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Abstract. Problems of increasing the service life of compressor blades of aircraft gas turbine engines using detonation
spraying technology are considered. The simulation of the parameters of the velocity and temperature of the particles of the
sprayed material in the barrel of the detonation unit and in the flooded space to the substrate was carried out, followed by
the choice of the optimal technological parameters of the spraying process. The control system of the detonation unit has
been modernized. An experiment was carried out on the deposition of the Al,O5 coatings on the samples of a substrate
made of titanium alloy VT3-1. Based on the results of the experiment, technological recommendations were developed
concerning both the parameters of the spraying process and the parameters of the preparation of the substrate surface be-
fore spraying. The equipment for brazing the blades of the guide vanes is described and a device for spraying coatings on
the end surfaces of the compressor blades is proposed. Thus, a complex technology has been developed for restoring the

end surfaces of titanium alloy compressor blades by deposition of Al,O5 coatings.
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Introduction

Modern aircraft engines are a scientific and high-tech
product, which has no analogs in terms of stress level and
thermal condition of parts among other engineering prod-
ucts. The features of aircraft engine construction are the
following: medium-sized dimensions, form complexity,
thinness, high accuracy of manufacturing parts, the use
of a large number of different materials and processing
types, mandatory development of technical documenta-
tion, and mandatory manufacturing quality control, and
frequent change of production objects.

In analyzing the impact on the operating characteristics
of various parts, it should be noted that the engine’s ser-
vice life and reliability are determined by the endurance of
the blades, discs, shafts, subjected to alternating and cyclic
loads (Boyce, 2012). Among the above-mentioned parts,
the most numerous, complex in configuration and variety
of used materials are compressor and turbine blades, their
manufacturing process presupposes the use of all types
of metalworking, followed by finishing and strengthening
(IDC Technologies, 2013). It should be noted the peculiari-
ties of engines’” operating conditions installed on helicop-

ters. The compressor blades of these engines are subject
to erosion and the speed depends on the dispersion and
mineralogical composition of soil dust at the take-off and
landing runways.

Concerning the cost of engine blades’ repairing, it is
possible to use neighboring blades, which are also subject
to erosion on the engine being repaired, but the geometric
parameters do not exceed the erosion limits. It is impor-
tant to develop equipment for unsoldering the blades to
be repaired from the half-rings of the guide devices and
for ensuring the proper geometry of the gas-dynamic path
during installation after restoration.

Thus, research aimed at the modernization and devel-
opment of equipment, recommendations for the imple-
mentation of innovative technological processes for repair,
restoration geometry, since the quality and durability of
aircraft engines parts are relevant.

1. Literature review

Intensification of operating processes, increase in inten-
sity and scales of aviation equipment application, increase
in constructive complexity, and cost of aircraft engines
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demands high reliability and durability of their details and
components (Volkov, 2012).

Compressor blades are the largest scale parts, and also
directly affect the stability of the engine’s operation, as
a product that determines the increased attention at all
stages of the life cycle, and its quality (Jansohn, 2013). It
is identified the most characteristic types of runouts occur
during the operational process (Ciafone, 2011).

The analysis conducted with the perspective of re-
vealing an effective restoration technique determined
that one of the most rational ways to improve the per-
formance properties can be achieved by technological
methods of three dimensional (Farokhi, 2014) or surface
strengthening (Kato et al., 2014). It is necessary to ap-
ply the optimum methods and types of repair and res-
toration providing the reliability indicators (Reitz et al.,
2016), to choose materials with sufficient specific dura-
bility (Sharma et al., 2017).

Modern methods of thermal spraying (TS) of coat-
ings make it possible to obtain different types of coatings
with high characteristics of wear resistance, heat resistance
(Alqallaf et al., 2020), corrosion resistance (Grilli et al.,
2021), but one of the main components of the coating per-
formance characteristics is the adhesive strength (Dolma-
tov & Bilchuk, 2019).

