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ABSTRACT

The prospects and economic efficiency of titanium alloy products primarily depend on their service life, and this is directly
related to the possibility of restoring these parts. The maintainability of gas turbine engine (GTE) parts generally determines
their competitiveness. The authors proposed the use of filler materials with a submicrocrystalline structure for the repair of
gas turbine engine parts by welding methods. Their optimal chemical composition, manufacturing method, and measures for
regulating the structure of such filler materials were established. The optimal parameters of the argon-arc welding mode and
post-weld heat treatment were also determined. The mechanical properties of welded joints obtained using experimental fill-
er materials are higher compared to samples obtained using serial filler materials. The macro- and microstructure of welded
joints has a significantly smaller number of defects of various origin compared to samples made with serial welding materials.
Modeling and calculation of a monowheel using the finite element method was performed to predict the zones and degree of
destruction during operation in order to develop an optimal restoration technology. 25 Ref., 2 Tabl., 9 Fig.
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INTRODUCTION

The viability and cost-effectiveness of titanium alloy
components primarily depend on their service life,
which is directly related to the refurbishability of
these components [1]. A key trend is the use of com-
plex, one-piece (mono-) components made of high-al-
loy titanium alloys. In the case of monowheels, the
main difference between these components and com-
pressors made of discs and assembled blades is the
inability to replace damaged sections individually.
Therefore, repairing gas turbine components using
welding methods is a top priority. Depending on the
application of titanium and titanium-based alloy com-
ponents, the economic feasibility of using titanium is
achieved by extending their service life compared to
other materials.

During operation, various defects can develop
on components, including wear, cracks, corrosion,
and phase and structural changes, leading to a loss
of their original properties. The nature and location
of defects vary depending on the specific type and
location of the damage, requiring an individualized
approach to repair.

The use of welding methods to restore the perfor-
mance of complex titanium alloy components is asso-
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ciated with a number of challenges, including changes
in the alloy structure as a result of processing or use.
Damage occurs during the processing of blanks, from
cast to deformed and heat-treated. Structural changes
at various stages of manufacturing must be consid-
ered when selecting the welding method and modes,
as well as the composition of filler materials.

Structural and phase transformations are also pos-
sible during the operation of finished components,
which is associated with changes in their stress state.
Therefore, the effect of the welding thermal cycle
on the structure of complex titanium alloys and the
stress-strain state of the component is complex and
unique to each specific case.

Therefore, in each specific case, the restoration
technology must consider the characteristics of the
material, changes in its structure and properties, its
design, and its stress state. These factors depend on
the individual characteristics of the structural mate-
rial. The range of titanium alloys is quite extensive
[2]. The most common alloys effectively used in gas
turbine engines are two-phase (a+p) alloys: VT3-1,
VTS, and VT9.

The assessment of the feasibility of restoring a ti-
tanium alloy component should be based on the safety
margin and the ability to restore the specified proper-
ties of the specific component.
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Therefore, when considering the possibility of pro-
ducing a uniformly strong joint of titanium alloys, it is
necessary to clearly understand the operating condi-
tions and the mechanisms by which the weld structure
is formed, which ensure the desired properties in the
alloys. As noted previously, heat-resistant (o+f3)-ti-
tanium alloys pose the most challenges in terms of
welding applications.

Thus, titanium alloys require a specific type of mi-
crostructure that provides an optimal combination of
the entire range of mechanical properties for the re-
quired service life of specific components.

Welded joints of titanium alloys have a number
of unique characteristics. Unlike steels, hot cracks do
not form in titanium alloys, which is a consequence of
the smooth change in mechanical properties at high
temperatures. One of the main reasons for this is the
insignificant volume change of 0.13-0.27 % during
the (a«>p)-transformation of titanium, which is sev-
eral times smaller than for iron-based alloys [2—4].
Cold cracks, which form due to the stress state and
low ductility of the structural components, are a com-
mon defect. They are typical for titanium alloys with
low ductility (up to 8 %), as well as in alloys with
increased impurity content. The use of technological
measures, in particular, preheating of welded struc-
tures, leads to an increase in the heat-affected zone,
which does not solve the problem of improving the
mechanical properties of welded joints as a whole
[5]. To improve the mechanical properties of diffi-
cult-to-weld titanium alloys, a comprehensive con-
sideration of this problem is necessary. Based on an
analysis of the work of several authors [6-9], several
aspects can be identified that have a primary impact
on the properties of welded joints in titanium alloys:
chemical composition; structure; technological fea-
tures and solutions.

