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Effect of plasma-electrolytic oxidation on mechanical properties of titanium coatings

The process of plasma electrolytic oxidation (PEO) allows to obtain multifunctional coatings with unique
properties, including wear-resistant, corrosion-resistant, heat-resistant, electrical insulating and .decorative.
Therefore, the field of application of these coatings is quite wide: medicine, aircraft construction;
shipbuilding, instrumentation, automotive and other industries. The technology is based on.the phenomenon
of micro-arc discharges promoting the formation of oxide layers on metal surfaces. In this review the
technologies of obtaining coatings by plasma electrolytic oxidation on titanium (are considered. The
experiment on PEO of VTI1-0 titanium substrate under anodic treatment with the addition of TiO:
nanoparticles to the electrolyte was carried out. Dense, uniform oxide coatings that'de not require additional
surface grinding were obtained. The coating thickness values were 18.5-62.4 um. The_influence of PEO on
the microhardness of calcium-phosphate coatings formed as a result of this treatment was studied. With a
satisfactory thickness of the formed layer (62.4 um), the surface microhardness value (4.04 GPa) was found
to be the highest among all the treatment modes compared, simultaneously with a high elastic modulus value
(348 GPa) and a small value of the indenter penetration depth on the coating (968.99 nm). These coatings
were formed in an electrolyte containing calcium phosphate with the addition of 0.75g of titanium oxide
nanoparticles. The increase of microhardness in comparison with the.sample without coating is in 2,5 times.
As a result of the carried out researches optimum modes and parameters of calcium-phosphate coatings
receiving have been established and defined. It is shown that by changing the composition of the electrolyte
of the micro-arc treatment process it is possible'to influence significantly the structure, thickness and surface
properties of the obtained coatings.

Keywords: plasma-electrolytic oxidation (PEO), electrolyte, nanoparticles, coating, structure, microhardness,
titanium, titanium oxide.

Introduction

Plasma electrolytic methods of material treatment are a very promising area of research to create new
materials with unique properties [ 1]. Plasma electrolytic oxidation refers to an electrochemical process which
has proven effective in altering the surface properties of metals and alloys, offering a number of potential
advantages in various applications [2, 3]. This process is carried out at higher voltages, up to 1000 V, with
AC and pulsed currents being used more frequently than DC currents. The PEO process is most fully
investigated for walve metals and their alloys (aluminium, magnesium, titanium, tantalum, niobium,
zirconium, etc.) [4, 5]. The process of PEO allows to receive multifunctional coatings with unique complex
of properties, including wear-resistant, corrosion-resistant, heat-resistant, electrical insulating and decorative.
Therefore, the field-of application of these coatings is quite wide: medicine, aviation, ship, instrumentation,
automotive and other industries. One of the applications of electrolytic-plasma treatment is surface
modification of medical implants and this process can make them more compatible with the human body,
reducing the risk of rejection and improving their overall performance [6-8]. In this paper, technologies for
producing coatings on titanium by plasma electrolytic oxidation are discussed. The methods are classified
according to the properties of the coatings obtained, but it should be noted that this division is arbitrary, since
coatings are often multifunctional. Titanium and its alloys are widely used in medicine, because of their good
biocompatibility and high strength, but the improvement of biocompatibility requires the deposition of
special coatings on the titanium material. For this purpose, calcium phosphate and hydroxyapatite coatings
are applied to the surface using the PEO method. The chemical composition of hydroxyapatite
Cai9(PO4)s(OH); is similar to that of bone tissue, so that bone tissue can form a strong chemical bond with
the implant and not cause rejection. When titanium oxide nanoparticles are added to the solution, coatings
with strong mechanical properties are obtained [9-11].
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The aim of this work was to investigate the formation of calcium-phosphate coatings on titanium VT1-0
under anodic PEO in phosphoric acid electrolytes with the addition of TiO nanoparticles, study the cross-
sectional microstructure and microhardness of these coatings.

