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RESEARCH ON THE INFLUENCE OF BALL TREATMENT IN THE
MAGNETIC FIELD OF THE BLADES WITH OPERATIONAL DAMAGES
ON FATIGUE STRENGTH

Purpose. Research the effect of ball treatment in a magnetic field on the blade tips, which have varying degrees of
blade tip damage in operation, on their endurance limit.

Research methods. Mechanical method for studying residual stresses, experimental method for determining blade
endurance, stepwise regression methods for building regression models.

Results. On engine blades that operated under different conditions and had different service life, the greatest wear
was observed in the peripheral part of the blade (cross sections A7-A7 and A8-A8). Processing blades from various
engines with operational damage with balls in a magnetic field significantly increases the resistance of the blades to
fatigue, the endurance limit of the blades increases from 14 to 22 %. Regression models of natural oscillation
frequencies and blade life were constructed. The obtained regression models showed that the greatest influence on the
natural oscillation frequency of blades is not only the operating conditions and blade geometry, but also the amount of
life, the hardness of the initial blade and the ultimate strength of the blades. Operation of helicopter engines in
conditions of increased dustiness and abrasive wear requires the application of protective coatings with high erosion
resistance to the upper section of the blade back. Additional application of surface hardening methods provides
increased reliability, fatigue strength and extended service life of the gas turbine engine.

Scientific novelty. A method has been proposed that allows for effective processing of blade back with damage
that occurred during operation, which ensures an increase in their durability and reliability. As a result, endurance
indicators increase and the service life of parts is extended.

Practical value . The obtained experimental data provide grounds to recommend the method of treating blade tips
with steel balls in a magnetic field as a technological operation for repairing compressor blades that have undergone
operational damage such as potholes on the leading edges.

Key words: blade, erosion, damage, balls, magnetic field, endurance, performance, regression model.

parameters, the formation of a layer with useful residual

Introduction compressive stresses, leveling the metal structure and

The extension of the service life of aircraft gas
turbine engines is largely determined by the durability and
operational reliability of the compressor and fan blades. A
significant factor in this process is the reduction of their
vulnerability to damage that occurs when foreign objects
enter the flow part. One of the most effective ways to
increase the strength characteristics of the blade profile is
the technology of surface plastic deformation (SPD). This
method is a complex of mechanical effects on the surface
of the part, which result in a decrease in roughness

creating the necessary microrelief. The cumulative effect
of these changes is a significant increase in the fatigue
strength of the material and an increase in the service life
of the part.

During the operation of aircraft gas turbine engines,
one of the most vulnerable elements remains thin-walled
parts, especially areas with small radii of curvature, which
include thin edges of blades. Under the influence of
aerodynamic loads, vibrations and ingress of foreign
particles into the flow, microcracks, foci of plastic
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deformation and local overheating zones are formed on
the surface and in the subsurface layers of the metal.
These factors, acting together, initiate subsurface
fractures, which cause a noticeable decrease in the
endurance limit of the part.

To prevent such defects in the practice of repair and
modernization, surface plastic deformation (SPD) is
widely used. However, for thin-walled elements with high
sensitivity to overloads, it is necessary to use gentle
processing modes with precise adjustment of parameters
in each functional zone of the part. In some cases, it is
advisable to combine different hardening technologies,
which allows achieving the specified characteristics of
roughness, residual stresses and material structure [1].
Special attention is paid to strengthening blades made of
titanium alloys. The geometry of the blade back, which
includes complex spatial curvature and the presence of
thin edges, requires not only precise positioning of the
cutting tool, but also an understanding of the distribution
of mechanical stresses on the surface. Any excess of the
permissible pressure during the PPD can lead to local
deformation or the appearance of surface defects, which
reduce the resource details.

A promising direction is the treatment of compressor
blades with operational damage with steel balls in a
magnetic field. This method is based on the phenomenon
of magnetic retention and controlled movement of the
strengthening element, which allows evenly distributing
the dynamic impact of the complex surface of the blade.
When steel balls come into contact with metal, local
plastic crushing of micro-roughness occurs, the micro-
relief is leveled, the surface layers are compacted and
compressive residual stresses are formed. These stresses
prevent the opening of microcracks under cyclic loads,
which ultimately increases the fatigue life and improves
the operational reliability of the blades. Thus, the use of
the SPD method using steel balls in a magnetic field not
only ensures the restoration of the operational
characteristics of damaged elements, but also allows
creating a surface structure that is more resistant to the
effects of high-frequency vibrations, thermal fluctuations
and shock loads. This makes the technology especially
relevant for extending the service life of aircraft gas
turbine engine blades.