A literature review revealed the difficulty of pro-
ducing titanium alloys with a specified content and
uniform distribution of alloying and modifying ele-
ments in the ingot.

Literary sources clearly formulate the quality re-
quirements for titanium ingots used to manufacture
critically wrought semi-finished products:

e the ingot structure must be free of inclusions,
voids, films, and other defects that could migrate to
the finished product;

e the content of chemical elements along the ingot
height must be uniform, and their distribution within
the structural components must have a minimal gra-
dient;

e the level of mechanical properties in differ-
ent zones of the ingot must be identical and must
comply with regulatory requirements. Thus, the dif-
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ficulties in obtaining deformed complex titanium
alloys necessitate the development of a technology
for producing alloyed titanium ingots with specified
chemical composition and properties, without cast-
ing defects 10, 11. Filler materials are used primarily
in a deformed state in the form of wire or rods. The
technological process of deformation causes diffi-
culties that affect the quality of filler materials and,
ultimately, the level of properties of welded joints of
titanium alloys [12, 13].

The following requirements can be formulated for
the quality of filler metals:

e the filler material structure must be free of in-
clusions, pores, and other defects that could migrate
into the weld;

e there must be no concentrated segregations of al-
loying and modifying elements, and their distribution
within the structural components must have a mini-
mal gradient;

e the amount of impurities must not exceed that of
the base metal, and the amount of gaseous impurities
must be lower than that of the base metal.

Therefore, to eliminate the noted concentration in-
homogeneities, it is necessary to minimize the grain
size, which will increase the grain boundary length
and, consequently, improve the uniformity of element
distribution. The most effective method for reducing
the size of filler materials is nano- or submicrocrystal-
line (SMC) structuring of titanium [14—16]. To obtain
bulk nano- and submicrocrystalline materials, various
technologies currently exist [17, 18].

Severe plastic deformation (SPD) is the most ef-
fective technology for structural metals and alloys, as
conventional deformation methods (rolling, drawing,
and pressing) ultimately reduce the cross-section of
the workpiece and do not allow for high grain refine-
ment. SPD, on the other hand, produces volumetric
workpieces suitable for the manufacture of compo-
nents [19, 20].

Solving the above-mentioned problems requires
addressing a range of theoretical and applied materi-
als science challenges. This requires research into the
influence of the chemical composition and structure
of filler metals on the properties of welded joints of
heat-resistant titanium alloys to ensure the required
level of properties in the reconditioned components.
Structure control must be implemented at all stages of
the metallurgical and technological processes (vacu-
um-arc remelting and intense plastic deformation of
filler metal blanks, welding, and heat treatment of the
components).
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METHODOLOGY

To determine the influence of the chemical composi-
tion of experimental titanium alloys on the structure
of filler materials, as well as the structure and proper-
ties of welded joints of titanium alloys, the following
were studied:

e chemical composition of alloys;

e structure and phase composition of alloys;

e fracture surface topography;

e hardness and microhardness of weld metal;

e mechanical properties of welds under static and
dynamic cyclic loads;

e resistance of alloy material to crack develop-
ment under impact loads;

e stress-strain state of restored parts on solid mod-
els.

Chemical analysis was performed in various zones
of the ingot. The chemical composition of ingots of
experimental alloys containing Al, La, Y, B, and filler
materials made from wrought titanium alloys (VT2,
VTS, VT20), as well as welds, was determined by
spectral analysis using a SPECTROMAX instrument
(SPECTRO) according to standard methods.

The transition factors of chemical elements (alu-
minum, lanthanum, yttrium, and boron) were deter-
mined by comparing the actual element content in the
ingot with the amount of chemical elements intro-
duced into the charge. The following transition fac-
tors of alloying elements in the alloy were obtained:
K, =0.66,K =0.73, K, =0.50, K, = 0.60.

