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Purpose. To clarify the dependence of the corrosion resistance and durability of coatings on their basic physical prop-
erties on the basis of a thermodynamic model. To carry out an experimental study of corrosion and strength characteristics
of multi-coatings covering the parts of mining equipment.

Methodology. Elementary carriers of corrosion, thermal and brittle fracture are considered as a system of non-inter-
acting particles immersed in a thermostat. The response function of the subsystem of elementary carriers of the destruc-
tion to the external field was derived through the methods of nonequilibrium statistical thermodynamics.

When coating, the cathodes prepared by induction melting were used. The quantitative analysis of the elemental com-
position of composite cathodes was held with the JEOL JSM-5910 electron microscope. To measure the microhardness
the HVS-1000A micro durometer was used. Determination of corrosion rate in different technological environments was
conducted in accordance with GOST 9.908-8512. To determine the corrosion resistance of the coatings we used the
method of anodic polarizing initiation of defects (APID).

Findings. A relation between the rate of corrosion, the surface tension of metal coatings and their melting point was ob-
tained. The formula describing the strain state of a rigid body, including the area of destruction, was derived. The corrosion
resistance and strength characteristics of composite coatings on parts of mining equipment were experimentally determined.

Originality. The dependence of the corrosion resistance, durability of coatings on their surface tension and melting
point was obtained.

Practical value. The resulting formula can be used for qualitative analysis and prediction of the rate of destruction and
metal coatings under corrosion, deformation and thermal influences.

Keywords: nonequilibrium statistical thermodynamics, response function, coating, corrosion, fracture, deformation,

strength, microhardness

Statement of the problem. Corrosive properties of
mine waters are associated with the presence of sulfur, iron
sulfate, magnesium and aluminum in coal and other bulk.
This is characteristic of all coal basins of the world. Pump-
ing mine water from mine workings leads to corrosion of
metal parts of pumps, pipes, valves, etc. The shaft lining,
which is also in strain-stress state under the influence of
rock pressure, undergoes considerable corrosion as well.

In addition to corrosive wear, parts of treatment and
tunneling machines and plows are subjected to high me-
chanical wear because of the large hardness of coal bear-
ing rocks.

As early as in the 80s of the last century, it became
clear that instead of developing special steels and alloys, it
was necessary to create a various technologies applying
super hard, corrosion-resistant coatings for machine parts
and machines working in extreme conditions.

New impetus to the development of research in this
direction is associated with the development of nanotech-
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nologies and, in particular, with the development of vacu-
um deposition methods for nanocrystalline coatings pos-
sessing sometimes unique physical properties that are dif-
ficult to reach by conventional methods of metallurgy.

Thus, the problem of developing the technologies of ap-
plying strengthening, anti-corrosion and other functional
coatings is topical for many industries, including mining.

Analysis of the recent research and publications. Re-
garding the preparation of nanostructured superhard coat-
ings, the most promising methods are those of vacuum ion-
plasma: magnetron sputtering, ion and vacuum arc deposi-
tion. This is because apart from thermal factors, the-re are
others including a high degree of ionization, energy density
and flux particles. In recent years, to produce nanocrystalline
coatings, multi (multielement) plasma flows were used [1-7].

The main advantage of these methods is the possibility
of creating a very high level of physical and mechanical
properties of materials in thin surface layers, deposition of
dense coatings of refractory chemical compounds as well
as diamond-like, which cannot be obtained by conven-
tional methods.
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However, in most cases, the synthesis of different elemen-
tal composition of the coating is carried out based on intuitive
considerations without applying model representations.

The aim of this work is to develop models of corro-
sion and mechanical failure of metals, alloys and metallic
coatings, as well as a pilot study of corrosion and mechan-
ical properties of multi-coatings obtained by the ion-plas-
ma method while spraying composite cathodes.

The main material. Thermodynamic model of corro-
sion and mechanical failure of metals, alloys and coatings.