Analysis of research and publications

When operating military helicopters and transport
aircraft in conditions of soil and sandy runways, the
intense air flow formed during takeoff and landing
captures a significant amount of solid mineral particles.
These particles, having high hardness and mass, when
colliding with compressor blades and other elements of
the flow part of the engine, cause local microplastic
deformations, microcracks and tearing of material from
the surface layer. The gradual accumulation of such
damage changes the aerodynamic profile of the blades,
reduces the efficiency of the compressor and can lead to a
violation of the strength of the integrity of the structure,
which as a result negatively affects the reliability of the

engine [2]. The work [3] presents the results of an exper-
imental study of erosive wear of compressor blades in a
gas-solid environment that simulates operation in an aero-
turbine engine. To perform the experiments, a stand was
developed and manufactured that allowed testing of the
titanium alloy Ti-6Al-4V at various speeds of abrasive
particles. The particle speeds were determined by the
image velocimetry method, which provided high accuracy
of measurements when varying the supplied air pressure.
Analysis of worn samples showed that erosion damage is
distributed extremely unevenly. The main destruction
zones were on the pressure surface of the rotor blade and
on the suction and pressure sides of the stator blades. The
maximum wear intensity was observed in two characteris-
tic areas: near the leading edge at 80 of the span and near
the leading and trailing edges at 95 of the span. Such
localization is explained by the features of the flow
around the blade profile: at 80 of the span, the flow has
the highest particle velocity relative to the blade surface,
which increases the impact energy, and in the region of 95
% of the span, turbulent zones and changed angles of
attack of particles appear, which cause their direct impact.
A schematic distribution of the zones of maximum wear
can be conditionally presented as two belts of increased
erosion activity: the first is located along the leading edge
in the middle part of the span; the second covers the
leading and trailing edges closer to the periphery. Such a
distribution must be taken into account when designing
and choosing methods for protecting blades from erosion
[3].

Operation of aircraft gas turbine engines in condi-
tions of high dust content and the presence of abrasive
particles in the atmosphere poses a serious threat to the
durability of the compressor blades. Studies show that the
intensity of erosive wear directly depends on the concen-
tration of solid inclusions in the air flow: the more sand or
dust, the faster microplastic deformations, the formation
of notches and local destruction of the material occur. In
this case, the blade profile gradually changes, its aerody-
namic characteristics deteriorate and the efficiency of the
compressor decreases. As a result, the real life between
overhauls of the engine operating in high dust conditions
is significantly less than the standard one established by
the designer, and is largely determined by the degree of
erosive damage. Analysis of statistical data on the opera-
tion of gas turbine units confirms the critical importance
of this phenomenon. About a third of cases of premature
engine retirement (30-35 %) are associated with erosive
destruction of compressor blades. For comparison, dam-
age caused by external objects from the runway is record-
ed in 25-30 % of cases. Thus, erosive wear is one of the
leading causes of reduced engine reliability and service
life. The mechanisms of erosive damage include particle
impact, surface shear, and local crushing of the surface
layer of metal. These processes cause the formation of
microcracks and the loss of part of the material, which is
especially critical for thin-walled blades with high re-
quirements for the accuracy of the aerodynamic profile.
Understanding the physical processes underlying erosion
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allows not only to predict a reduction in service life, but
also to develop protective measures: use more resistant
alloys, optimize blade design, introduce coatings, and
adjust engine operating modes in conditions of increased
dustiness.

The working blades of the compressor of aircraft
engines are subject to erosive and mechanical effects of
solid particles entering with the air flow, especially in
conditions of increased dustiness of the atmosphere [4].
The size, shape and concentration of abrasive inclusions
determine the intensity of destructive processes on the
blade surface. The main dangers for further operation are
associated with fretting corrosion in the tail part of the
blade and erosive wear of the blade. These defects cause
local microplastic deformations, the formation of micro-
notches and gradual thinning of the material, which re-
duces the reliability of the engine and increases the risk of
surge. The physical mechanisms of erosive destruction
include impact and shear effects of particles on the sur-
face layer of the metal, which leads to local stress concen-
tration and the formation of microcracks. At the same
time, fretting corrosion initiates chemical destruction of
the material in places of friction, enhancing the erosive
effect. Together, these processes change the aerodynamic
profile of the blade, impair its load-bearing capacity, and
affect the distribution of mechanical loads along the
length of the blade. Studies show that wear is distributed
along the height of the blade nonlinearly: the highest
intensity of damage is recorded at the base of the blade
and on the leading and trailing edges, while the peripheral
ends remain less susceptible to erosion. Potholes in criti-
cal zones have a much stronger effect on engine operation
than similar defects in external areas, as they disrupt the
balance and aerodynamics of the rotor, increasing local
stresses. To maintain operational safety, an industry
standard [5] is used, which regulates the permissible di-
mensions, shape and location of mechanical damage. The
standard defines the zones in which defects are unac-
ceptable, as well as the types of damage that require re-
pair or replacement of parts. This allows you to systema-
tize maintenance, prevent emergencies and extend the
engine life.