Yttrium and lanthanum contents were determined
by atomic absorption using a Hitache ContrAA
300BU spectrometer. Boron was determined by the
spectral optical emission spark method on a Spectra
Spectrolab optical emission spark spectrometer.

Impurity contents (nitrogen, oxygen, and hydro-
gen) were determined using an ELTRA ON900 gas
analyzer.

Microanalysis of the elemental contents in the
structural components was determined using qual-
itative and quantitative methods. The distribution
of alloying and modifying elements in the structur-
al components of the alloys was determined using a
JSM-6360LA multipurpose scanning electron micro-
scope equipped with a JED 2200 energy-dispersive
X-ray microanalysis system.

The distribution of chemical elements over the
area of the selected micro-section was determined
using color-coded mapping, as well as linear anal-
ysis [21].

The submicrocrystalline structure in titanium al-
loys was obtained using severe plastic deformation by
screw extrusion [22, 23].
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Heating of the samples for severe plastic deforma-
tion by screw extrusion between passes was carried
out in a chamber electric furnace with an air atmo-
sphere (LAC, Czech Republic) with a maximum per-
missible operating temperature of 1280 °C.

Welded joints were produced by argon-arc welding
with a non-consumable electrode, using a filler metal.

Alloys of standard chemical composition (VT2sv,
VT8, VT20) were used as filler materials, and exper-
imental alloys were also smelted: VT2 alloy with the
addition of modifiers (lanthanum, yttrium, boron).

The work was carried out in pre-purified argon in
a U6872-5306 controlled atmosphere chamber. The
required atmosphere was achieved by evacuating the
chamber and then supplying argon at a pressure of
0.02 MPa (0.2 atm.).

Welding mode for the samples: filler diameter
1.8-2.0mm; [ =180 A; U =10V, V =0.24 m/min;
tungsten electrode diameter of 1.8 mm.

Welding was performed using identical welding
conditions, eliminating the influence of welding con-
ditions on the joint properties. Edge preparation was
performed before welding, and weld reinforcement
was removed after welding.

After welding, to relieve stress and stabilize
the weld structure, the welded joints of the studied
(a+p)-titanium alloys were heat-treated in a SNVE-
1.3.1/16 vacuum-arc resistance furnace with a vacu-
um depth of P =1-10"° mm-Hg. Temperature was con-
trolled using a TXA thermocouple, maintaining the
furnace temperature accuracy at £5 °C.

Metallographic studies of the structures and frac-
tograms of the fracture surfaces were performed using
optical microscopes, as well as scanning and transmis-
sion electron microscopes. The phase composition of
the alloys was studied using energy-dispersive X-ray
spectroscopy. Mechanical properties were determined
using standard methods [24]. Laboratory and industri-
al studies were conducted in accordance with existing
standards using instruments and equipment that had
passed metrological control [25].

To evaluate the application of the developed ap-
proaches, tests were conducted on full-scale samples,
and solid-state models of the axial monowheel (blisk)
blade of the high-pressure compressor of the D-27
turbofan engine were created.

The stress-strain state of the axial monowheel
made of VT8 alloy of the D-27 engine was calculat-
ed under loads corresponding to engine operation in
takeoff mode. Considering that the simulated distance
from the wheel rotation axis (Z-axis) to the blade air-
foil corresponds to the radius of the actual compressor
wheel, the calculation sector is loaded with inertial
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forces from its own mass when specifying the angu-
lar velocity. To exclude possible displacement of the
calculation model in the axial direction, the displace-
ment of one of the nodes on the front flange is limited
in all directions. Linear frequency analysis was used
to determine the frequencies and modes of natural
vibrations of the structure: analysis type — modal;

method — Block Lanczos; number of determined
modes — 3; studied frequency range — 0—11000 Hz.
Fixation conditions — limitation of displacements

along the lateral surfaces of the sector (cutout surfac-
es). This should be included in the methodology.

The study results were tested in laboratory condi-
tions, as well as at industrial facilities of ZTMC and
Motor Sich.

DISCUSSION OF RESULTS

An analysis of literature data, as well as studies of
typical damage to gas turbine engine rotor compo-
nents, reveals that the blade airfoil areas are the most
heavily stressed.