Considering the elementary carriers of corrosion or
mechanical damage as a subsystem of non-interacting par-
ticles immersed in a thermostat, it is possible to obtain the
response function of this subsystem to the external action
based on quantum statistical thermodynamics [8]. If the
area of corrosion spots S is assumed to be the response
function, we obtain the following

KT A -

s=2 LN,

rallres (1)

where 4 is the work of ‘external forces’ T is the tempera-
ture; G° is Gibbs potential of a bulk sample of metal; N is
the average number of points of corrosion; ¢ is time-to-
corrosion; k is the Boltzmann constant; C is the constant.

The work of ‘external forces’ is equal to the change of
the standard thermodynamic potential 4Gy, which is the
basis of thermodynamics and corrosion can be determined
through the chemical equilibrium constant K, according to
the formula [9]

AG) =-RT23031gK,. 2)

Corrosion starts from the surface layer and therefore in
the (1) it is necessary to make a replacement G’ =G - S, —
where o is the surface tension; S is the specific surface.
As shown in [10], the surface tension of the metal is re-
lated to its melting point ratio = 107 - T -

Taking the thickness of the corrosion layer % as a re-
sponse function in (1), for corrosion rate (V, = h/f) , which
is determined experimentally, we finally obtain the fol-
lowing expression
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where the constant C includes all the constants of the pre-
vious formulas.

Formula (3) can be used to predict the corrosion rate of
newly synthesized coatings and to select their elemental
composition. For thin films and coatings, surface tension
the value of ¢ is additive and may be determined experi-
mentally as described in [10].

Similarly, the speed of the mechanical or thermal de-
struction of the coating will have the following relationships

E
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n
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Equation (4) is valid for pure metals. Using the experi-
mental values of the Fermi energy £, melting and corro-
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sion rates for ten metals Au, Ag, Al, Cu, Fe, Ni, Pb, Pt, Sn,
Zn, we calculated the constant C. Up to 20 % of it was
constant and equal to (2.5-3.0) - 107,

Equation (5) is valid for multiple and multi-coatings. In
this case, it is better to experimentally determine the corro-
sion rate and the amount of tension as described in [10].

The corrosion resistance of mining equipment com-
ponents. To determine the corrosion resistance of the coa-
tings, the method of anodic polarizing initiation of defects
(APID) is used. For quantitative integral evaluation of the
coating quality, the integral quality parameter K =
= (0 - 0))/0Q, is used where Q, and Q, are amounts of
electricity passing through the electrical cell while polar-
izing uncoated and coated sample surfaces within the po-
tential range from the starting potential of the substrate
material dissolution to the potentials (10—40) % smaller
than the starting potential.

The upper limit is usually selected from the interval
(3—5) B. The K parameter is dimensionless and normal-
ized. The high grade quality of coating corresponds to the
value K = 1 and K = 0 is the lowest quality.

The coating was applied to the following items of min-
ing equipment: rod (steel 40X); pin 12 (steel 35); coupling
with sleeve 12 (steel 35); RU11.008-01 coupling (steel
35); cork GVU 30.002 (steel 35); elbow bend 10NG12
(steel 35); right cheek G9.00.18 (steel 3).

The corrosion rates of the titanium nitride surface co-
atings are given in Table 1. However, the calculation of
economic efficiency of the entire production cycle of the
application of titanium nitride coatings showed that the
price of the above items of mining equipment increased by
approximately 20 % compared to the galvanized coating
applied electrolytically at the RGTO plant of the Coal De-
partment of ArcelorMittal Temirtau JSC.

It should be noted that despite the increase in the cost
of coverage, galvanized coating of the RGTO plant ap-
pears to be of low grade. Nitriding of parts was conducted
according to the methods described above. Table 2 shows
the comparative analysis.

