Habmromaercst yBennueHne TBEpAOCTH
¢ 2H no 3H nocne nepsoro pexxuma u A0 SH nocne Broporo
peXMMa, Y4TO yKa3blBaeT Ha YNPOYHCHHWE Marepuaia I0A
BO3/ICHICTBHEM TEMIIEPATYPEIL.

O6pa3sisr ¢ nobaBkamu BiO3 u SiO,, MOKa3bIBAIOT 3Ha-
YUTEIbHbIC PA3JIMUUs B U3MEHEHHU TBepaocTH. OCoOeHHO
BBIp@)KEHHOE yBEJIMUEHHE TBEPAOCTH HAOII0AaeTCs ATl 10-
6aBok Ha ocHoBe BirO3 u SiO, uTO MOXKET yKa3blBaTh Ha
pa3nuyus B MEXaHHW3MaxX B3aMMOJEHCTBHS STHX JA00aBOK C
MOJIMMEPHON MaTpuLeH.

Pe3ynbraThl MCTIBITAaHWH Ha W3rUO CBHICTENBLCTBYIOT O
TOM, 4TO MOKPBITHS O BO3AEUCTBHS TEPMUUECKOTO cCTape-
HUSI TTOKa3bIBAIOT XOPOIIYIO 3JIaCTHYHOCTh. OfHaKo mocie
TEPMHUYECKOTO CTAPEHHsI OHU CTAHOBSITCS] XPYTTKUMH.
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The hardness of the coatings also changes after thermal
aging. The hardness of the reference sample AC-182 in-
creases from HB to 3H after the first mode and to 6H after
the second mode. For example, for samples such as Bi,Os-
0.5%, an increase in hardness is observed from 2H to 3H af-
ter the first mode and to 5H after the second mode, which
indicates strengthening of the material under the influence of
temperature.

Samples with Bi»O3 and SiO, additives show significant
differences in the change in hardness. A particularly pro-
nounced increase in hardness is observed for additives based
on BiyOs3 and SiO;, which may indicate differences in the
mechanisms of interaction of these additives with the poly-
mer matrix.

The results of bending tests indicate that the coatings ex-
hibit good elasticity before thermal aging. However, after
thermal aging, they become brittle.
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TABJINLA 2. PE3YJIBTATBI OHEHKH ®U3UNKO-MEXAHUYECKHUX XAPAKTEPUCTHUK
JAKOKPACOYHBIX IOKPHITUIL HA OCHOBE DMAJIM N®-115
Table 2. Results of evaluation of physical and mechanical characteristics of paint and varnish coatings

based on enamel PF-115

Cpennee 3Hayenue aare3uu, MIla / Xa- MuHumManbHbIN JHaMeTp
PaKTep OTPLIBA ANTre3MOHHBII (A) CTEPIKHA NPH U3rHde NOKPbI-
— Kore3uonnsiii (K) rl;:f(};z::: THA, MM
Average adhesion value, MPa / Peeling be- Minimum diameter of the rod
havior Adhesive (A) - Cohesive (K) when bending the coating, mm
Oopasen ITocie 1-ro IMocae 2-ro
Sample o pexuMa pexumMa Ho 1~i pe- | 2-ii pe- o Lt 2-i
CcTapeHust crapenis crapenms crape- KAM KM CTapeHust peKuM pe-
(125°C) 150°C) HHSA JKHM
Before 1st 2nd Before 1st
- After 1st After the 2nd Before 5 2nd
aging : 5 5 mode mode aging mode
aging mode | aging mode aging mode
(125°C) (150°C)
Sramon 1,5-1,7 1,1-1,3 1,0-1,2
Reference A-80 A-170 A-80 HB 2H 2H 5 12
K-20 K-30 K-20
BiOs- 1,9-2,1 1,8-2,0 1,6 -1,7
0.5% A-30 A- 40 A—-60 B F F 10 16
’ K-70 K-60 K-50
2,0-23 1,9-2,0 1,7-1,9
Bi203-1% A-10 A—40 A-50 B H 4H 10 12
K-90 K-60 K-50
1,8-2,0 1,6 -1,8 1,1-1,5
Bi203-2% A-20 A-30 A-35 HB H 3H 10 12
K-80 K-70 K-65
1,4-1,6 1,2-1,4 1,0-1,2
Si02-0,5% A-80 A-30 A-10 B HB 2H 10 16
K-20 K-70 K-90 3
1,6 -1,7 1,L1-1,3 1,1-13
Si02-1% A-80 A-50 A-30 HB F 2H 12 16
K-20 K-50 K-70
1,4-1,6 1,2-1,5 1,L1-1,3
Si02-2% A-20 A 40 A-55 HB H H 12 16
K-280 K-60 K-45
VHT- 1,7-2,0 1,6 -1,8 12-14
0.01% A-170 A—-60 A-50 HB 3H 4H 10 12
i K-30 K-40 K-50
VHT- 2,1-24 1,6 -1,7 1,5-1,7
0.05% A-50 A—-40 A-20 HB 3H SH 8 10
i K-50 K-40 K-80
VHT- 2,5-27 2,2-24 2,0-22
0.1% A-55 A-50 A-50 HB 2H 4H 8 10
’ K-45 K-50 K-50

