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COMPUTATIONAL - EXPERIMENTAL METHOD OF FORECASTING THE LIFETIME
OF CO-CR-Al-Y COMPOSITE COATINGS

Abstract. The article describes a magnetron method for applying a multilayer Co-Cr-Al-Y coating on a steel
substrate. Studies of the erosion and corrosion resistance of steel samples and samples with coatings have been
carried out. The finite element method simulated the operation of the turbine under the influence of abrasive
particles. The erosive load on the turbine blades was modeled, based on the experimental data on erosion and
corrosion resistance, the durability was estimated taking into account the zones of the most intensive wear of
the blades. It is established that the blades have uneven wear. Calculations showed that the resource of turbines
with coatings based on Co-Cr-Al-Y is two times higher than turbines made of 12X13 alloy.

Key words: coating, structural-phase state, blades of gas-turbine engines, magnetron, finite element
method.
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CO-CR-Al-Y KOMIIO3UTTIK )KABbBIHIAPBIHBIH KbISMET ETY MEP3IMIH
BOJIKAY/IbIH ECEIITIK-OKCIIEPUMEHTTIK 9ICI

AnHoranus. Makanana 6onar cyocrparka xer kKabartel Co-Cr-Al-Y >kaObIHBIHBIH MarHeTPOH/IbI dici
cunarrajirat. bonar ynrinzepi MeH )kaObIHbI Oap YATiIepIiH dpO3HSIIBIK )KOHE KOPPO3HUsIFa TO3IMILTIT OOHBIHIIA
3eprreyiaep Kyprizinai. COHFBI BIeMEHTTEp 9/1ici abpa3uBTi OeNIIEKTep/IiH oCepiHeH TypOUHAHBIH JKYMBICHIH
Mozenbaeiai. TypOuHa KamakTapblHa SpO3USUIBIK JKYKTEME MOAEIBICH/I, PO3HSIIBIK JKOHE KOPPO3HUSFa
TO3IMIUTIKTIH 3KCIIEPUMEHTTIK AEPEKTEPi HEeTi3iHAe NbIIIAKTapAblH €H KapKbIHIIbI TO3y alMaKTapbIlH ecKepe
OTBIpBIIN, OepikTikke Oara Oepinai. ITeimmakrapasiH Oipkenki emec To3ybl aHbiKTangsl. Ecenreynep Co-Cr-
Al-Y Herizinzeri ;ka0bIHIaphI 0ap TypOUHANApABIH pecypchl 12x13 KopbITHAChIHAH )KacalFaH TypOHHaIapra
KaparaHJIa eKi ece KOFapbl eKeHiH KOPCETTi.

Tyiiin ce3aep: xaObIH, KYPBUIBIMABIK-(a3aiblK KYH, ra3TypOnHAIbIK KO3FANTKBIIITAPIBIH KaJlaKTapsbl,
MarHeTPOH, COHFBI SJIEMEHTTEP OiCi.
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PACYETHO-3KCIIEPUMEHTAJIBHBIIA METO/I INPOI'HO3MPOBAHUA PECYPCA
KOMITIO3UIIUOHHBIX IMOKPBITUU CO-CR-AI-Y