Repair and restoration of worn parts also require the
correct determination of the technical condition of the
part, the cause of damage, to make the right decision to
eliminate the identified defects and failures, as well as to
provide high-quality repair work (Dolmatov & Bilchuk,
2018). Operational characteristics of details and compo-
nents of aircraft engines essentially depend on character-
istics of surface quality and a near-surface layer. Modern
methods of improving the operational characteristics of
parts and components of aircraft engines are based on the
surface layer improving quality.

2. Two-phase flow simulation

Modern methods of thermal spraying of coatings make
it possible to obtain different types of coatings with high
characteristics of wear resistance, heat resistance, corro-
sion resistance, but one of the main components of the
operational characteristics of the coating is the adhesive
strength.

The following model is chosen as the basic: a barrel of
length | and diameter d, partially filled with a gas mixture
capable of detonating at initial pressures PO, density p,,
and temperature T,. Part of the barrel is filled with inert
gas. The motion of the medium is described in coordi-
nates, the beginning is connected with the closed end of
the barrel, and X-axis is directed toward the open end of
the barrel. At some distance from the closed end of the
barrel between the sections, X1 and X2 are suspended par-
ticles of powder with a bulk concentration o,. The detona-
tion wave is formed and propagates into the mixture as a
result of the explosion initiation near the closed end of the
barrel (Dolmatov et al., 2015). Upon reaching the contact
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limit, the detonation wave turns into a shock wave moving
through the inert gas (Dolmatov et al., 2014).

In the propagation of the detonation wave and the sub-
sequent flow out of detonation products from the barrel,
there is a force and thermal interaction of the powder par-
ticles with the detonation wave and the detonation prod-
ucts. It is necessary to determine the parameters of deto-
nation products and powder particles depending on time.
The analysis of two-phase flows is carried out under the
following assumptions: the pressure is created by gas only,
the influence of particles is neglected; solid particles that
are spheres of the same radius, equally-spaced between
the sections X1 and X2 in the barrel and interact with
each other and the barrel’s walls, the particles are inert
and do not interact with the products of detonation; there
is no mass transfer between gas and powder; the volume
occupied by the particles can be neglected; due to the high
thermal conductivity of the particles’ material, their tem-
perature in the entire volume is constant; gravitational and
electric forces can be neglected (Davidson, 2015).

The studies’ analysis of two-phase gas flows with par-
ticles (Anderson, 2012; Wilcox, 2006) determines that in
the last few decades this issue has periodically aroused
constant interest (Lomax et al., 1999). It should be noted
that most calculations of carrier gas flows are based on the
Navier-Stokes equations (White, 2011), averaged by the
Reynolds RANS (Reynolds Averaged Navier-Stokes sys-
tem), with one or another model of turbulence (Versteeg
& Malalasekra, 2007).
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where u; is gas velocity vector components; p, P are the
gas density and pressure; S, — external bulk forces; E is
the total energy of a gas unit mass; Q;; — heat released in
a gas unit volume; 1, — tensor of viscous shear stresses;
q; is the heat flow.

Applying the advantages of k-¢ models in describing
flows and k- models in describing wall functions, it was
implemented in a two-layer Menter model (Menter, 1993),
which provides a smooth transition from the k- model
in the wall area to the k-g€ model far from the wall (Zorik,
2020).

The basic two-layer Menter model can be presented
as follows:
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Figure 1. Carrier gas speed paramenters: a — at the barrel’s exit of the D-gun; b — near the substrate
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Figure 2. Carrier gas temperature parameters: a — at the barrel’s exit of the D-gun; b — near the substrate

Calculations were performed for MAF mixtures of
(methylacetylene-allene fraction (MAF)) and oxygen in
the ratio from equimolar to stoichiometric. The calcula-
tion results of the gas-dynamic parameter distribution are
shown in Figures 1 and 2.

The concept of homogeneous multiphase Euler mod-
eling was used to model the interaction of powder particles
with the flow — a model of liquid volume (VOF), which pre-
supposes that two liquids (or phases) do not penetrate into
each other in any given area of the control volume on the
particle’s volumes of local phases (Karypis & Kumar, 1997).