Experimental

Technically pure titanium material VT1-0, often used in medicine, was used as a substrate [12].
Samples of technical titanium VT1-0 for research were cut from rods in the state of delivery in the form of
parallelepipeds. The samples were PEO-sanded to remove the oxide film and scratches.

Table 1 shows the chemical composition of technically pure titanium VT1-0.

Table 1
Chemical composition of commercially available pure titanium VT1-0 (wt.)
Fe C Si N Ti o H
0,25 0,07 0,1 0,04 99,7 0,2 0,01

For the production of calcium-phosphate coatings using the PEO method a pilot plant MAO was used,
which consists of a power supply, an electrolytic bath with a cooling system andcelectrodes:

Pilot plant for PEO is designed and manufactured by scientific-production company “PlasmaScience”
(Kazakhstan, Ust-Kamenogorsk) [13]. It is equipped with an AC power unit-APS-77300. This equipment
enables to apply calcium phosphate coating on medical implants, thustallowing to conduct researches. By
controlling the parameters of the MAO, the unit enables several products (total area over 200 cm?) to be
coated simultaneously due to the high power in a single cycle.

APS-77300 power supply with output power: 3000 VA, voltage: up to 600 V, current: up to 25.2
A. Wide range of output voltage settings (amplitude, frequency; start and end phase). Frequency range:
999.9 Hz. Discontinuous adjustment of output parameters.in 0.01 V / 0.01 Hz steps. Low harmonic
coefficient (0.5 %).

Calcium-phosphate coating was performed in anodic-potentiostatic mode. PEO process parameters
included the following limits: pulse duration — 100-500 s, pulse frequency — 50-100 Hz, initial current
density — 0.13-0.35 A/cm?, process duration-— 5-20 min, electric voltage — 50-100 V. A schematic of the
MAO device is shown in Figure 1.
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Figure 1. Schematic diagram of the MAO device

Various acid, salt and alkaline electrolytes can be used for the micro-arc treatment of titanium and
titanium alloy parts. The most common electrolyte used for MAO titanium is a mixed phosphate-alkaline
electrolyte of the KOH-Na3;PO, type. In this formulation, KOH is an activator affecting the enrichment
capacity, which allows a hardening layer to be formed on the oxidized surface relative to the nominal amount
of the part, this results in a significant increase in the adhesion strength of the coatings [9].

The parameters of MAO process in operation include the following limits: pulse duration — 100 ps,
pulse frequency — 100 Hz, electric voltage — 100 V, initial current density — 0,15-0,35 A/cm?, process
duration — 10 min. During the calcium-phosphate coating with nanoparticles of titanium oxide the titanium
samples attached to suspension were immersed into the electrolyte in the bath. The MAO was carried out in
anodic mode at an AC voltage of 100 V for 10 minutes. As a result of the experiment local microplasma
discharges appeared on the surface of samples and in their area the coating was synthesized. To obtain
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calcium-phosphate coating on samples of technical titanium of VT1-0 grade, which underwent PEO process,
three different amounts of titanium oxide were added into electrolyte composition.

The thickness and cross-sectional microstructure of calcium-phosphate coatings with the addition of
titanium oxide nanoparticles obtained in the MAO process were studied using an ALTAMI-MET-5C optical
microscope. To improve the image quality of the microscope, an advanced illumination system with a high-
power lamp (12 V, 50 W) is used as the light source. Basic equipment of ALTAMI-MET-5C is equipped
with digital USB-camera with 3 MPix resolution and Altami Studio software. To measure the transverse
thickness of the calcium-phosphate coatings obtained in the process of MAO, cut to a scale of 1/10 with a
preliminary application of glue, epoxy paint and hardener, and a procedure of cryopreservation. The cured
specimens were cleaned and wiped with diamond paste, after seating with 100-2000 welding paper.