AHHOTauus. B cTarbe ommcan MarHeTPOHHBIA CIIOCOO HaHECEHUs MHOTOCIOHOTO MOKpHITHS Co-Cr-
Al-Y Ha cranbHyI0 TOIOKKY. [ [poBeIeHbI HCCIIeIOBaHUS YPO3HOHHON M KOPPO3ZHOHHON CTOMKOCTH CTATBLHBIX
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00pa3loB 1 00pa3loB ¢ MOKPHITUSIMHU. METOZOM KOHEUHBIX 3JIEMEHTOB CMOACIMpOBaHa paboTa TypOMHBI
1oj Bo3zeiicTBUeM aOpa3uBHBIX yacTHL. CMOzIeInpoBaHa 3pO3MOHHAs HAarpy3Ka Ha JIONMATKH TypOWHBI, Ha
OCHOBAaHHUH SKCIEPUMEHTAIBHBIX JAHHBIX 3PO3UOHHON M KOPPO3UOHHON CTOMKOCTH MPOU3BOIMIIACH OIICHKA
JIOJITOBEYHOCTH € Y4ETOM 30H HanboJiee MHTEHCUBHOTO M3HOCA JIONIATOK. YCTAHOBJICHO, YTO JIONACTH UMEIOT
HEepaBHOMEPHBIH u3HOC. PacuéThl mokasanu, 4to pecypc TypOuH ¢ mokpeITusiMu Ha ocHoBe Co-Cr-Al-Y B 1Ba
pasa BeIIle, 4eM TypOuHbI U3 ciiaBa 12X13.

Ki1roueBble cji0Ba: MOKPHITHE, CTPYKTYPHO-(a30BOE COCTOSHUE, JTONATKU ra30-TypOMHHBIX JBUTATEICH,
MarHeTpOH, METO/I KOHEYHBIX 3JIEMEHTOB.

Introduction. As is known, modern gas turbine engines operate at temperatures at which hot gases expand
in the direction transverse to the rows of turbine blades. The use of thermal barrier coatings on gas turbine
blades and surfaces such as shroud segments has been found to have a number of advantages [1-2]. By using
thermal barrier coatings, higher operating efficiency can be achieved, since less cooling air is needed to
maintain the temperature of the blade or shroud. In addition, the service life of the parts increases, since due to
the heat-insulating effect that creates a thermal barrier of the coating, the intensity of the temperature change
of the metal decreases [3-5].

Thus, the problem of erosion wear of turbines of compressors in chemical industries, and, consequently,
their protection, is of particular relevance. In addition to the high cost of gas turbines, the costs are associated
with frequent shutdowns of production for the period of repair and installation work. At the same time, the
efficiency of the enterprise as a whole depends on the operation of such units [4-6]. A promising way to increase
the resource of turbines is to apply protective coatings resistant to erosion and chemical decomposition to
their surface. However, coatings also have a high cost. Turbine blades wear out unevenly during operation,
due to which significant savings in coating material can be achieved. Increasing the resource of turbines
by constructing an experimental calculation method will allow us to find the optimal combination of the
composition of coatings and the gradient of its distribution over the surface of the blade. Solving this technical
problem will increase the durability of the turbines and reduce the cost of protective coatings.

In [7-9], the problems of developing a technology for improving the strength and operational properties of
coating materials for turbine blades are highlighted. Hardening is achieved by using a pulse mode of formation
and directed modifying effect of refractory compounds with submicro- and nanocrystalline structure on the
surfacing process, structure, physical, mechanical and operational properties of coatings made of metals and
alloys. Of great importance are the development of new methods of influencing surfacing alloys and the
integrated use of existing developments. The application of protective coatings can increase the durability of
the part without significantly increasing their cost.

The search for new high-temperature coatings is primarily associated with the optimization of the chemical
composition of new compositions, with the development and development of new technological processes
based on the use of fundamentally new physical effects, as well as with the use of newly created coatings [10-
12]. The basic system of heat-resistant coatings is Me-Cr-Al, where Fe, Co, Ni act as Me [20].

Achieving the required level of performance of the rotor blades of engines is due to the creation of not
only a heat-resistant alloy, but also with a workable heat-resistant wear-resistant coating. Moreover, it is very
important that, along with reliable corrosion protection during the entire service life, the interaction of the
coating material with the base would not worsen the strength properties of the blade metal (especially fatigue
and thermal fatigue strength) on the one hand, and on the other, that the processes of interaction of the coating
with the gas medium and the base were predictable. Such forecasting is the basis for determining the assigned
resource of the blades [12-15].