BuaHO, 9T0 XpYNKOCTh MOKPBITUI HApacTaeT ¢ KaxXIbIM
pesxxumMoM 110 16 MM cTepkHa. OHAKO, HOKPBITUS, COAEPKa-
mue yrieponssle HaHotpyOku (YHT), HaumHator paspy-
HIATHCS IPU 5 MM Ha IIEPBOM PEXHUME U 7 MM Ha BTOPOM pe-
JKMMeE. DTO TOBOPUT O TOM, YTO TOKpBITHE ¢ 1o6aBkoi YHT
COXpaHSeT IOBBIIICHHYIO YCTOHYMBOCTE K Ae(OpMAIMOH-
HBIM BO3/ICHCTBUSIM C TEUCHHEM BPEMEHH.

Hannydmme pe3ynbTaThl MOKa3alnn HaHOCTPYKTYPHPO-
BaHHBIE TOKPHITHS ¢ qobasneHreM YHT. Ilpu aToM mokpsI-
TSI OTJIMYAIOTCS TIOBBIIICHHON aJre3MOHHOM MPOYHOCTHIO,
MPOYHOCTHIO TIPH HM3THOE, a Tak’Ke ONTHMAaJbHBIM 3Haue-
HUEM TBEpPAOCTH, KOTOPBIE OCTAIOTCS B MpeAeiax yIOBIIe-
TBOPUTENBHBIX IO PE3yNbTaTaM TEPMHUECKOTO CTApEeHUS.
JlaHHbIE pe3ynbTaThl XapaKTEPU3YIOT MOTEHIUAIBHYIO JKC-
IUTyaTallUOHHYI0 CTOMKOCTh U TOJITOBEUHOCTh MOKPHITUH, a
TaKXKe HaJEKHYIO 3aIllUTy METAJUIMYECKUX OBEPXHOCTEH B
Pa3IUYHBIX YCIOBHAX HKCILTyaTalHH.

[okpeiTuss Ha ocHoBe sManu [1D-115, takke AeMOH-
CTPHPYIOT CHIDKCHHE aATe3MOHHOW IPOYHOCTH IOCIHe

It is evident that the brittleness of the coatings increases
with each mode up to 16 mm of the rod. However, the coat-
ings containing carbon nanotubes (CNT) begin to deteriorate
at 5 mm in the first mode and 7 mm in the second mode. This
indicates that the coating with the addition of CNT retains
increased resistance to deformation effects over time.

The best results were shown by nanostructured coatings
with the addition of CNT. At the same time, the coatings are
distinguished by increased adhesive strength, bending
strength, and an optimal hardness value, which remain within
the satisfactory limits according to the results of thermal ag-
ing. These results characterize the potential operational re-
sistance and durability of the coatings, as well as reliable pro-
tection of metal surfaces under various operating conditions.