Based on the nature of the damage and its location
on the component, it can be concluded that repair by
cleaning methods is, in most cases, impossible. Weld-
ing and surfacing should be considered as the primary
repair methods. For one-piece components, ensur-
ing the required level of properties in the repair zone
determines the maximum performance of the entire
component.

A study of the properties of welded joints obtained
using standard filler materials revealed that the me-
chanical properties of the original base material are up
to 30 % lower than the required level. This was due to
changes in the type and structure of the weld and the
formation of a coarse-lamellar structure with primary
B grain sizes of approximately 70-350 pum.

The surface topography of tensile specimens was
studied using qualitative fractographic analysis. Anal-
ysis of the fracture surface and weld microstructure
revealed that the alloys studied were characterized
by several structural features with low fracture en-
ergy, such as facets and pores. Large cast grains in
the weld reduced the material’s fracture energy, and
their boundaries initiated brittle fracture processes un-
der both static and dynamic loads. It was established
that in some cases, pores in the weld, measuring up to
50 um in size, initiated microcracks. It was concluded
that the quality of the filler materials is the primary
source of weld defects.

Fatigue limit (o ) testing of welded specimens
made of VTZ-1 and VT8 alloys revealed that the fa-
tigue limit of the welded joints was more than 30 %
lower than that of the base metal. It was established
that standard welding methods do not provide me-

ISSN 2415-8445 CYYACHA ENEKTPOMETAIYPTIA, Ne 1, 2026

chanical properties of welded joints of heat-resistant
titanium alloys at a level 0.9 times that of the base
metal. To improve the mechanical properties of weld-
ed joints to those of the base metal, it is necessary to
develop fundamentally new filler materials that will
allow the formation of the required type and size of
structural components in the weld.

To ensure the required level of mechanical proper-
ties in titanium alloy welds, a specific structure type
with a specific size of structural components should be
formed. The weld metal structure should be approxi-
mated to equiaxed, lamellar, or bimodal structures. To
address this issue, it is proposed to introduce modi-
fying elements into the filler materials. The influence
of modifying elements on the structure and properties
of titanium alloys is determined by the most effective
elements: La, Y, and B. To determine the individual
and complex influence of these modifiers, the study
was conducted using the full-factorial design method.

When selecting the filler material base, we took
into account that welding high-strength titanium al-
loys requires filler metals with reduced alloying el-
ement content to prevent brittle fracture of the weld.
The most common filler metal used for most titani-
um alloys is low-alloy titanium grade VT2sv with a
low aluminum content. Aluminum, as demonstrated
previously, is the most common alloying element, in-
creasing the strength and heat resistance of titanium
alloys. During welding, its losses are the highest, so
the composition of the standard titanium alloy VT2sv
was used as the base metal. This alloy is used for a
wide range of structural and heat-resistant titanium
alloys [26].

To determine the filler metal composition, we
studied the effect of La, Y, and B modifier content on
the structure and mechanical properties, determined
by the response functions, of welded joints of VTS
titanium alloy. The results for the mechanical proper-
ties of the welded joints are presented in Table 1.

Welding of VT8 alloy plates was performed using
argon-arc welding with filler materials in the form of
rods of experimental compositions. For this purpose,
rods up to 2 mm in diameter and 70 mm in length
were produced from ingots melted according to the
experimental matrix. Welding conditions correspond-
ed to those used for producing welded joints using
standard filler materials.

The results of calculating the stress-strain state of
the monowheel sector, taking into account the sur-
facing of the leading and trailing edges for the model
units, are shown in Figures 1-3.

As can be seen from the presented data, surfacing
using experimental filler materials does not change
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Table 1. Mechanical properties of welded joints of titanium alloy VT8 obtained using experimental filler materials