A large number of studies have been devoted to the study of these processes and the issues of forecasting
the life of coatings [16-18]. Currently existing experimental and computational methods for determining the
life of coatings have a number of disadvantages. Experimental methods are labor-intensive and require a lot
of time and resources. The lack of a reliable and economical method for predicting the service life of coatings
makes it difficult to determine the permissible service life of engines before major repairs and reduces the
reliability of the operation of the blade apparatus.

The purpose of this article is to determine the possibility of increasing the working life of turbines by
constructing an experimental-computational method that will allow finding the optimal combination of the
composition of the coatings and the gradient of its distribution over the surface of the turbine blade.

Methods and materials. The objects of the study were metal samples of 12X13 steel and samples of the
same steel with coatings of the Co-Cr-Al-Y system. Coatings were deposited by the magnetron method on the
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ion-plasma facility “National Research Tomsk Polytechnic University” [19], which was a vacuum chamber
with two magnetron sputtering systems of an unbalanced type and an ion source with a closed electron drift.
The vacuum chamber of the installation is a sealed volume with a diameter of 500 mm and a height of 300
mm, equipped with flanges of various diameters for connecting vacuum fittings, vacuum sensors and other
necessary devices (Figure 1).

The gas supply and adjustment system is represented by precision Bronkhorst ELFLOW mass flow
regulators with an adjustment accuracy of 0.01 ml/min. The temperature control of the samples is carried out
by means of a chromel - alumel thermocouple (the measured temperature range is 200-1100°C).

Pulsed DC Pulsed DC

:upply supply
|| Magnctrnn -. || +

TN

| — sample

heating table

—a | | —a —\ -

Turbomelecular pump

to the pump gas supply

gatc

DC
supply
[-———=] targets Cr-Al-Co
Emmmmm ~ with different concentration of elements

Figure 1 - Coating scheme

The following parameters were selected for spraying multilayer coatings with different concentrations of
elements of the Co-Cr-Al-Y series:

- layer 1, the current magnetron Co/Al/’Y — 0.5 A, voltage of magnetron Co/Al/Y — 450 V;

current magnetron SG — 0.3 A, a voltage of the magnetron Cr — V. 320;

- layer 2, the current magnetron Co/Al/Y — 0.5 A, voltage of magnetron Co/Al/'Y —450V;

current magnetron SG — 0.6 A, the voltage of the magnetron Cr — 380.

The thickness of the layers was regulated by the spraying time. The coatings were deposited on a water-
cooled substrate (Ta substrate holder).

The thickness of all synthesized Co-Cr-Al-Y coatings is 2+0.2 microns. To compare the structure,
morphology and mechanical properties of multilayer Co-Cr-Al-Y coatings, films of 1, 2, 4 and 8 alternating
layers were obtained [22].

The erosion load on the turbine blades was modeled using the finite element method, and durability was
evaluated based on experimental data on erosion and corrosion resistance, taking into account the zones of the
most intense wear of the blades. The simulation of the predominant wear of turbine blades was carried out by
the finite element method. The modeling process is based on the assembly of the stiffness matrix (Dirichlet
matrix) and mass. Boundary conditions are imposed on these matrices. Then a system of linear equations
is assembled and solved by one of the known methods. The motion and heat exchange of the medium was
modeled using the Navier-Stokes equations. To simulate turbulent flows, the Navier-Stokes equations were
averaged by Reynolds, the effect of turbulence on the flow parameters on a small time scale, and large-scale
time changes were averaged over a small time scale of the components of the gas-dynamic flow parameters
were taken into account by introducing the corresponding time derivatives.

The method of studying erosion resistance is based on determining the mass loss of samples when blowing
them with a gas-abrasive flow. Erosion tests of abrasive resistance were carried out on samples in the initial
and heat-treated states at T=20C0 in a 12G-53 jet-ejector type sandblasting unit. Test mode: abrasive material
- electrocorundum 14A F 6; nozzle diameter 15.5 mm; air pressure p = 11 MPa; distance from nozzle to
sample 310 mm; flow angle 300. The samples were blown along the side surface of the sample. For studies
of erosive wear, the average depth of erosion (E) was used as criteria, equal to the ratio of the decrease in the
volume of the material to the area of the eroded surface and the volume of liquid (G/Ser) falling out per unit
surface area.