Table 1

The corrosion rate of titanium nitride coatings in the
technological environment

Technological | Concentration | Temperature, | Corrosion rate

environment (mass)% °C mm/year
Nitric acid 80 20 0.01
Sulphuric acid 52 20 0.03
Hydrochloric acid 80 20 0.05

Table 2
Characteristics of various coatings
Part name ARL-COTTOSION | (6 ont K
coating

Coupling RU 11.008-01, Zinc 0.15
steel 35
Coupling RU 11.008-01, Nitrated 0.40
steel 35
Coupling RU 11.008-01, Titanium 0.75
steel 35 nitride
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According to Table 2, the technology of vacuum ni-
triding, though inferior in corrosion resistance to titanium
nitride coatings, surpasses the zinc coating considerably.
At the same time, the cost of nitrided parts is (10—15) %
lower than that of zinc.

In case of small lots of parts, as well as for mission-
critical blocks, it is better to use titanium nitride coatings
which enhance corrosion resistance and possess high
strength. Vacuum nitriding is a cheaper way to increase
corrosion resistance. It has distinct advantages over elec-
trolytic zinc and chrome finish. We applied the method of
ion plasma coating Fe—Al-Ti, Zn—-Al-Ti, Zn—Cu—AI-Ti.
Table 3 represents their corrosive characteristics.

As it can be seen from Table 3, the proposed coatings are
second only to the titanium nitride coating, but they are much
cheaper than all the coatings shown in Table 2. The manufac-
ture of such cathodes does not cause any difficulty. The coat-
ing thickness is from 2 to 4 microns, so that a cathode can be
sufficient for about 12 thousand parts such as coupling 12 c.

Table 3
Characteristics of various coatings
Part name Antl-cor.roswn Coefficient K
coating
Nipple 12 steel 35 Fe-Al-Ti 0.47
Coupling 12 c steel 35 Zn-Al-Ti 0.57
Cork GVU 30,002 steel 35 | Zn—Cu-Al-Ti 0.61

Strengthening coatings for components of mining
equipment. Cathodes made of steel /2X/8H10T and tita-
nium cathodes were used. Simultaneous sputtering of
cathodes in the nitrogen atmosphere on the tangential cut-
ters and tunnelling machines RD25-60 was carried out for
40 minutes. To measure the layer thickness of the applied
12X18H10T+Ti coating, on the surface a pad was cut with
a focused ion be-am using an electron microscope 200
Quanta 3D. The layer thickness is 1.5 mm (Fig. 1).

Fig. 1. Thickness of 12X18HI10T + Ti coating in the
nitrogen gas atmosphere

Fig. 2 shows the elemental composition of the coating,
and Table 4 presents the phase composition.
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Fig. 2. The elemental composition of the 12X18HI10T +
Ti coating in the gaseous environment of nitrogen

Table 4

The phase composition of the 12X18H10T + Ti coating
in the nitrogen gas atmosphere

Coating Phase detection | Phase contents, vol.%
12X18HIOT + Ti FeNy o324 9.8
under nitrogen TiN 85.5
Fe-a 4.6

The following properties were identified: nanohard-
ness of the /2X18H10T + Ti coating in the gas atmosphere
of nitrogen (Fig. 3), which is 35.808 GPa; yield modulus
of the coating which is equal to 378.56 GPa; flowability is
0.15%; relaxation coating is 0.05 %. To determine all of
the above parameters the Poisson’s ratio was determined
being equal to about 0.27.

Fig. 3. Nano hardness of 12X18HI10T + Ti coating in
the nitrogen gas atmosphere

For the coating Cr—Mn—Si—Cu—Fe—Al in the nitrogen
gas atmosphere, nanohardness is 7.413 GPa.

Table 5 shows the published data on the nanohardness
of some materials.