expz(i)énce X, X, X, Mechanical poperties
G, MPa G, MPa 0, % 3, % KCU, kJ/em?
: - B B 980 430 64 6 0.40
2 +1 -1 -1 870 300 26 3.7 0.30
3 -1 +1 -1 900 370 50 5.5 0.20
4 +1 +1 -1 770 240 22 3.8 0.18
5 -1 -1 +1 1020 480 70 6.2 0.37
6 +1 -1 +1 880 390 30 4.5 0.30
7 -1 +1 +1 860 380 62 5.8 0.19
8 +1 +1 +1 790 260 27 4.1 0.11
9 0 0 0 1010 480 62 5.9 0.30
10 —1.682 0 0 990 447 69 6.2 0.12
11 1.682 0 0 630 210 22 2.0 0.10
12 0 —1.682 0 1000 470 68 6.1 0.57
13 0 1.682 0 740 220 37 3.0 0.05
14 0 0 —1.682 975 420 55 53 0.32
15 0 0 1.682 1070 500 60 5.7 0.28

the distribution of stress fields for all loading condi- safety factor distribution fields for the welded blisk
tions. Stress intensity varies within 10 %.

Potential repair zones can be determined based perimental (No. 1 SMK) alloy compositions are
on changes in the distribution of safety factors. The shown in Figures 4 and 5. Analysis of the modeling
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No. 1 SMK, due to its higher strength characteris-
tics, significantly expands the potential repair zones
for fan blade airfoils.

Since the thickness of the blisk blade airfoil in all
sections does not allow for differentiated surfacing on
the back and trough, it is assumed that permissible
repair zones can be determined by superimposing the
safety factor fields for the back and trough (Figure 6).

Based on the obtained results of the stress-strain
state modeling and safety factor fields (Figures 4-5),
it was concluded that using a differentiated approach
based on the use of modified SMK filler metals, the
zones of possible repair of the blade airfoil can be sig-
nificantly expanded, compared to surfacing with stan-
dard filler metals.

Analysis of the obtained results revealed that the
use of SMK filler metal No. 1 for repairing the blade
airfoil under variable loads allows for an increase
in repair area by 20-25 %, compared to previously
used filler metals. An analysis of the stress state of the
unicycle hub revealed that static stresses from cen-
trifugal forces predominate. Gas turbine engine disk
materials, in turn, are subject to requirements regulat-
ing their ability to resist crack propagation. Therefore,
when repairing unicycle hubs, it is necessary to use a
filler material that provides high strength properties
under static loads and also exhibits high crack resis-
tance characteristics, measured by impact toughness.
An analysis of the stress-strain state of the unicycle
hub, as well as the strength properties of welded
joints obtained by ADS with filler material composi-
tion No. 2 of the SMK, revealed that repairs can be
performed using the ADS method across virtually the
entire disk area. However, commercial filler materials
do not provide the required level of impact toughness.
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a b

Figure 4. Distribution fields of the KZP for the D27 unicycle
blade, restored using the VT-2 additive: a — back; b — trough

Fan blades made of VT3-1 alloy, one of the most
common alloys used in the D-36 gas turbine engine,
were selected for full-scale testing. These components
were used to develop calculation models to identify
potential repair zones. Full-scale experiments allowed
the calculations to be verified.

Blades decommissioned due to damage during oper-
ation were used for the experiment. Welding, machining,
and testing were conducted at Motor Sich JSC. Testing
on the full-scale blades was performed on a vibration rig
using strain gauges. The tests required welding sections
of the blade using a pilot composition and standard filler
metal compositions. To ensure consistent testing con-
ditions, blades with damage in the lower portion, i.e.,
below the anti-vibration platform, were selected. This is
because only the upper portion of the blade is used for
vibration rig testing.

Blades without damage were tested as a baseline to
determine the most critical zone and their service life.
According to the results of tests for the fourth bend-
ing mode at a stress of 6= 285 MPa (amplitude at
control point 24 = 7.4 mm) at a frequency of 1040 Hz,
destruction occurred at a number of cycles N=7.4-10°
above the anti-vibration shelf.