A particular problem is caused by damage from ex-
ternal objects, which lead to accelerated wear of the
blades, the need to overhaul and balance the rotor, as well
as replace a large number of elements. A comprehensive
approach to the study of erosion and mechanical process-
es, which includes the analysis of load distribution, mi-
crostructural changes and chemical action, allows devel-
oping methods for protecting the blades, optimizing alloys
and structures, and adjusting operating modes to increase
the service life and improve the reliability of aircraft gas
turbine engines.

The rotor blades of the compressor of the TV3-117
helicopter engine are key loaded elements, on as well as
simultaneously acting static, dynamic and cyclic loads. To
ensure the necessary strength, heat resistance and re-
sistance to thermomechanical influences, they are made of
high-strength titanium alloys capable of withstanding

intensive working loads and temperatures, not inferior to
other light structural materials. During operation, helicop-
ter engines often encounter increased dustiness, character-
istic of ground airfields, desert areas and unequipped
sites. In such conditions, the working blades of the com-
pressor are subjected to the abrasive effect of solid parti-
cles of soil and sand. When in contact with the surface of
the blades, the particles create microdamage: scratches,
risks and potholes. The nature and intensity of these dam-
ages depend on the size and mineralogical composition of
the particles, their angle of attack and collision speed.
Microscopic impacts of particles cause local plastic de-
formations and accumulation of microcracks, which grad-
ually reduces the strength and aerodynamic efficiency of
the blades [6].

The peripheral zones of the blade back are particu-
larly vulnerable, especially at the leading and trailing
edges, where the concentration of shock loads is maximal.
Analysis of operational data has shown that the blades of
the first stage of the compressor suffer the greatest
amount of damage. The depth of potholes in the range of
0,3-0,5 mm occurs on the first stage approximately four
times more often than on the following stages, which is
associated with the high relative velocity of particles in
the zone of first contact of the flow with the blade, as well
as with the geometric features of the first stage profile ,
which enhance local stresses on the material [7]. Thus, the
first stage of the compressor is critically vulnerable to
abrasive wear, which requires special attention when
developing protective coatings, selecting materials and
planning preventive repairs. Understanding the physics of
the interaction of particles with the blade surface allows
us to predict the nature of damage and increase the dura-
bility of the power plant in operating conditions on dusty
and sandy airfields.

Ensuring the durability and reliability of compressor
blades is impossible without effective methods of
restoration after operational damage. One of the
promising technological solutions is surface plastic
deformation with steel balls in a magnetic field, which
modifies the structural state of the blade and improves its
mechanical properties.

Purpose of work

This study is aimed at analyzing the possibilities of
using magnetic field ball processing for the repair and
restoration of compressor blades after operational
damage.

The work investigates the geometry and natural
frequencies of engine blades operated under different
conditions, with different service life and different
degrees of blade damage. Fatigue tests were conducted on
blades with damage in the state of receipt from operation
and blades treated with balls in a magnetic field. A
comparative analysis of the stress state and fatigue
strength of blades after repair and treated with balls in a
magnetic field was conducted. Regression models were
also constructed that describe the dependence of the
natural oscillation frequencies and the operating life of
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blades from engines that were in operation in different
countries and, accordingly, the physical characteristics of
the operational processes differ, which serves as the basis
for the further development of methods for repairing and
restoring compressor blades.

Research material and methodology

The object of research was the first-stage
compressor blades of the TV3-117 engine, made of
titanium alloys VT8 and VT8M, which have operational
damage to the blade. Residual stresses were determined
by mechanical method on PION-2 device - by measuring
the deflection of a cantilevered specimen cut from the
blade by the electroerosion method with sequential
removal of metal layers by electrolytic polishing. The
study of the blade profile geometry was carried out using
the POMKL device. Measurements of the natural
frequencies of the blades were carried out on the MIKAT-
KM device. Measurements of the blade geometry were
carried out with a caliper with a digital display with an
accuracy of 0,01 mm. Determination of the blade
endurance limits was carried out by an accelerated
method on the basis of N=2 -107 cycles with subsequent
recalculation using the coefficient 0=0,8 on the basis of
N=108 cycles [8]. Stepwise regression methods were used
to build regression models.