The result of the comparison shows that the hardness
of the nano /2X18H10T + Ti coating in the atmosphere of
nitrogen exceeds all the materials shown in Table 5, among
which the last three are used as abrasive coatings and rein-
forcement. The structural and phase analysis revealed that
the coating Cr-Mn-Si-Cu—Fe-Al in the gaseous environ-
ment of nitrogen has two phases FeN, ;,,— 60,6 %, TiN —
39,4 %, the 12X18H10T + Ti covering in the gaseous envi-
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Table 5

Material properties calculated according
to the nanoindentation

Material H, GPa | E, GPa
Copper 2.1 121
Titan 4.1 130
The multilayer film 7i/a—C:H 8.0 128
Amorphous ribbon Zr—Cu—Ti—Ni 11.5 117
Silicon (100) 11.8 174
Thin film 7i—Si-N 28.4 295

ronment of nitrogen has three phases (Table 4). The latter
circumstance leads to sharp increase in nnanohardness.

The multi-element coating Cr—Mn-Si—Cu—Fe-Al in the
nitrogen gas atmosphere possesses nanohardness similar
to multilayer film 7i/o—C : H, but it is considerably cheap-
er than the film.

The basic idea used in this study was as follows: for
the generation of multi-streams of ions of various metals
deposited on the substrate, we used a multi-phase compos-
ite cathode on one gun vacuum unit and single-phase tita-
nium cathode on the other gun. During simultaneous sput-
tering cathodes of various metal ions in the plasma are
mixed, and after deposition, the coating is formed.

Conclusions. The main results of this paper can be
summarized as follows:

1. On the basis of a thermodynamic model, the connec-
tion between the rate of corrosion and mechanical da-
mage, the surface tension of metal, coatings and their
melting point was established.

2. Formulas which are suitable for qualitative analysis
and prediction of the rate of destruction and metal coat-
ings in corrosion and deformation were obtained.

3. From the theoretical analysis and the experimental
data it follows that to obtain high-quality corrosion-resi-
stant and super hard coatings multicomponent plasma
flows should be used.

4. This approach is economically more advantageous
than the development of technologies for the production
of special steels and steel traditional methods.
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Meta. Ha ocHOBI TepMOAMHAMIYHOI MOJENi BCTaHO-
BUTH 3B 30K MK KOPO3iHOIO CTIHKICTIO, MIITHICTIO II0-
KPUTTIB 3 iX OCHOBHUMH (i3HIHUMH BIACTHBOCTSIMH.
ExcniepuMeHTaIbHO TOCHITUTH KOPO3iifHI XapaKTepUCTH-
KM Ta MIIIHOCTI OararoeleMeHTHHX IMOKPHTTIB JeTaeit
TIPHUYOIIAXTHOTO YCTAaTKyBaHHSI.

Metoauka. EnemeHrapHi Hocii Kopo3iiiHOro, TepMid-
HOTO i KPUXKOTO PYHHYBaHHs pO3NIIAIOThCA K CUCTEMaA
HEB3a€EMOJIIIOYMX YacTOUOK, 3aHypeHa B TepMocTar. Meto-
JlaMU HEPIBHOBa)KHOT CTaTUCTUYHOT TEPMOANHAMIKH OTPH-
MaHa (YHKIIS BIATYKY HiJICHCTEMH €JIEMEHTapHUX HOCITB
pyiHyBaHHS Ha 30BHIIIHE 11os1e. [Ip1 HaHEeCEeHH]1 TOKPHUTTIB
BUKOPHCTOBYBAJIFICS. KOMITO3HIIIIHI KaTOAH, OTPHMaHI Me-
TOAOM IHIYKIIKHOTO TUTaBiIeHHs. KinbKicHUN aHami3 ene-
MEHTHOTO CKJIaly KOMITO3HIIIfHUX KaTOiB IIPOBOAMBCS Ha
enexkTporHoMy Mikpockori JEOL JSM-5910. st Bumipro-
BaHHS MIKPOTBEpPAOCTI BHKOPHCTOBYBaBCs MikpoTBepao-
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Mmip HVS-1000A. BusnaueHHsI IIBHKOCTI KOPO3ii B pi3HUX
TEXHOJIOTTYHUX cepenoBuinax npoomuiocs 3a JICT 9.908-
8512. Jlnst BU3HAYCHHSI KOPO3iiHOI CTIHKOCTI IOKPHUTTIB
BUKOPHCTOBYBABCSI METOJI aHOTHOTO TIOJISIPH3ALIIHOTO 1Hi-
uitoBaHHsA nedextis (AITL).