3. Experimental results
3.1. Optimization of process parameters

The device was upgraded to optimize the manufacturing
parameters of the coating process. The manufacturability
of the device is provided by the modularity, as well as
the possibility of adjustment and control, which ensured
the compactness of the device compared to the previous
version.

It is advisable to use a multi-seat device (Figure 3) to
deposit the coating on the end face of the blades.

In choosing the optimal parameters for coating are
focused primarily on their functional purpose, but one

of the main parameters of optimization is the adhesion
strength for coatings operating under significant mechani-
cal loads.

Additional parameters that directly affect the adhesive
and cohesive strength are also significantly affected by the
spraying distance, the fraction of the applied material, and
the surface preparation for spraying, in particular the sur-
face roughness.

The experiments were additionally performed (see
Table 1) to confirm that the determining factor is the ad-
hesion strength of the coatings, which allow comparing
the adhesion strength and the strength of the coating on
similar technological modes.

Figure 3. General view of the multi-seat device
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Table 1. AL,O; coatings’ strength
Sample diameter, Coatin
. g . .
Sample Fraction, | Roughness, mm thickness, Coatlng2 Load, N Coating
wm pm A area, mm strength, MPa

Before coating | After coating » M

1 10 87.5 25.46 25.84 0.38 15.31 1452.8 94.889

2 45 87.5 25.43 25.89 0.46 18.54 2363.813 127.491

80 87.5 25.54 25.9 0.36 14.54 1474.587 101.386

The rational regimes for Al,O; material are deter-
mined based on mathematical modeling of the two-phase
flow in the barrel of the detonation unit at the flow-out
into the flooded space and interaction with the substrate,
the parameters of velocity and temperature are calculated.

It was evaluated the influence of the spraying distance,
the particles size distribution of powder materials, and the
state of the substrate surface on the bond strength, it was de-
termined the rational ratios achieve maximum coating and
adhesion strengths based on a small factorial experiment.

3.2. Effect of the new technological process
introduction

The cross-sections were prepared to study the influence
of the parameters of alumina ceramic coatings on metal
substrates made of VT3-1 alloy on the microstructure of
the coating and the boundaries of the section “ceramic
coating — metal substrate”, as well as to study the mechani-
cal properties of coatings on the samples. Considering the
poor polishing ability of Al,O3, as well as the presence of
possible porosity in the powder coatings, the preparation
of the section was carried out as follows: the samples were
clamped in a metal clamp with plane-parallel sides. Rough
grinding of the surface was performed with grinding pa-
per of different grain sizes (Dolmatov et al., 2013), and
finishing with the use of polishing pastes such as ASN and
AFM with a dispersion that is part of the diamond crumb
from 6 to 0.1 pm.

The analysis of the microstructure, morphology of
the coatings, and the transition zone was performed us-
ing an electron scanning microscope with a low vacuum
chamber and an energy dispersion microanalysis system
REM-106. Figure 4 shows the results of studies of Al,O;
coatings. Quantitative analysis of the porosity of coatings
was performed (Figure 5).

The resulting coating is an oxide with a pronounced
non-metallic nature. The thickness of the coating is up 140
to 280 um. The difference in relief reaches 15 pum.

The edge between the coating and the matrix metal is
relatively developed. The penetration depth of individual
sections of alumina reaches 15 um relative to the main
edge, which slightly increases the adhesive strength of the
coating with the base.

X-ray diffraction analysis was performed on a
DRON-3 diffractometer in a monochromatized Ka-Cu
measurement. Diffractograms were taken in the range of
angles 20 = 15-60°. Decoding of diffraction patterns was

performed using the ASTM file. The results indicate the
crystalline structure of the coatings. The phase composi-
tion of the coatings on all test samples is identical and
represents a mixture of modifications of alumina- y-Al,O;
and a-Al,O;.

An axial texture of type <100> normal to the surface
of the coating was detected on all coatings. The results of
quantitative X-ray analysis and microhardness of the coat-
ings are shown in Table 2.