To test the reconditioned blades, it was necessary
to weld sections of the blade using a test compound

—lli!!

i
a b

Figure 5. Distribution fields of the KZP for the D27 unicycle
blade restored using additive No. 1 SMK: ¢ — using VT-2 filler
metal; b — using experimental filler metal No. 1 SMK
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Surfacing
zones
a b

Figure 6. Zones of permissible repair of the blade airfoil made of VT8 alloy for the D-27 engine unicycle

and standard filler metal compositions. Common Therefore, a 3 mm deep nick was chosen as the
blade edge damage, such as nicks, was chosen as a model defect, while the blade airfoil thickness at this
model defect. Seventy percent of the damage occurred  depth is approximately 2 mm. The location of the de-
with nicks ranging in depth from 0.2 to 1.0 mm, and fect on the airfoil was chosen such that the onset and
in some cases, their depth could reach 3 mm. subsequent failure under applied loads occurred along

Area of maximum stresses

Figure 7. View of a blade restored using the ADS method with experimental and standard additives

a

Figure 8. View of a blade restored using the ADS method under fluorescent testing: @ — blade restored using the standard VT20 filler
material; b — blade restored using the experimental filler material No. 1 SMK (3.6 % Al; 0.17 % La; 0.02 % B; 0.02 % Y)
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Table 2. Durability of VT3-1 alloy blades restored by ADS methods with filler materials of various compositions

Additive material

Durability to the formation

The ratio of the durability of the welded blade
N_ to the durability of the original blade

in a submicrocrystalline state

of cracks, cycle (N =7.4-10° at max = 285 MPa)
VT20sv 5.7-10° 0.78
0, . 0, . 0, . 0,
3.6 %Al; 0.17 %La; 0.02 %B; 0.02 %Y - |

Lab1 ¥
9000 WY:15 Tied
a

Labt - J
1000 kv:13 THED

c

Figure 9. Blade fractograms: « — original blade; b — reconditioned blade using VT20sv filler metal; ¢ — reconditioned blade using

SMK pilot filler metal composition No. 1

the weld. This allowed for direct evaluation of the re-
sistance of the weld metal and the heat-affected zone
of welded joints produced using various filler metals.

According to vibration test data, when apply-
ing mode 4 loads, the onset of failure of undamaged
blades corresponds to the nodal cross-section, i.e., in
the zone of maximum alternating stress. The location
of this test site was determined based on strain gauge
measurements. It was in this location that nicks in the
form of defects were simulated (Figure 7).

Defects were then ground out in accordance with
current regulatory requirements at the plant. After
final machining, the samples were heat-treated us-
ing the following procedure: annealing at 840 °C for
1 hour, followed by cooling in a furnace. Lumines-
cence testing of the weld zone on the blades was also
used to check the quality of the weld (Figure 8). The
results showed no defects in the weld.

The results of bench tests on the durability of
blades restored by ADS methods with filler materi-
als of various compositions during the fourth bending
mode tests with an amplitude of 1074 Hz and a maxi-
mum stress of 285 MPa are presented in Table 2.

As follows from the analysis of the presented data,
blades restored using the experimental compound
had a service life close to that of the original blades.
However, the service life of blades restored using the
VT20sv filler was, on average, 20 % lower than that of
blades restored using the experimental filler materials.
Failure onset for all blades occurred in virtually the
same zone. This can be explained by the maximum
stresses in this section of the blade for specific loading
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conditions. Continuing testing until blade failure re-
vealed that the failure surface for all blades exhibited
a ductile fatigue pattern. In blades produced using the
VT20sv filler, the failure mode was less uniform, with
crack propagation elements visible. This was likely
due to the lower ductility of the weld produced with
the VT20sv filler.

As aresult of contact and friction during vibration
testing, the surface topography formed during fracture
was unclear (Figure 9). This complicated the analy-
sis of crack propagation patterns by structural com-
ponents at high magnifications. Microanalysis of the
fracture surface is the most informative. In particular,
no areas of brittle fracture or pores were detected on
the surface of the original blades (see Figure 9).

For blades produced using SMK pilot filler met-
al compositions, these defects were virtually absent
(see Figure 9, ¢), and individual pores smaller than
5 mm had virtually no effect on the fracture pattern.
For blades produced using VT20sv filler metal com-
positions, pores up to 15 um in size were present (see
Figure 9, b). These defects, according to previously
presented research results, in the filler metals where
the structural imperfections in the filler metals were
caused by (pores, chemical inhomogeneity).