Cross-section microhardness of coatings on VT1-0 alloy was investigated with nanosensor “NanoScan-
4D Compact”. NanoScan-4D Compact uses a diamond pyramid of Berkovich type as an indenter. The
Berkowitz-type indenter is a triangular pyramid with an angle of 65.3° between the pyramid's axis and the
surface. The equivalent angle of the cone is 70.32°. The radius of curvature of the indenter tip is less than
100 nm. Ten measurements of the micro-hardness values of the coatings for each sample were:made. The
arithmetic mean values are used in this work.

The values of microhardness and modulus of elasticity of the material were automatically calculated
using a special programme “NanoScan Viewer” in the form of a table. The results weretobtained in the form
of a graph showing the depth of penetration of the indenter into the sample as-arfunction of the applied force.

Results and Discussion

To find out the effect of the electrolytes on the calcium-phosphate coating with titanium oxide
nanoparticles, an electrolyte of three different compositions was. prepared (Table 2). Calcium phosphate
coating with titanium oxide nanoparticles was prepared using distilled water, orthophosphoric acid,
hydroxyapatite and three different grams of titanium oxide.

Table 2
MDO process limits for each electrolyte

Electrolyte No.1 0.5 g TiO, +500 g No.2 0.75 g TiO,+ 500 g | No.31gTiO>+500 g
dist.water + 10 g HsPO4+ | dist.water + 10 g H;PO4+ | dist.water + 10 g H;PO4+
5 gHA: No.4 5 gHA: No. 2 5SgHA: #3

Frequency (Hz) 100 Hz 100 Hz 100 Hz

Voltage (V) 100V 100 V 100 V

Pulse (us) 100 ps 100 ps 100 ps

Time (min) 10'min 10 min 10 min

The process of surface.modification of titanium alloy VT1-0 by plasma electrolytic oxidation was
investigated. PEOrallows to obtain dense, uniform, not requiring additional surface grinding oxide coatings.
The coating thickness,values were 18.5-62.4 um.

Figure 2 shows the cross-sectional thickness of calcium-phosphate-coated titanium VT1-0 when 0.5 g
titanium oxideis added to the electrolyte.
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Figure 2.Cross-sectional thickness of calcium-phosphate-coated titanium VT1-0 when 0.5 g titanium oxide is added to
the electrolyte composition

In most cases, the main quality parameter for a coating that meets technical and economic requirements
is its thickness. In addition, the determination of coating thickness is the basis forquality assurance.

Studies of the cross-sectional structure of MAO coatings have shown that they have a three-layer
structure regardless of the base material. The elements contained in the electrolyte must reside mainly in the
porous outer layer of the MAO coatings (Fig. 1), which for different alloys is 20 % or more of the total
coating thickness (Fig. 2). Thin barrier (transitional layer between the MAO coating and the substrate) layer
located in close proximity to the base material must contain polyerystalline titanium oxide [14, 15]. In
between is an intermediate layer (Fig. 2-4) consisting mainly of the TiO; phase. In this case the total
thickness of MAO-coatings exceeds the thickness of the pro-oxidized titanium layer by about 20 %.

The cross-sectional thicknesses of VT1-0 titanium obtained by the MAO method when 0.5 g of titanium
oxide nanoparticles were added to the electrolyte were 29.3/um, 25.4 um, 18.5 pm.

Figure 3 shows the cross-sectional thickness of caleium-phosphate-coated titanium VT1-0 when 0.75 g
titanium oxide is added to the electrolyte.

70 MKm >

Figure 3. Cross-sectional thickness of calcium-phosphate-coated titanium VT1-0 when 0.75 g titanium oxide is added to
the electrolyte composition

The cross-sectional thicknesses of VT1-0 titanium obtained by the MAO method with the addition of
0.75 g of titanium oxide nanoparticles to the electrolyte were 62.4 um, 55.6 um, 56.6 um.