The heat treatment of the coatings took place at the MILA-5000 installation (ULVAC-RICO (Japan),
equipped with halogen IR lamps with a total power of 4 kW and a maximum radiation intensity in the range
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of 0.8 1.2 microns. The installation allows you to work in the temperature range from room to 1000°C with
a maximum rate of temperature increase of 100°C/ min. The accuracy of temperature control and exposure
time in the reaction chamber is + 1°C and + 1 sec, respectively. The sample is placed in a quartz holder. The
intensity of the IR radiation is recorded by measuring the temperature using a chromel-alumel thermocouple
placed directly on the sample. At this installation, work was carried out on heating samples at 400°C, 800°C
and 1000°C. The heats were carried out in a programmable mode with a preset output speed to the desired
temperature, as well as during the transition from one annealing temperature to another. The annealing time
at a given temperature or sequentially at several temperatures also took place in a programmable mode. The
warm-up mode of the samples took place at a high vacuum ~ 1-10-7 mmHg: for 400°C - 10 minutes, heating
lasted to the set temperature, holding for 10 hours, cooling was natural heat loss, the chamber was opened for
sampling 1 hour after stopping the warm-up, when the temperature was below 100°C; for 800°C and 1000
0C: the same, heating for 20 minutes.

Corrosion resistance was determined by the gravimetric method to determine the mass loss of samples
during their stay in the tested corrosive environment. The sample sizes were 50x20%2 mm. For the convenience
of hanging, a hole was drilled in the samples. Before the tests, the surface of the samples was cleaned from
solvent contamination, then sanded and polished, then degreased and etched. The samples prepared in this
way were kept in a thermostat at a temperature of (100 & 2)°C for 1 hour, cooled and weighed on analytical
scales with an accuracy of 0.1 mg. The duration of the tests is 6 hours. Area of the samples was calculated
with the formula:

S=2[(a"b—md2/4)+h(a+b+md?2)],

where a is the length of the sample, m; b — width of the sample, m; h is the specimen thickness, m; d —
diameter, m.

In gravimetric tests, the corrosion rate is characterized by a mass index of Km.

Km =m0—m1/St, g/(m2 * h),

where m0 is the mass of the sample before the test, g; m1 — mass of the sample after the test, g; S is the
initial surface area of the sample, m2; 7 is the exposure time, h

Then counted the mass rate of corrosion depth, which characterizes pyroninophilia corrosion P:

N =8760 Km/p x 10-3 mm/year,

where p is the material density, g/cm3; 8760 is the number of hours in a year.

Results and discussion. The simulation of the turbine operation was carried out by the finite element
method. In the program of finite element analysis, the motion of a gas medium is modeled using the Navier-
Stokes equations, which describe in a non-stationary formulation the laws of conservation of mass, momentum
and energy of this medium. Calculations were carried out using a standard CFD solver, k-¢ turbulence model.

At the same time, the entered geometric parameters had the following characteristics: the turbine diameter
was 600 mm (Figure 2); the geometry of the blade profile had a standard radial turbine profile (Figure 3); the
turbine was installed in the guide unit according to Figure 4.

The following turbine operating modes are selected: 1500 RPM, working medium - air, temperature -
400C0, abrasive material - electrocorundum, abrasive consumption 100 g/sec.