Thus, the durability of reconditioned blades is pri-
marily influenced by the weld structure. In turn, the
use of experimental SMC additives made it possible
to form a weld structure in the VT3-1 equiaxed alloy,
close to the structure of the base metal, and to obtain
higher-quality welds, which ensured the durability of
the restored blades at the level of the original ones.
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RESULTS

The tests demonstrated that the durability of recondi-
tioned blades depends on the structure and defects of
the weld. Increased durability is a result of the forma-
tion of a finely dispersed structure similar to the base
metal. In turn, the use of SMC filler metals of the exper-
imental composition allows for higher-quality welds,
resulting in reduced pores and weld discontinuities.
Thus, the tests conducted on actual blades confirmed
the main findings of the study. The following rotor-type
components were reconditioned using SMC filler met-
als: a D36 engine fan blade made of VT3-1 alloy and
an axial blisk blade made of VT8M alloy.

Cyclic tests were conducted on full-scale blades
using the fourth bending mode, and the stress val-
ues acting in the blade were determined. The re-
gion and magnitude (285 MPa) of maximum blade
stress were established. Computational models for
the distribution of stress fields acting in the blade
for the fourth bending mode were experimentally
validated, and a coefficient for converting the cal-
culated stress values to experimental ones was de-
termined.

It was theoretically and practically proven that
the application of a scientific and practical materi-
als science approach increased the repair potential
zones by 20-25 % (by area) for a fan blade made
of VT3-1 alloy compared to previously used filler
materials and also made it possible to repair the hub
and about 75 % of the blade part of the axial mono-
wheel made of VT8 alloy.
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PE®EPAT

[lepcnekTnBH Ta EKOHOMIUHA €(EKTUBHICTH BUPOOIB 3 THTAHOBUX CIUIABIB HACAMIICPE 3AJICXKATh BiJ TEPMiHY IX CIYKOH, a 11e
0e3rmocepeHpO OB’ A3aHO 3 MOYKIIMBICTIO BiTHOBIICHHS IIUX JeTallcii. PeMOHTONPUAATHICTD AeTaleil ra30TypOiHHUX JBUTYHIB
(I'TH) 3aramom BH3HaYa€ iX KOHKYPEHTOCHPOMOXKHICTh. 3alIpOIIOHOBAHO BUKOPUCTOBYBATH MPUCAIOYHI MaTepiaid 3 cyoMmi-
KPOKPHCTATIYHOIO CTPYKTYpOIO Iiisi peMoHTy Aertaneit ['T/] metonamu 3BaproBaHHs. BcTaHOBICHO 1X ONTUMAaNbHAN XiIMIYHUHA
CKJIaJI, CTIOCI0 BUTOTOBJIEHHS Ta 3aXOAM IOJ0 PETYIIOBAHHS CTPYKTYPH TaKHWX IPHCAJ0YHHX MarepiamiB. Takok BU3HAYCHO
ONTUMAIIbHI TApaMETPU PEKUMY aprOHOAYTOBOTO 3BapIOBAHHS Ta MiCISA3BApIOBAILHOI TepMidHOI 00poOKu. MexaHiuHi Bia-
CTUBOCTI 3BapHUX 3’€IHaHb, OTPUMAHUX 3 BHKOPUCTAHHSAM EKCIIEPUMEHTAIBHHUX IPHUCAJOYHHUX MarepialiB, BUIII ITOPIBHS-
HO 31 3pa3kaMHi, OTPUMAHHMH 3 BUKOPHUCTaHHSIM CEPIHUX NPHUCAJOYHHUX MarepiaiiB. Makpo- Ta MIKpOCTPYKTypa 3BapHHX
3’€IHAaHb Ma€ 3HAYHO MEHIIY KUIBKICTh A¢()EKTIB Pi3HOTO IMOXOKEHHS IMOPIBHSIHO 31 3pa3KaMy, BUTOTOBICHUMH 3 CEPIHUX
3BapIOBaJIbHUX MarepialiB. bymo mpoBeneHo MoeIIoBaHHS Ta PO3PaXxyHOK MOHOKOJIECA METOAOM CKIHIEHHUX €JIEMEHTIB IS
MIPOTHO3YBAHHS 30H Ta CTYNCHS pyHHYBaHHS ITiJ] 9ac eKCILTyaTallii 3 MeTOI0 PO3POOKH ONTUMAIBHOT TEXHOJIOTIT BiJTHOBICHHS.
Bi6miorp. 25, Tabn. 2, puc. 9.
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