Thus, three different layers can be distinguished in the coating structure: an agglomerated layer (at the
coating surface), an intermediate layer and a barrier layer (at the interface with the titanium substrate).
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Figure 4.Cross-sectional thickness of calcium-phosphate-coated titanium VT1-0 when 1 g of titanium oxide is added to
the electrolyte

The cross-sectional thicknesses of VT1-0 titanium obtained by MAO with calcium-phosphate coating
when 1 g of titanium oxide nanoparticles were added to the electrolyte were 51.8 gm, 51.1 pm, 56.4 pm.

The process of oxide coating formation in plasma electrolytic oxidation or miicro-arc oxidation is
presented in several successive stages: Salt dissociation into ions; ion delivery to. the electrode surface;
electrochemical reaction and accompanying microplasma process; oxide or ceramic coating formation;
subsequent chemical reaction, removal of gaseous reaction products [8]. As.a‘result of local high-energy
impact on the surface of the products layers are formed which include both elements of the matrix (oxidized
metal) and elements of the electrolyte [9]. With a PEO treatment duration of 10 min, dense uniform oxide
coatings are formed in all electrolyte solutions.

The highest micro-hardness of the coating was obtained in electrolyte No. 2 and is 2.84 GPa (Table 4),
and the increase compared to the uncoated sample is 2.5 times.

The results of microhardness measurements of all calcium-phosphate coatings of VT1-0 titanium with
titanium oxide nanoparticles, showed significant increases compared to the microhardness of pure uncoated
titanium (1.7 GPa).

Figure 5 shows a graph of the depth of penetration of an indenter into the sample as a function of the
applied force for calcium-phosphate-coated titanium VT1-0 obtained by adding 0.5 g of titanium oxide to the
electrolyte.

P {Forvarg) dDepth = 1.03 (um). dF = 0.00 (uN). S = 0.0 N/m
F N)

500 1

931

eol

704

0 4

804

&40 4

30 4

204 A

~”
104 4,./
= _,f"/ Depth, (nm)

0 280 500 750 1000

Figure 5. Dependence plot of indenter penetration depth on applied force in calcium-phosphate-coated titanium VT1-0
sample when 0.5 g titanium oxide is added to the electrolyte

Nano-hardness tester data for calcium-phosphate-coated titanium VT1-0 obtained by adding 0.5 g of
oxide to the electrolyte is shown in Table 3.
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Table 3

Values measured on a calcium phosphate nanohardness tester for calcium phosphate coatings obtained by
adding 0.5 g titanium oxide to the electrolyte

hmge. HM | B HM Force, H, E,GPa | 1% W, 18
mN GPa
Average value 1382.77 | 1266.21 | 99.59 2.84 128.92 | 4593 |41.55 | 144
1
Standard 311.10 263.10 0.29 1.18 114.11 3323 | 8.06 8.02
deviation

Figure 6 shows a plot of the indenter penetration depth versus applied force in a calcium-phosphate-
coated VT1-0 titanium sample when 0.75 g of titanium oxide is added to the electrolyte.
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Figure 6. Dependence plot of indenter penetration depth on applied force in calcium-phosphate-coated titanium VT1-0
sample when 0.75 g titanium oxide is added to the electrolyte

The values obtained on the nanohardness tester for the electrolyte composition with the addition of
0.75 g of titanium oxide aresshown in Table 4.

Table 4

Values measured on a.calcium phosphate nanohardness tester for calcium phosphate coatings obtained by
adding 0.75 g titanium oxide to the electrolyte

Moz | h.,mim | Force, H, E,GPa | 1,% W WL
mN GPa
Average value | 1019.17 | 968.99 | 99.29 4.04 348.52 | 19.55 | 30.23 | 5.39
Standard 58.94 61.38 0.92 0.41 82.05 1526 | 3.48 0.96
deviation

Figure 7 shows a plot of the indenter penetration depth versus applied force in a calcium-phosphate-
coated VT1-0 titanium sample when 1 g of titanium oxide is added to the electrolyte.
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Figure 7.Dependence of indenter penetration depth on applied force in calcium-phosphate-coated titanium VT1-0
sample when 1 g titanium oxide is added to the electrolyte

The values obtained on the nanohardness tester for the composition of the‘electrolyte with the addition
of 1g of titanium oxide are shown in Table 5.