Pe3yabraTn. Po3poOneHo TeopeTndHmit mimXia 10 mpo-
THO3yBaHHS BIIACTHBOCTEH TIOKPHUTTIB, HAHECEHHX Ha IIi Je-
Tauni. TeopeTndHi po3paxyHKH MOPIBHIOIOTHCS 3 EKCIIEPHMEH-
TAIBHUMHA JOCIIDKEHHIMH. 3HAHAEHO 3B’ 130K MDK IIBHI-
KICTIO KOPO3ii, TOBEPXHEBUM HATSTOM TIOKPUTTSI T TEMIIepa-
Typoro miasieHHs. Orpumana Gpopmysia, 1o OIucye aedop-
MOBaHHI1 CTaH TBEPJIOTO Tijia, BKIFOYAIOUH 00JIacTh pynHHy-
BaHHA. ExcriepuMeHTanbHO BU3HAaUeHa KOpo3iiiHa CTIHKICTh
1 XapaKkTepUCTHKH MIIIHOCTI KOMIO3UIIIHHUX TIOKPUTTIB Jie-
TaJied TiPHUYOIIAXTHOTO YCTATKYBaHHSI.

HaykoBa HOBH3HA. Ymepiue OTpUMAaHO 3B 30K MiX
KOPO3IMHOIO CTIHKICTFO, MIITHICTIO IIOKPHUTTIB 3 iX OBEPX-
HEBHM HAaTATOM 1 TEMIIEPATyPOFO IUIABJICHHS.

MpakTuyna 3HayumicTb. OTpuMaHi GopMyaH MO-
KYyTh OyTH BUKOPHCTaHI I SIKICHOTO aHai3y Ta MPOTHO-
3yBaHHS LIBUAKOCTI pyIfHYBaHHS MeTally i IIOKPUTTA IPH
KOPO3iiHUX, 1e(opMaIliiHUX 1 TEPMIYHUX BILUTUBAX.

KurouoBi cioBa: nepisnosascna cmamucmuuna mep-
MOOUHAMIKA, QYHKYIS 6i02YKY, NOKPUMMSL, KOPO3Is, pyii-
HYBAHH31, Oehopmayis, MiyHiCmb, MIKPOMEepOicmb

Ienb. Ha ocHOBE TEpMOIMHAMUYECKON MOJEIIN yCTa-
HOBUTb CBSI3b MEX]y KOPPO3UOHHOM CTOMKOCTBIO, IIPOU-
HOCTBIO OKPBITHH U UX OCHOBHBIMH (PU3NYECKUMH CBOM-
CTBaMHU. DKCIEPUMEHTAIILHO UCCIIEA0BATh KOPPO3UOHHBIE
U TIPOYHOCTHBIE XapaKTEPUCTUKH MHOTO3JIEMEHTHBIX 10-
KPBITHI Ha JIETAJISIX TOPHOIIAXTHOTO 00OPYIOBAHUSL.