Research results

Operational damage to the blade not only forms
stress concentrators, but also changes the original geome-
try of the blades [9-12]. The study was conducted on
engine blades that were operated in different conditions,
have different operating hours and, accordingly, different
degrees of damage to the blade tip: engine D2 — 990 hours
— (VT8, Yemen), and three engines that have damage to
the tip during operation (potholes with a depth of 0,5 mm
and more), which exceed the permissible standards, as a
result of which the blades cannot be restored using repair
technology: engine D18 — 975 hours (VT8M, Spain),
engine D14 — 2048 hours - (VT8M, Algeria), engine D3 —
1652 hours (VT8M, India). The nature of damage to the
blade tip is shown in Fig. 1.

e

Figure 1. First-stage blade of the TV3-117 turbine with erosion
damage to the blade (a) and leading edge (b)

The study of the geometry of the blades of the
engines D3, D14, D18 consisted in measuring the chord
in sections A2-A2 and A8-AS8, i.e. in sections that clearly
characterize the degree of blade wear. The measurement
results are presented in Table 1. The results of measuring
the natural oscillation frequencies of the blades of the
engines D3, D14 and D18 correspond to the technical
requirements of the drawing.

For further research, 12 blades were selected from
each engine. Each batch of blades was processed
according to the optimal option with steel balls in a
magnetic field. The optimal scheme and processing mode
were determined in previous studies [13]: the blade - d =
1,6 mm, T = 30 min and then additionally the zone near
the inlet edge - d «= 0,35 mm, t = 30 min.

Table 1 - Results of engine blade geometry
measurements (chord, mm)

No. D18 D3 D14
ilo| A2- A8- A2- A8- A2- A8-
A2 A8 A2 A8 A2 A8

1 | 26.67 | 28.09 | 26.70 | 28.20 | 26.72 | 27.90
2 | 26.72 | 28.12 | 26.55 | 28.22 | 26.85 | 28.02
3 | 27.03 | 27.93 | 26.73 | 28.10 | 26.75 | 27.89
4 | 2656 | 28.03 | 26.75 | 28.09 | 26.7 | 27.92
5 | 27.05]28.00 | 26.59 | 28.12 | 26.83 | 28.01
6 | 26.82 | 27.92 | 26.56 | 28.22 | 26.87 | 27.91
7 | 27.05 | 28.13 | 26.60 | 28.13 | 26.90 | 27.99
8 | 26.55 | 28.10 | 26.53 | 28.00 | 26.73 | 27.94
9 | 2653 | 26.11 | 26.83 | 28.20 | 26.77 | 27.95
10 | 26.98 | 28.03 | 26.30 | 28.28 | 26.79 | 27.87
11 | 27.10 | 27.80 | 26.70 | 28.39 | 26.69 | 27.92
12 | 26.53 | 27.85 | 26.72 | 28.40 | 26.58 | 27.95
13 | 26.77 | 28.10 | 26.74 | 28.20 | 26.72 | 28.01
14 | 26.80 | 28.00 | 27.05 | 28.12 | 26.67 | 28.00
15 | 26.74 | 2792 | 27.70 | 28.00 | 26.64 | 27.87
16 | 26.81 | 27.80 | 26.36 | 28.01 | 26.69 | 27.80
17 | 26.90 | 28.89 | 26.39 | 28.05 | 26.72 | 28.05
18 | 27.59 | 28.23 | 26.50 | 28.07 | 26.77 | 27.79
19 | 26.56 | 27.98 | 26.59 | 28.15 | 26.59 | 27.83
20 | 26.92 | 28.15 | 26.42 | 28.22 | 26.70 | 27.93
21 | 26.52 | 28.15 | 26.50 | 28.13 | 26.65 | 27.89
22 | 26.83 | 28.10 | 26.73 | 28.21 | 26.80 | 28.03
23 | 26.75 | 28.12 | 26.50 | 28.05 | 26.73 | 27.85
24 | 26.66 | 28.19 | 26.65 | 28.17 | 26.69 | 27.89
25 | 26.81 | 28.21 | 26.40 | 28.15 | 26.73 | 27.95
26 | 26.52 | 28.03 | 26.72 | 28.03 | 26.65 | 27.83
27 | 26.73 | 28.09 | 26.49 | 28.12 | 26.71 | 27.83
28 | 26.90 | 27.90 | 26.60 | 28.10 | 26.77 | 28.00
29 | 26.77 | 27.95 | 26.43 | 28.00 | 26.67 | 27.98
30 | 26.53 | 28.05 | 26.70 | 28.03 | 26.80 | 27.89
31 | 26.91 | 28.07 | 26.68 | 28.07 | 26.64 | 28.00
32 | 26.68 | 28.09 | 26.81 | 28.17 | 26.69 | 27.97
33 | 26.72 | 28.10 | 26.90 | 28.20 | 26.72 | 27.95
34 | 26.83 | 28.08 | 26.73 | 28.17 | 26.67 | 27.92
35 | 26.74 | 28.13 | 26.51 | 28.16 | 26.70 | 28.00
36 | 26.55 | 28.10 | 26.45 | 28.11 | 26.72 | 28.01