Table 5

Values measured on a calcium phosphate nanohardness tester for calcium phosphate coatings obtained by
adding 1 g of titanium oxide to the.electrolyte

R, i | B, mm Force, | H, E,Gpa | 1,% W, W
mN GPa
Average value 1147.75 1083.53 | 99.75 344 235.06 | 13.03 | 36.79 | 6.71
Standard 114.66 115.25 0.17 0.57 25.96 1.46 3.89 1.18
deviation

Tables 3-5 show that the mechanicalyproperties of the samples as well as the thickness of the MAO
layer depend on the concentration of titanium oxide nanoparticles. When evaluating all the considered
parameters of the obtained layer, the best performance was and obtained with the composition of electrolyte
No. 2 (see Table 2). With a satisfactory thickness of the formed MAO layer (62.4 um), the surface
microhardness value (4.04 GPa) was found to be the highest among all compared processing modes,
simultaneously with a high medulus of elasticity (348 GPa) and a low indentation depth (Fig. 5-7) in the
coating (968.99 nm).

Conclusions

The process of plasma electrolytic oxidation of VTI1-0 titanium with different composition of
electrolyte was investigated. PEO allows to obtain dense, uniform, not requiring additional surface grinding
oxide coatings. Three different layers can be distinguished in the coating structure: agglomerated (at the
coating surface), intermediate and barrier (at the boundary with the titanium base). The coating thickness
values were 18.5-62.4 um. The obtained coatings are distinguished by high surface microhardness. The
oxide coating microhardness of which is 4,04 GPa at covering thickness of 62,4 microns is received. These
coatings were formed in an electrolyte containing calcium phosphate with the addition of titanium oxide
nanoparticles. The increase compared to the uncoated sample is 2.5 times.
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JI:b. basranosa; A.2K. Kacynankeizsl, H.M. Marasos, b.K. Paxagunos,
H. Mykranosa, I'.K.Ya3eipxanoBa

Turan :ka0bIHAAPBIHBIH MEXaHUKAJIBIK KacHeTTepiHe
IJ1a3Ma-3JIEKTPOJIMTTIK TOTHIFY/BIH dcepi