Figure 2 - Geometric parameters of a gas turbine
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Figure 3 - Blade profile
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Figure 4 - Operation of the turbine in the guide unit

Experimental results on testing coatings for abrasion resistance allowed us to obtain the following data:
in the initial state, a 4-layer coating of Co-Cr-Al-Y on a 12X13 steel matrix has an average value of 9.8598e-
15 kg / (s *m2). After temperature treatment of these samples, the abrasive resistance had the following
indicators: at 400°C - 9.0122¢ - 15 kg / (s * m2); at 800°C - 10.5897¢ - 15 kg /(s* m2); at 1000°C - 10.9635¢-
15 kg /(s *m2).

Thus, experimental data showed a slight increase in erosion (abrasive) resistance (9.0122e-15 kg/(s*m2))
after heat treatment at 400°C compared to the same samples in the initial state. The remaining samples at
800°C and 1000°C show a decrease in erosion resistance.

Figure 5 shows the results of forecasting the durability of blades with the values of abrasion resistance
of steel 12X13 - 18.128e-15 kg/(s*m2) and blades coated with Co-Cr-Al-Y - 9.0122e-15 kg/(s*m2).

!-,

a b
Figure 5 - Prediction of the durability of blades with abrasion resistance values: a) steel 12X13 - 18.128¢e-15
kg/(s*m2) blades coated with Co-Cr-Al-Y - 9.0122¢-15 kg/(s*m?2)

In Figure 5, the zones with the maximum level of wear on the periphery of the blade are marked in red, it
is established that the blades have uneven wear. The obtained data allows you to adjust the thickness of the
coating. Table 1 shows the results of erosion and corrosion resistance, wear rate.
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Table 1 - Comparative data of the main indicators of turbine durability based on 12X13 steel and coatings
based on Co-Cr-Al-Y

Material Unit of measurement | Steel 12X13 | Steel 12X13 coated with Co-Cr-Al-Y
Erosion (abrasive) resistance kg/(c*m2) 18.128¢e-15 |9.0122¢-15

Wear rate at the point of maximum erosion intensity | mm/year 1,9599 0,9738

Corrosion destruction g/m3 1,96 1,92

From the comparative table it can be seen that the coated blades show up to two times higher erosion
resistance and service life.

Conclusions. Multilayer coatings of Co-Cr-Al-Y on a 12X13 steel substrate were obtained by the
magnetron method. For comparative analysis, heat treatment of these samples was carried out. Experimental
results on tests for abrasion resistance allowed us to obtain the following data: in the initial state, a 4-layer
coating of Co-Cr-Al-Y on a 12X13 steel matrix has an average value of 9.8598e-15 kg / (s * m2). After
temperature treatment of these samples, the abrasive resistance had the following indicators: at 400°C -
9.0122¢ - 15 kg / (s * m2); at 800°C - 10.5897¢ - 15 kg /(s* m2); at 1000°C - 10.9635¢- 15 kg /(s *m2). A
slight increase in erosion (abrasive) resistance was found (9.0122e-15 kg/(s*m2)) after heat treatment at 400
°C compared to the same samples in the initial state. The remaining samples at 800°C and 1000°C show a
decrease in erosion resistance.

The operation of the turbine under the influence of abrasive particles is modeled by the finite element
method. Based on experimental data of erosion and corrosion resistance, durability was evaluated taking into
account the areas of the most intense wear of the blades. It is established that the blades have uneven wear. The
intensity of erosion along the plane of the blade surface varies by an order of magnitude. These results make it
possible to apply gradient coatings in thickness. At the same time, calculations have shown that the resource of
turbines with coatings based on Co-Cr-Al-Y is about twice as high as turbines made of 12X13 alloy.

The process of erosive destruction is also aggravated by corrosion phenomena. The oxide film, which
exists almost always on the surface of metals in gaseous media, especially at elevated temperatures, is
destroyed by the flow of abrasive particles. At the same time, the metal surface is again subjected to oxidation,
conditions for uneven corrosion destruction are created. For corrosive foci, erosive destruction occurs even
more intensively, as the relief becomes more rough. The use of coatings based on Co-Cr-Al-Y can largely
eliminate this problem.
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