Coatings based on PF-115 enamel also demonstrate a de-
crease in adhesive strength after thermal aging. The adhesive
strength of the reference sample (without additives) de-
creases from 1.4-1.6 MPa to 1.1-1.3 MPa after the first
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TEPMUYECKOTO CTapeHHs. AITre3NOHHAs IPOYHOCTh TAJIOH-
HOro oOpasiia (0e3 m100aBok) cHikaercs ¢ 1,4—1,6 MIla no
1,1-1,3 MIla nocne nepsoro pexuma u g0 1,0—1,2 MIla no-
cJie BToporo pexxuma. [1o1o0HbIe U3MEHEHNsT HabJI0 a0 TCs
IIPY BBE/ICHUH Pa3JIMYHbIX HaHOMaTeprainoB. Hanpumep, an-
Te3WMOHHAs POYHOCTH 0Opasna ¢ nodasienneM Bir03-0,5%
cHmxaercd ¢ 1,9-2,1 MIla no 1,8-2,0 MIla nocne nepsoro
pexuma u go 1,3—1,5 Mlla nocne BToporo pexxuma.

TBepHOCTh MOKPBITUN TAKXKE U3MEHSIETCS MOCIE TEPMU-
yeckoro crapeHus. /s stanmoHHOro oOpasma TBEpAOCTb
yBenmuuBaercs ¢ HB o 2H mocie mepBoro pexnma u ocra-
ercst Ha ypoBHe 2H mocne Broporo pexxuma. J{ns npyrux o00-
pasioB, Takux Kak Bi,03-0,5%, TBepaocTs n3mMensiercs ¢ B
1o F nociie nepsoro pexuma u ocraercst Ha ypoBHe F nocie
BTOPOTO PEXHUMA.

Taxkum 00pazoM, Py UCCIIEAOBAHNH BIUSHUS HAaHO100a-
BOK Ha CBOICTBa IMOKPBITHH, ITOJyYEHHBIX Ha OCHOBE 3MaJll
IID-115, oTcyTCTBYET SIPKO BBIPAXKEHHOE UX IOJIOKUTEID-
HOE BIIMSIHME Ha YIIydIIeHHe (HU3HKO-MEXaHMYECKUX XapaK-
TEpUCTUK. HeMHOTO JIyymuMH, 110 CPaBHEHHUIO C APYTHMH,
obmamaroT mokpertus ¢ godasneaneM YHT 0,1%, omnako,
MOCJIe TEPMUYECKOTO CTAPEHUS, TAKHE TIOKPHITUS HE 00ma-
JIAfOT IIOKA3aTeNsIMA OIKCIITyaTallMOHHBIX XapaKTEPHCTHK,
CITOCOOHBIMU 00€CTICUNTh HANEKHYIO 3aIIUTy MeTajuihde-
CKHX IIOBEpXHOCTEM.

O}IHI/IM n3 METOAOB OINPECACICHUA OJICKTPUYCCKUX
CBOMCTB SIBNAETCS ONpeeTeHHe ToKa3aTens A0OPOTHOCTH
(xapakTepu3yIOLIero NOTepH YIHEPTUHU B CUCTEME) H EMKOCTH
o0bekTa Ha anmnapaTe J00pOTHOCTH, a TaK)Ke MOCIIeTyFOLHNA
MaTeMaTHYECKHI pacyeT JUINEKTPUIECKUX XapaKTePUCTHK
(mmanexTpuyeckasi MPOHULAEMOCTD U TAHTEHC yTJIa IU3JIEK-
TPUYECKUX MOTeph). [0 3HAUEHMIO TaHTEHCa yTiia JUdJIeK-
TPUYECKUX TIOTEPh BO3MOXKHO OIICHUTH AHTHCTaTHYECKHE
Ka4ecTBa 3alUTHBIX TIOKPBITHH, a 110 3HAYEHHUIO AUDIICKTPH-
YECKOM MPOHMIIAEMOCTH HU30JSLUOHHBIE CBOMCTBA. Pe3yiib-
TaThl UCTBITAHUH 3JIEKTPUUYECKUX CBOMCTB MOKPBITUH Ipe-
CTaBJIEHEI B Ta0IHax 3 u 4.

mode and to 1.0-1.2 MPa after the second mode. Similar
changes are observed when introducing various nanomateri-
als. For example, the adhesive strength of the sample with
the addition of Bi,03-0.5% decreases from 1.9-2.1 MPa to
1.8-2.0 MPa after the first mode and to 1.3—1.5 MPa after
the second mode.