Analysis of the data presented in Table 1 shows that
the wear of the blades in the A8-A8 section is very
significant compared to the theoretical profile of the
blades, i.e. serial ones — the chord size lag-as is 28,5 mm.
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In the A2-A2 section, the wear is smaller (the theoretical
chord size laxa2 is 26,5 mm). Thus, we can say: on the

Table 4 — Results of fatigue tests of blades
strengthened according to the optimal option (D14 type)

blades of engines that operated in different conditions and No Load Keelnumber Test
have different operating times, the greatest wear is /o | levelo, of cycles, results Note
observed in the peripheral part of the blade. MPa N x10 ©
Fatigue tests were conducted on blades with damage 1 700 20.0 not destr. -
in the condition of receipt from operation and blades 2 730 14.98 destroyed =30 mm,
treated with balls in a magnetic field. Endurance limit of 5 en. edge
the original blades (in operation): D3 - 448 MPa; D14 - 2 ;88 gg'g Egi d::: -
424 MPa; D18 — 400 MPa. The results of fatigue tests of ' ' = ZE; o
blades treated with balls in a magnetic field under the 5 700 15.26 destroyed en. edge’
optimal regime are presented in Table 2-4. -
P g P 6 670 0.37 destroyed I ;n?i(?;?’
Table 2 - Results of fatigue tests of blades 7 640 20.0 not destr. _
strengthened according to the optimal option (D3 engine 8 640 20.0 not destr. -
Load | Number 9 640 20.0 not destr. -
No. level of Test Note 10 640 20.0 not destr. -
ilo G, cycles, results 11 640 20.0 not destr. -
MPa | Nx10° 12 640 20.0 not destr. -
1 670 20 not destr. -
2 700 20 not destr. - According to the methodology, the endurance limit
3 730 | 1187 | destroyed | |26 Mm. en. based on 108 cycles will be 640x0,8 = 512 MPa.
edge The results of fatigue tests showed that the blade
4 700 186 | destroyed | |- 34 mm.en. endurance limit increased from 14 to 22 %. That is, the
edge treatment of blades from various engines with operational
5 700 1099 | destroyed | - 32(;82" en. damage with balls in a magnetic field significantly
- increases the blades' fatigue resistance.
6 670 1.46 destroyed 1= 4@(;32”' en. For further rese_arch, t_)lades from t_he D2 engine were
7 540 500 ot destr - seleqted for processing using the repair technol_og_y. The
8 610 20'0 ot destr. - repair technology involves: cleaning apd polishing of
9 610 20'0 ot destr. - damage on the surfaqes _of the blat_je profile from the back
10 610 20'0 ot destr. - and trough 5|de§; pollishmg qf the inlet anq outlet edges of
1 540 200 oL desir - the blade profile; vibropolishing; checking the natural
: : oscillation frequencies; luminescent control. Blades with
12 640 20.0 not destr. -

According to the methodology, the endurance limit
based on 108 cycles will be 640x0,8 = 512 MPa.

Table 3 - Results of fatigue tests of blades
strengthened according to the optimal option (D18 type)

Load Keelnumber
No. level Test
. of cycles, Note
ilo o, N x10 6 results
MPa
1 700 1.26 destroyed | | = 25Mm.
en. edge
2 670 20.0 not destr. -
3 670 6.73 destroyed | =22 mm,
en. edge
4 640 20.0 not destr. -
5 640 4.99 destroyed | | = 22Mm.
en. edge
6 610 20.0 not destr. -
7 610 20.0 not destr. -
8 610 20.0 not destr. -
9 610 20.0 not destr. -
10 610 20.0 not destr. -
11 610 20.0 not destr. -

According to the methodology, the endurance limit based
on 108 cycles will be 610x0,8 = 488 MPa.

damage on the inlet and outlet edges, the cleaning of
which will lead to a reduction in the chord size to the size
Imin A2-A2=25,64 mm and lmin As-as =27,76 mm, are allowed
for repair. The natural oscillation frequencies of the
blades before and after repair were measured. The results
of measuring the natural frequencies of the blades are in
the range of 590-650 Hz, i.e., they meet the technical
requirements of the drawing.

Also, residual stress measurements were carried out
on 3 blades, both original and after repair. The residual
stress plots, constructed using the average values, are
presented in Fig. 2
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Figure 2. Residual stress distribution diagrams of the original
blades (1) and after repair (2)
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The figure shows that the repair technology does not
lead to a change in the stress state. For comparison, a
study of the stress state of the blade feather (engine D14)
after treatment with balls in a magnetic field was
conducted (Fig. 3).