[Tna3ma-smexTpomutrik ToThIFy npoueci (II9T) To3yraresiMai, KOPPO3USIFaTO31MAI, BICTEIKKATO3IMI, JIEKTP
OKHUIAYJIaFbIIl JKOHE COHIIK KAacHeTTepiH Koca ajiFaHpaa, Oipereil KacuerTepi 0ap Kem (YHKIIMOHAIIBI
XKaOBIHIAP Il ATyFa MYMKIHIIK Oepeni. COHIBIKTaH OVJ1 )KaObIHIAPABIH KOJJAHBLTY asChl aliTapJIbIKTall KEH.
ATan aiiTcak: MeIUWIMHA, aBHAIMs, KeMe jkacay, aclal jkacay, aBTOMOOMJIb jkacay j>koHe Oacka camanap.
TexHomoruss MetanmapablH OeTiHAE OKCHA KaOaTTaphlHBIH Maiaa OOMybIHA BIKMAJ €TETiH MUKPOIOFAIBIK
pa3psATapbIHBIH KYOBUIBICEIHA HETi3[eNreH. By jkyMbIcTa THTaHFa IUIA3MAlBIK JIEKTPONUTTIK TOTHIFY
apKbUIBI >KaOBIHAAP/ABI ally TEXHOJOTHIIAphl KapacTelpbuiraH. TiO2 HaHOOeIIIEKTepiH AIIEKTPOIUTKE KOca
OTBIPHIN, AHOATHI eHAey kaFmaibiHAa BT1-0 Mapkanel THTaHHAH »KacalFaH CyOCTpaTKa IUIa3MallbIK-
NMeKTPONHUTTIK TOTBHIKTEIPY (IIDT) OoiibiHIIa 3KCTIEpUMEHT Kyprizingi. beTTi KochMIna TericTeyni KakeT
CTIEUTIH THIFBI3, OIPKENKI OKCHTI XaObIHIap aTbIHABL. JKaObIHHBIH KaTbIHIBFE 18,5—62,4 MkM 6ol Ocbl
OHJIEYy HOTIDKECIHJE alblHFaH KaiblMi-(ocdar >xaObIHIAPBIHBIH MHUKpOKAaTThUIbIFbIHA [1OT-mbIH acepi
3eprreni. TysinreH KabGaTThIH opTama KaJdbIHABFBIMEH (62,4 MKM) OapiblK CaNBICTHIPBUIFAH OHJIEY
peXUMIepiHiH imiHge OGeTiHIH MHUKPOKATTHUIBIFBIHBIH €H YJkeH MoHi (4,04 I'Tla) sxorapbl cepmimuiiik
monymiMeH (348 I'Tla) xone nHIECHTOPABIH ka0biHFa (968,99 HM) eHy TepeHIIriHIH a3 MOHIMEH aHBIKTaJbL.
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By sxabpigap xameimii Gpocdarer 6ap snekrponuTtke 0,75T TUTaH OKCHII HAHOOOJIIEKTEPiH KOCY apKBLIBI
Ty3inmi. JKaOBIHHBIH MUKPOKATTBUIBIFEI KaOBIHCHI3 YITiHIH MHUKPOKATTBUIBIFBIMEH CANBICTBIpFaHIa 2,5 ece
JKOFapel Oonapl. JKypri3iireH 3epTreynep HOTIKeciHAe Kanbluii-gocdaT >kaObIHAAPBIH aXyAbIH OHTAIIIBI
pexuMmzaepi MeH TapameTpiiepi aHBIKTabI, IQNENACHAl. AJBIHFAH JKaOBIHOAPIBIH KYPBUIBIMBIHA,
KaJIBIH/IBIFBIHA JKOHE OETKiI KacHeTTepiHe MUKPOJOFAIBIK OHICY NMPOLECIHIH 3JIEKTPOIUT KYPaMbIH ©3TepTy
apKBUIBI Al TApIIBIKTal acep eTyre GOJIaThIHIBIFEI KOPCETIIIeH.

Kinm ce3oep: mna3Ma-3nekTposuTTik TOoThiFy (I19T), 31MeKTposuT, HaHOOOMIICKTEp, KAObIH, KYPBUIBIM,
MHKPOKATTBUIBIK, THTAH, TUTAH OKCHUII.

JLb. basranosa, A.2K. XKacynankei3sl, H.M. Marasos, b.K. Paxagunos, H. MykranoBa,
I'.K. Ya3eipxanoBa