The hardness of the coatings also changes after thermal
aging. For the reference sample, the hardness increases from
HB to 2H after the first mode and remains at the level of 2H
after the second mode. For other samples, such as Bi,Os-
0.5%, the hardness changes from B to F after the first mode
and remains at the F level after the second mode.

Thus, when studying the effect of nanoadditives on the
properties of coatings obtained on the basis of PF-115
enamel, there is no clearly expressed positive effect on im-
proving the physical and mechanical characteristics. Coat-
ings with the addition of 0.1% CNTs have slightly better per-
formance compared to others, however, after thermal aging,
such coatings do not have performance indicators capable of
providing reliable protection of metal surfaces.

One of the methods for determining electrical properties
is to determine the quality factor (characterizing energy
losses in the system) and the capacity of the object on a qual-
ity factor apparatus, as well as subsequent mathematical cal-
culation of the dielectric characteristics (dielectric constant
and dielectric loss tangent). The dielectric loss tangent value
can be used to evaluate the antistatic qualities of protective
coatings, and the dielectric constant value can be used to
evaluate the insulating properties. The results of testing the
electrical properties of the coatings are presented in Tables 3
and 4.

TABJIMLA 3. PE3YJIbTATBI OUEHKHA JU2JEKTPUYECKUX XAPAKTEPUCTHUK HOKP{;ITI/IFI
HA OCHOBE DMAJIN AC-182 10 U IOCJIE TEPMUYECKHUX UCIIBITAHUU
Table 3. Results of evaluation of dielectric characteristics of coatings based on enamel AC-182

before and after thermal tests

IMociie TepMHAYECKOTO CTAPEHHS
Jl0 TepMHYECKOro cTapeHust After thermal aging
Before thermal aging Iepeeiii pexxkum (mocie 125°C) Bropoii pexxum (mocie 150°C)
First mode (after 125°C) Second mode (after 150°C)
Oopasen TaHreHc Tanrenc TaHrenc

Sample yriia amaJi. mo- Audar. yriia amdJ1. mo- Auoa1. yriia amaJi. mo- Aud1.

MpOHHIA- NMPOHMIA- MPOHMIA-

T (50) emocThb (&) Tepr (120) eMocTh (&) T (50) eMocThb (&)

Tangent of the Diel Tangent of the Diel Tangent of the Diel
dielectric loss ermeabiii ty © dielectric loss Permeabiii ) dielectric loss ermeabiii ty ©

angle (tgd) P ¥ angle (tgo) ty angle (tgd) P ¥
Rz;;‘ri?l‘;e 0,019 16,78 0,028 18,25 0,035 19,46
Bi203-0,5% 0,016 15,64 0,023 16,65 0,028 17,63
Bi203-1% 0,018 16,23 0,025 16,69 0,029 18,13
Bi203-2% 0,018 16,12 0,025 16,91 0,028 18,02
Si02-0,5% 0,021 16,67 0,023 16,98 0,031 18,74
Si02-1% 0,020 17,12 0,022 17,29 0,028 18,96
Si02-2% 0,021 17,45 0,023 17,66 0,030 18,52
YHT-0,01% 0,011 17,81 0,012 17,96 0,015 18,57
YHT-0,05% 0,011 17,77 0,013 18,12 0,015 18,48
YHT-0,1% 0,009 18,66 0,011 18,70 0,015 19,06
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TABJIAIA 4. PE3YJBTATHI OEHKH JASJEKTPUYECKNX XAPAKTEPUCTHUK IMOKPBITUIA
HA OCHOBE DMAJIH M®-115 10 ¥ MOCJE TEPMUYECKHX UCITBITAHU

Table 4. Results of evaluation of dielectric characteristics of coatings based on enamel PF-115
before and after thermal tests