100 h, um

0 10 20 30 40 50 60 70 80 90
R ——— < - ° 2

Figure 3. Residual stress distribution diagrams of the original
blades (1) and those treated with balls in a magnetic field (2)

The figure shows that after ball processing we have
a more favorable stress distribution diagram — on the
surface, compressive stress up to 240 MPa and a greater
depth of occurrence than in the original blades, which
should lead to increased fatigue resistance.

The geometry of the blade profile in sections A2-A2,
A8-A8 and the thicknesses of the leading and trailing
edges of the output blades were also measured after repair
(Table 5, 6).

Table 5 — Results of measurement of the geometry
of the output blades (engine D2)

Table 6 — Results of blade geometry measurements

after repair (engine D2)

No. Chord C1, c2,
i/o | after renovation, after reno- after reno-
mm vation, mm vation, mm
A2- A8- A2- | A8- | A2- | A8-
A2 A8 A2 A8 A2 A8
1 26.38 27.69 1.3 0.49 | 0.60 | 0.25
2 26.47 27.57 1.35 | 0.50 | 0.60 | 0.24
3 26.60 | 27.84 1.3 | 055 | 0.62 | 0.22
4 26.92 | 27.55 1.3 | 052 | 0.63 | 0.24
5 26.60 27.68 1.12 | 0.47 | 0.60 | 0.22
6 26.74 27.76 1.27 | 055 | 0.62 | 0.25
7 26.48 27.47 1.3 0.50 | 0.62 | 0.25
8 26.60 | 2796 | 1.29 | 0.45 | 0.63 | 0.25
9 26.49 | 2790 | 1.35 | 0.50 | 0.62 | 0.22
10 26.56 27.39 1.22 | 055 | 0.59 | 0.23
11 26.70 28.15 1.41 | 0.50 | 0.60 | 0.25
12 26.72 27.86 1.25 | 047 | 0.61 | 0.23
13 26.61 | 2781 | 1.41 | 053 | 0.62 | 0.21
14 26.64 | 27.86 | 1.35 | 0.48 | 0.63 | 0.22
15 26.51 27.92 1.42 | 057 | 0.60 | 0.23
16 26.32 27.85 1.44 | 055 | 0.65 | 0.22
17 26.63 27.82 1.47 | 047 | 0.60 | 0.21
19 26.30 | 2757 | 1.53 | 0.57 | 0.61 | 0.23
20 26.60 | 2795 | 1.22 | 0.59 | 0.58 | 0.19

According to the results of measuring the geometry
of the blades before and after repair, it can be said that the
dimensions do not change significantly. Fatigue tests of
the blades in the state of receipt from operation (initial)
and after repair (D2) were also carried out. The ultimate
strength of the initial blades is 360 MPa. The test results
are presented in Table 7.

No. Chord C1, C2, Table 7 — Results of blade fatigue tests after repair
ilo original size , original size, original size, Number
mm mm mm No. Load of
AD- AB- AD- As- AD- AS- i /o level cycles, Test results Note
A2 A8 A2 | A8 | A2 | A8 o.MPa | \'\1086

1 26.44 27.85 1.3 0.5 0.60 0.21 1 510 20 not destr. -

2 26.65 27.72 1.31 0.5 0.58 0.22 | = 20 mm,
3 | 26.66 | 28.03 | 1.31 | 057 | 0.62 | 0.23 2 540 | 1413 | destroyed | o, o0

4 26.97 27.88 1.31 0.58 0.62 0.21 3 510 20,0 not destr. -

5 26.58 27.90 1.12 0.47 0.60 0.20 4 510 20,0 not destr. -

6 26.83 27.94 1.27 0.55 0.61 0.23 I = 35 mm,
7 | 2665 | 2760 | 13 | 050 | 060 | 0.22 5 510 16,79 | destroyed | o oige

8 26.54 28.15 1.29 0.47 0.62 0.24 6 480 20,0 not destr. -

9 26.59 28.14 1.39 0.52 0.68 0.23 7 480 20,0 not destr. -

10 26.53 27.58 1.2 0.56 0.59 0.21 8 480 20,0 not destr. -

11 26.71 28.43 141 0.50 0.61 0.22 9 480 20,0 not destr. -

12 26.88 28.11 1.23 0.60 0.59 0.21 10 480 20,0 not destr. -

13 26.71 27.99 1.4 0.50 0.61 0.21 11 480 20,0 not destr. -

14 26.70 28.17 1.34 0.48 0.62 0.22

15 | 2655 | 27.95 | 141 | 055 | 061 | 0.22 According to the method, the endurance limit based
16 | 2640 | 2808 | 142 | 056 | 0.60 | 021 |  on 108 cycles will be 480x0,8 = 384 MPa. We see that the
17 | 2660 | 2802 | 145 | 049 | 059 | 0.20 | enqyrance limit after repair increased insignificantly, by
19 | 26.39 | 27.65 | 152 | 058 | 060 | 022 6 %. While after treatment with balls in a magnetic field
20 26.63 28.00 1.2 0.57 0.59 0.21

up to 22 %.