Microhardness was measured on a PMT-3 microhard-
ness tester (P = 200 g). Carrying out the measurement of
microhardness on the surface of the coating is impossi-
ble, due to the rather large surface ripple and the possible
distortion of the results due to the presence of a “loose

-_
-
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Figure 4. General view of the coating on the samples (cross
section) grain-thickness F240
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Figure 5. Selection and measurement of pore area in coating,
grain-thickness F240

Table 2. Al,O; coating microhardness

Sar]\r[lgple Layer ﬁlrinckness, a-ALO; | 1-ALO; HV

1 350 15 85 -
250 17 83 1400

2 390 19 81 -
350 20 80 1500

3 200 20 80 -
150 22 78 1400
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layer”. Measurements were performed after removing the
top layer of coating from 50 to 100 pum.

It should be noted that the phase composition and mi-
crohardness are almost the same for the presented sam-
ples, but the size and number of pores in the coating dif-
fers significantly, which suggests that the choice of optimal
parameters should be approached with special care.

It was developed the technology of coating with the
choice of powder granulation, spraying distance based on
the obtained calculated data, confirmed experimentally.
These data made it possible to obtain the necessary pa-
rameters of the coating strength and adhesion strength.

It is practically implemented the restoration of the pe-
ripheral part of the blade by gas-detonation method with
further processing.

The recommendations for technological processes are
provided based on the above parameters.

Testing of the repair technology of rectifiers was car-
ried out on samples of rectifiers Ne 7 and 9 (Figure 6), on
the laboratory device equipped with the vacuum chamber
and the generator with a hollow cathode.

The samples were analyzed on a scanning microscope
S-3700N. The microstructure of the sample taken from
the soldered joint is shown in Figure 7 (image is reflected
electrons). There is a fine-grained structure with a uni-
form distribution of grain sizes up to about 15-20 mi-
crons. There are no cracks or inconsistencies.

a. b.

Figure 6. Guide vanes repair: a — blade dismantling place after
metalworking; b - a blade after soldering

Figure 7. Microstructure and elemental composition of the
solder joint sample

Figure 8. Device PVP-400AT

Preliminary studies suggest that the repair process
of rectifiers by replacing the blades by soldering can be
implemented at the industrial level. Thus, the full techni-
cal requirements for the industrial of vacuum soldering
device (VSD) were formulated, developed (Figure 8), and
implemented.

The obtained results allowed to develop the techno-
logical process of soldering and soldering of the blades of
the half-rings of the rectifiers.

Conclusions

On the basis of mathematical modelling of the two-phase
area in the barrel of the detonation unit in the flow out
into the flooded space and interaction with the substrate,
the parameters of velocity and temperature are calculated,
rational regimes for Al,O; materials are determined.

The recommendations for coating with the choice of
powder granulation from 10 to 80 pum, spray distance
from 100 to 150 mm, which allows to obtain the neces-
sary parameters of coating strength and adhesion Based
on the obtained calculated data, confirmed experimen-
tally.

The modernization of the detonation unit was car-
ried out:

1) the vortex type batcher is developed and made
that allows to dose powders of various granulation
(from 10 to 80 microns) with a sampling error no
more than 5%;
it is developed the system of automated control
of the detonation unit which according to the set
program depending on the applied energy carri-
ers and the put materials defines the cyclorama
of work. This approach made it possible to pro-
vide technological parameters for the application
of coatings with heating of the powder in a wide
temperature range from 0.3 to 0.9 Tmelt, which is
the most rational.

The soldering/unsoldering unit for compressor blades
was developed with the use of special elements of devices
that allow basing the blades of the rectifier in a semicir-
cle both at the angle of installation and at the diameter of
the sleeve. Technological recommendations on the pur-
pose of technological modes of soldering and soldering
with the use of PSR-50 are given.

On the basis of the performed calculations and ex-
perimental researches the complex technology of prepa-
ration of a surface for Al,O; coatings deposition on
blades made of titanium alloys, preparation of a surface
before soldering and soldering technology is developed.

The results obtained in this research could be suc-
cessfully applied for aircraft gasturbine engines’ compo-
nents restoration, ground power units, etc.

In the future, it is planned to study the potential for
expanding the range of materials for renewable compo-
nents, solders and coatings used in the aerospace industry.
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