BiusiHMe MJIa3MEeHHO-2JIEKTPOJIMTHYECKOI0 OKCHIMPOBAHUSA HA MEeXaHUYeCKHe
CBOMCTBA TUTAHOBBIX MOKPBITHH

IMpomecc IUIA3MEHHO-3JIEKTPOJINTHYECKOTO OKCHIPOBAHHUS I120) TI03BOJIIET HOJIy4aTh
MHOTO()YHKIIMOHAJIGHBIE MOKPHITHS C YHHKAJIBHBIM KOMIUICKCOM CBOWCTB, B TOM YHCIIC H3HOCOCTOMKHE,
KOPPO3MOHHOCTOHKHE, TEIUIOCTOHKHE, 3JIeKTPOU3OIAMUOHHBIE M JekoparuBHBIE.  ITosTomy / oGmacth
NpUMEHEHHs] JaHHBIX IIOKPHITHH  JOCTATOYHO MNIMpOKA: MEAWIMHA, aBHa-, CyHo<,  HpHOOpo-,
aBTOMOOMJIECTPOCHUE U APYrHe OTPACci NPOMBIIUIEHHOCTH. B OCHOBY TEXHONOTHM MOJIOXKEHO SBICHUE
MHKDPOJYTOBBIX Pa3psAf0B, CIIOCOOCTBYIONINX 00pa30BaHHUIO OKCHIHBIX CIIOEB Ha IIOBEPXHOCTH METaJLIOB. B
JaHHOW paboTe ObUI NPOBEAEH SKCICPUMEHT IO IUIA3MEHHO-3JIEKTPOIMTHIECKOMY OKCHIMPOBAHUIO
NOAJIOKKM U3 THTaHa Mapku BT1-0 B ycnoBusx aHomgHOW 00paGOTKH ‘¢ 100aBIEHHEM B IJIEKTPOIUT
HaHovacTu1 TiO:. Beumm momydeHs! IIOTHBIE, paBHOMEPHEIE, HE TPeOyIoIINe, TOMOTHUTEIFHON MIN(OBKI
MOBEPXHOCTH OKCHUAHBIC IOKPHITHS. 3HAYEHHs TOJIIUHBI TOKPHITH CocTaBmwi 18,5-62,4 mxm. HccnenoBano
BiustHKe 1190 Ha MHKPOTBEpAOCTh KanbIMii-hochaTHBIX IMOKPBITHI, 00pa3yIoNUXcsl B pe3yabTaTe JaHHOI
obpadorku. [Ipy ymoBieTBOpUTENBHON TOMIIMHE C(HOPMUPOBAHHOIO ciost (62,4 MKM) OBUIO BBISBICHO
Hauboublllee CPEeAN BCEX CPAaBHUBACMBIX PEXUMOB ‘00paOOTKM 3HAYEHHE MHKPOTBEPIOCTH IIOBEPXHOCTH
(4,04 I'Tla) oqHOBpPEMEHHO C BBICOKMM IOKa3aTeineM Moayis ympyroctu (348 I'Tla) u maneiM 3HaueHueM
rIyOUHBI TIPOHUKHOBEHUsI MHICHTOpa Ha mokpbiTHe (968,99 HM). [laHHBIE MOKPHITUS CHOPMHUPOBAHBI B
JNIEKTPOJIUTE, COAepKalieM Kambluit-pocdat, ¢, nobasneHneM 0,75 T HAHOYACTHI[ OKCHIA THTaHA.
VBenudyeHne MHKPOTBEPJOCTH IO CPAaBHEHHIO C 00pasmoM Oe3 MOKpHITHS HPOUCXOAWT B 2,5 pasa. B
pe3yabTaTe MPOBEACHHBIX UCCIIENOBAHUN YCTAaHOBIICHEI M OIPE/ICNICHB! ONTHMAJIBHBIC PEKIMBI U TTapaMeTPHI
HoTy4deHus Kaiblui-pocdaTHeix mokpeITHi. [lokazaHo, 4YTO, MEHSS COCTAB DJIEKTPOJHTA, BO3MOXKHO
CYIIECTBEHHO BO3/IEIICTBOBATH HAa CTPYKTYPY, TONIIHHY U IIOBEPXHOCTHBIE CBOMCTBA MOTyYaeMbIX ITOKPBITHI.

Kniouesvie cnosa: nna3MeHHO-IEKTPOIUTUIECKOE OKCUIUPOBAHKE, HJICKTPOIUT, HAHOYACTUIIBI, TOKPHITHUE,
CTPYKTYpa, MUKPOTBEPAOCTh, TUTAH, OKCHJ TUTAHA.
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