In this work, regression models of natural oscillation
frequencies and blade life were also built. The blades of
the first stage of the compressor of the TV3-117 engine,
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made of titanium alloy VT8 and VT8M, which have
operational damage to the blade feather, were selected as
the object of research. The studies of observed engines
that were in operation in different countries, respectively,
the physical characteristics of the operational processes
differed. The blades had different operating hours and,
accordingly, different degrees of damage to the blade
feather. The engines were operated in the following
countries: Yemen, India, UAE, Peru, Cyprus, Algeria,
Spain. Operational damage to the feather creates not only
stress concentrators, but also leads to a change in the
geometry of the blades. Initially, a selection of
informatively significant features was carried out (for this,
stepwise regression methods were used). Feature selection
allows you to discard uninformative features that
complicate the model, reduce its interpretability, and
sometimes introduce erroneous (noisy) data that reduce
the accuracy of the model. After that, using the selected
feature groups, regression models were built. Linear
regression models were chosen as regression models.
Since feature selection was previously performed, the
models were built much faster and are relatively simple.
The study of the blade geometry consisted of
measuring the chord in sections A2-A2 and A8-A8. x; is
the average temperature in the region where the
operational process took place; x, and xsz are the chord
values in sections A2-A2 and A8-A8; x4 is the total
operating time, hours; xs is the operating time before the
first repair, hours; xg is the hardness of the original blade,
HRC; x7 is the yield strength of the original material,
MPa; Xxs is the tensile strength, MPa; y is the frequency of
natural oscillations of the blades, Hz.
Linear regression model for the full data set (x 1— X g)

y =-0.2800 x 1 —0.0791 x »—0.0812 x 3+ 0.5604 X 54—
0.1232 x 5—0.2217 x s— 0.3890x g

Model accuracy: 0,0003.

The obtained regression model shows that the greatest
influence on the frequency of natural oscillations of the blades
is not only the operating conditions and blade geometry, but
also the amount of service life, the hardness of the original
blade, and the ultimate strength of the blades.

Second-order linear regression model with a first-
order component:

y =0.8079 + 0.2148 x 1 — 0.2214 x 3+ 0.0310 x 4 +
0.3649% g— 0.3694% 1:X 3+ 0.0352X 3:X 4— 0.1712 X 3:X 5
—0.4127 x 3:Xg—0.9691 X 4 :X g— 0.5155 x 12+0.0123 X 3
2+ 0.2760x 42.

Model accuracy: 0,00065.

The regression model shows that the natural
frequency is affected by a significant relationship between
wear and operating conditions, wear and service life, and
wear and ultimate strength.

Thus, in the operating conditions of helicopter
engines, the use of erosion-resistant coatings in the upper
part of the blade blade is of particular importance. This

solution reduces the intensity of edge destruction under
the influence of abrasive particles and, in combination
with the strengthening treatment of the blade, ensures an
increase in the engine's service life (Table 8).

Table 8 - Neural network model for the
combination for the full data set (x1-Xg)

Number The input number of the neuron
of
Laygr neuron 0 1 9 3
number |~
layer
1 3.6311 -4.6286 17.2227 -3.9438
2 1.0208 0.4336 -11.2933 7.2829
3 4.8576 3.1807 | -50.3267 | 28.6725
1 4 1.2853 -4.7502 -11.1495 1.7869
5 0.9485 5.0594 10.1262 | -2.3578
6 -0.1418 0.0050 -5.1386 -5.0073
7 -0.3975 | 0.7221 -6.3940 | -4.0722
8 -1.2545 | 0.0242 -5.7687 | -4.2826
2 1 -4.6557 -3.7127 -13.5488 0.5368
Conclusions

A study was conducted of the geometry and natural
frequencies of the compressor blade blades made of
titanium alloy VT8M, which were operated under various
conditions. and have damage to the blade that exceeds the
permissible standards and does not allow the blades to be
restored using repair technology.

Fatigue tests were conducted on the blades in service
and after treatment with steel balls in a magnetic field in the
optimal mode . The results of the fatigue tests showed that
the endurance limit of the blades increased from 14 to 22 %.