Ilocne TepMuYecKoro crapeHus
J1o TepMHYECKOr0 CTapeHus After thermal aging
Before thermal aging TepeBbiii pexum (mocie 125°C) Bropoii pe:xum (mocie 150°C)
First mode (after 125°C) Second mode (after 150°C)
Oopazen Tanrenc Tanrenc Tanrenc
Hdmaa. Jdwnaa. Jdmaa.
Sample yrjia amdJ1. mo- yrja amaJI. mo- yrjia amdJ1. mo-
Tephb (tgd) ponmua- Tephb (tgd) nponmua- Tephb (tgd) nponmua-
P eMocTh (&) emMocTh (&) emMocTh (&)
Tangent of the Diel Tangent of the Diel Tangent of the Diel
dielectric loss permeability (£) dielectric loss Permeability (¢) dielectric loss permeability (2)
angle (tgo) angle (tgo) angle (tgo)
ranon 0,021 16,94 0,027 18,45 0,036 20,18
Reference
Bi203-0,5% 0,017 15,96 0,023 16,59 0,030 18,24
Bi203-1% 0,017 16,37 0,025 16,71 0,029 17,96
Bi203-2% 0,018 16,92 0,026 17,08 0,030 18,19
Si02-0,5% 0,023 16,84 0,028 16,93 0,030 19,48
Si02-1% 0,022 16,72 0,027 17,34 0,030 19,33
Si02-2% 0,023 16,97 0,027 17,71 0,031 19,29
YHT-0,01% 0,013 18,73 0,016 18,14 0,020 18,97
YHT-0,05% 0,011 17,95 0,015 18,41 0,017 18,48
YHT-0,1% 0,009 18,60 0,013 18,78 0,015 19,06

s 06pasios Ha ocHOBe Manu AC-182 HabmoaeTcs yBe-
JUYeHNe 3HaYeHUH TaHTEHCa yTIIa IUAIEKTPHYECKIX TOTEPh U
TUDIIEKTPUIECKOHN MPOHUIIAEMOCTH ITOCTIe TEPMUIECKOTO CTa-
perns. [Ipmuem ans stamoHHOro obpasna AC-182 3HaueHme
TaHTeHca yria noreps ysenuuuBaercs ¢ 0,019 no 0,028 moce
nepBoro pexuma u 10 0,035 mocie BTOporo pexuma, a AU3JIeK-
Tpuueckas MPOHUIIAEMOCTh Bo3pacTaeT ¢ 16,78 mo 18,25 u
19,46 coorBercTBeHHO. OIHAKO TP BBEJCHUU MOAUDULKPY-
IOMIKX JO0OABOK 3HAYEHUs JaHHBIX IMOKa3aTesied M3MEHSIOTCS
HE TaK MHTEHCHBHO, KakK y o0pasia 0e3 J00aBoK.

HanGonbnryro crabmiibHOCTh MOKa3bIBalOT 00pasubl ¢ 10-
6aBkoit YHT 0,1% — 3HaueHne TaHTeHCa yria IoTeph yBEIlH-
yuBaetcs ¢ 0,009 no 0,011 nmocne nepsoro pexuma u 1o 0,015
MoCcJIe BTOPOTO PEXUMa, a AUAIEKTPHUECKas MPOHUIIAEMOCTh
Bo3pactaet ¢ 18,66 mo 18,70 u 19,06 cooTBeTCTBEHHO. DTO TO-
BOPHUT O COXPAaHCHHUH BBICOKOIN aHTHCTaTHYHOHN CITIOCOOHOCTH U
AIIEKTPONPOBOIAIINX Ka4eCTBAaX MOKPBITHSA, a TAKXKE O COXpa-
HEHHH [EJIOCTHOCTH MOKPBITHS, O Y€M CBHICTEIHCTBYIOT 00-
Jlee paHHUE WCCIEJOBAaHMS aBTOPOB [l]: mpu M3MEHEHHH CO
BpPEMEHEM JHIJICKTPUICCKOHN MIPOHUIIAEMOCTH MTOKPHITHH, YBe-
JTUYUBACTCSA KOIIMIECTBO MUKPOTPEIINH B HEM.