MeTtoauka. DneMeHTapHbIe HOCUTEIN KOPPO3UOHHO-
T0, TEPMUYECKOTO U XPYIIKOTO Pa3pyLIEHHs] pacCMaTpUBa-
IOTCSl KaK CHCTEMa HEB3aMMOJEHMCTBYIOIMX YacTHUL], MO-
rpy>K€HHasl B TepMocTaT. MeTogaMu HEpaBHOBECHOM CTa-
THCTHUYECKOM TEPMOIMHAMHUKH IOTy4eHa (DyHKIUS OT-
KJIMKA MOACUCTEMBI AJIEMEHTapHBIX HOCUTENIEH pa3pylie-
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HUS Ha BHelIHee mone. [Ipyn HaHeceHMM MOKPBITHH HC-
MOJIb30BAJINCh KOMIIO3UIIMOHHBIE KaTOJbl, IOJY4YEHHBIE
METOJIOM MHAYKIHOHHOrO IaBieHus. KonnuecTBeHHBIH
aHaJIU3 MIEMEHTHOIO COCTaBa KOMIO3UIIMOHHBIX KaTOJ0B
MIPOBOJMIICS HA NIEKTPOHHOM MHKpockone JEOL JSM-
5910. Ins u3mMepeHuss MUKPOTBEPIOCTH HCIIOIb30BAJICS
mukpotBepaomep HVS-1000A. OmnpeneneHne CKOpPOCTH
KOPPO3UH B PA3INIHBIX TEXHOIOTHYECKHUX CPeiaX MPOBO-
nmunock o 'OCT 9.908-8512. s onpeneneHus: KOppo-
3MOHHOM CTOMKOCTM IOKPBITMM HCIIOJIB30BAJICS METOL
AHOJTHOT'O MOJIIPU3AIOHHOTO MHUIIMUPOBaHUS Ae(DEKTOB
(ATIN ).

Pesynbrarel. Pazpaboran Teopernueckuii Moaxox K
MPOrHO3UPOBAHUIO CBOUCTB MOKPHITUIL, HAHECEHHBIX Ha 3TH
Jeranu. TeopeTHuecKue pacyeThl CPABHUBAIOTCSA C IKCIEPHU-
MEHTAJIbHBIMU UcclenoBaHusAMU. [lomyueHa CBs3b MeXIy
CKOPOCTBIO KOPPO3HH, ITOBEPXHOCTHBIM HATSHDKEHHEM I10-
KPBITHS 1 TeMreparypoii masienus. [lomydena dopmyna,
OIHCHIBAIOIIAs 1e()OPMHUPOBAHHOE COCTOSIHHE TBEPIOTO
Terna, BKIIFOYasi 00JacTb pa3pymieHUs. JDKCIePUMEHTAIBHO
ompeseIeHa KOPPO3UOHHAsI CTOMKOCTh U TIPOYHOCTHBIE Xa-
PaKTEpUCTHKNA KOMITO3UIIMOHHBIX MOKPBITHI JeTaneil rop-
HOIIIAXTHOTO 000PYIOBaHUS.

Hay4ynas HoBu3HA. BriepBble 110JIy4€Ha CBA3b MEXKAY
KOPPO3UOHHON CTOMKOCTBIO, TPOYHOCTHIO OKPBITHH C UX
MOBEPXHOCTHBIM HATSDKEHHEM M TeMIIepaTypol IiaBie-
HUSL.

[pakTHyeckass 3HaYMMoOcThb. [lomydeHHsle opmy-
JBI MOTYT OBITH MCIIOJIB30BAHBI JUIsl KAY€CTBEHHOTO aHa-
JIM3a ¥ TPOTHOZUPOBAHUSI CKOPOCTH pa3pyLICHHUs METalIa
W TOKPBITHH TPH KOPPO3HOHHBIX, Ae(OPMAIMOHHBIX U
TEPMHYECKHUX BO3ICHCTBHSAX.

KunroueBble cil0Ba: HepagHosecHas cmamucmudeckas
MEPMOOUHAMUKA, QYHKYUSL OMKIUKA, NOKPBIMUE, KOPPO3UL,
paspyuenue, depopmayus, NPoOUHOCHb, MUKPOMEEPOOCHTb

Pexomenoosarno 0o nybnikayii O0oxkm. mexH. HayK
B. C. Ilopmnosum. [lama naoxooxcenus pykonucy 02.03.15.
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