The blades were restored using repair technology,
the geometry of the blade profile was measured in
sections A2-A2, A8-A8 and the thicknesses of the leading
and trailing edges of the output blades and after repair,
and the stress state and natural frequencies of the blades
were studied.

Fatigue testing of the original blades was conducted
and after repair, the endurance limit increased by 6 %.

Regression models of natural oscillation frequencies
and blade life were constructed. The obtained regression
models show that the greatest influence on the natural
oscillation frequency of blades is not only the operating
conditions and blade geometry, but also the amount of
life, the hardness of the original blade, and the ultimate
strength of the blades.

6. Based on the obtained results of experimental
research, the feasibility of introducing the method of ball
treatment in a magnetic field of the blade feather as a
technological operation in the process of repairing
compressor blades, which allows significantly increasing
fatigue resistance, is substantiated.
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Mema pobomu. [ocniodicenns eniugy 00poOKU KyIbKamMu 6 MASHIMHOMY NOJI nepa JONamox, sSKi Maromo pizHull
Ccmyninb YuK0OJICeH s nepa J0NAmox 6 eKCHIyamayii, Ha ix epanuylo UMpUEaIoCmi.

Memoou oocnioxycennn. Mexaniunuii memoo 0Jist 00CAIONCEHHS 3ATUUKOBUX HANPYe, eKCRePUMEHMATbHUL Memoo
0715 GUBHAYEHHSI BUMPUBATIOCTE IONAMOK, MEMOoOU NOKPOKOBOI pezpecii 0151 n06y008u pespecilinux Mooeell.

Ompumani pesynomamu. Ha nonamkax 0sueymis, ki npayiogaiu @ pizHux yMo6ax ma Maroms pizne HAnpayio-
6aHHs1, HAUOLILWULL 3HOC cnocmepieaemves y nepugepiiunii yacmuni nepa (nepemunu A7-A7 i A8-A8). Obpobka nona-
MOK 3 PI3HUX OBUSYHIB, WO MAIOMb eKCIIYAMAYIUHI YIUKOONCEHH S, KYIbKAMU 68 MASHIMHOMY HOJL CYMMESO NiOSUULYE
ONip JIONAMoOK 6MoMi, SPaAHUYsL GUMPUBATIOCIE IONAMOK 30inbuyemscst 6i0 14 0o 22 %. Ilobydosani peepeciiini mooeni
4ACMom 6IACHUX KOAUBAHD | HANpayiogants ronamox. Ompumani pespecitini Mooeni noKa3au, wo Hatuoitbuwull 61U
HA 4acmomy 6AACHUX KOAUBAHbL JONAMOK MAOMb He MINbKU YMOBU eKCHIyamayii ma ceomempis 1oNamKu, a markodic
BeUYUHA HANPAYIOB8AKHS, Meeplicmb 8UXIOHOT TonamKu ma epanuys miynocmi nonamok. Excniyamayis eenikonmep-
HUX O8UZYHIB 8 YMOBAX NIOBUWEHOT 3aNULEHOCMI MA adPA3UBHO20 3HOULYBAHHA BUMALAE HAHECEHHS HA 8ePXHIO OLISIHKY
nepa 10namKu 3aXUCHUX NOKPUMMIE 3 UCOKOI0 epo3itiHoto cmitkicmio. [Jooamkose 3acmocysants memooie nosepxHe-
6020 3MIYHeHHsA 3a0e3neyye NioeuUeHHs: HAOTUHOCMI, 6MOMHOI MIYHOCMI MA NOOOBI’CEHHS Pecypcy pobomu 2a3omyp-

6iHHO20 08U2YHA.

Haykosa nosusna. 3anpononosano memoo, sikuti 00380J5€ ehekmueno obpobasimu nepo 10namku i3 nouiko-
OJICEeHHAMU, WO BUHUKIU NIO Yac pobomu, wo 3abe3neyye 3pOCManHs ix 008208iyHocmi ma Haoditinocmi. B pesyiomami
ni0BUUYIOMbCS NOKA3HUKU BUMPUBATIOCTIT MA NOO0BIAHCYEMBCSL MEPMIH CAYHCOU Oemaliell.

Ilpakmuuna yinnicmo. Ompumani eKCnepuUMeHmanvbti 0aui 0aroms NiOCMAagu peKoMeHOysamu Memoo 0o0pooKu
nepa JONAmoK CmanesuMu KyibKamu 6 MAZHIMHOMY ROJi SIK MeXHOI02IuHY Onepayiio O PeMOHMY KOMAPECOPHUX
JIONAMOK, WO 3a3HANU eKCIIYAMAYITHUX YUKOONCEHb MUNY 8UOOIH HA BXIOHUX KPOMKAX.
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