Jmns 06pas3noB Ha ocHoBe aManu [1D-115 Taxke Habmoma-
eTCsI yBEeTMUEHNE 3HAUCHUH TaHTEHCA yIiia AUAICKTPHYECKIX
MOTEPh U JUIJICKTPUIECKON MPOHUIIAEMOCTH TIOCIIEe TepMUYe-
CKHX HCIBITaHUU. Y dTamoHHOro obpasma [1d-115 3nadyenne
TaHTCHCa YyTJjia AUDJICKTPUYCCKUX IOTCPh YBCIMYMUBACTCA C
0,021 no 0,027 mocie mepBoro pexumMa TEPMHUUECKOTO cTape-
Hus u a0 0,036 mocie BTOpOro pexxuma, mpu 3TOM JAUDJIEKTPH-
yeckasi MPOHUIIAeMOCTh Bo3pacTaet ¢ 16,94 no 18,45 u 20,18
COOTBETCTBEHHO. AHAJIOTUYHBIM 00pa3oM, Kak u y o0pasioB
Ha ocHoBe 3Main AC-182, Hanbombuyto cTabuinsHOCTh OKa-
3bIBalOT 00pa3usl ¢ nobaskoit YHT.

For samples based on AC-182 enamel, an increase in the
dielectric loss tangent and dielectric constant values is ob-
served after thermal aging. Moreover, for the reference sam-
ple AC-182, the loss tangent value increases from 0.019 to
0.028 after the first mode and to 0.035 after the second mode,
and the permittivity increases from 16.78 to 18.25 and 19.46,
respectively. However, when introducing modifying addi-
tives, the values of these indicators do not change as inten-
sively as for the sample without additives.

The greatest stability is shown by samples with the addi-
tion of 0.1% CNT - the loss tangent value increases from
0.009 to 0.011 after the first mode and to 0.015 after the sec-
ond mode, and the permittivity increases from 18.66 to 18.70
and 19.06, respectively. This indicates the preservation of
high antistatic capacity and electrically conductive qualities
of the coating, as well as the preservation of the integrity of
the coating, as evidenced by earlier studies by the authors [1]:
when the dielectric constant of the coatings changes over
time, the number of microcracks in it increases.

For samples based on PF-115 enamel, an increase in the
values of the dielectric loss tangent and dielectric constant is
also observed after thermal tests. For the reference sample
PF-115, the value of the dielectric loss tangent increases from
0.021 to 0.027 after the first mode of thermal aging and to
0.036 after the second mode, while the dielectric constant in-
creases from 16.94 to 18.45 and 20.18, respectively. Simi-
larly, as with samples based on AC-182 enamel, the greatest
stability is shown by samples with the addition of CNT.
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3akJ/rouenue

B menom, cTouT ckasatk, 4TO BBEICHHE B UCIBITHIBACMBIC
IMaIT HAHO00ABOK II03BOJISIET MOTyYaTh HOKPBITHS, KOTOPbIE
OTJINYAIOTCS YIIyYIIEHHBIMH SKCIUTyaTalMOHHBIMH XapaKTepH-
CTHKaMH — aJiIré3MOHHasl IPOYHOCTh, YCTOMYHUBOCTE K Aedop-
MaIMOHHBIM BOSHeﬁCTBHﬂM, AHTUCTAaTHYHOCTD. Hapmytmme
pe3ybTaThl JOCTUT'AIOTCA IIPHU BBCIACHHWU B HaKOKpaCO‘IHBIﬁ
Mmatepuai AC-182 cocTaBoB Ha OCHOBE YIJIEPOAHBIX HAHOTPY-
0ok, TakuM 00pa3oM, HOJydaeMoe IIOKpBITHE 00JIajgaeT Ao
JIBYX W Oosiee pa3 JIydiIMMHU (pU3NKO-MEXaHUYECKHUMHU CBOM-
crBamu. Ko BceMy npodemy, Takue MOKPHITHS COXPaHSIOT Tpe-
OyeMbIif YpOBEHb CBOMCTB JUIMTENBHOE BpeMsl, oOecreumnBast
HaJeXKHYIO 3alIUTY METAUIMYECKUX TOBEPXHOCTEH B dKCILTya-
TalMOHHBIX YCIIOBHSIX.
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Conclusions

In general, it is worth saying that the introduction of nano-
additives into the tested enamels allows obtaining coatings
that are distinguished by improved performance characteris-
tics - adhesive strength, resistance to deformation effects, an-
tistatic properties. The best results are achieved by introduc-
ing carbon nanotube-based compounds into the AC-182 paint
and varnish material, thus, the resulting coating has up to two
or more times better physical and mechanical properties. In
addition, such coatings retain the required level of properties
for a long time, providing reliable protection of metal sur-
faces under operating conditions.
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