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SOLID-PHASE METALLURGY IN COMPRESSOR BLADE MANUFACTURING:
EFFECT OF ULTRASONIC STRENGTHENING
ON SURFACE LAYER PROPERTIES

Purpose. To establish the influence of ultrasonic strengthening with steel balls on surface roughness, residual
stresses, microhardness, and surface layer structure of compressor blades manufactured from titanium alloy blanks
produced by solid-phase powder metallurgy technology.

Methodology. The study employed specimens manufactured from a powder mixture of VI8-grade titanium alloy
components, using the intensive consolidation method — twist extrusion. Blade profile machining was performed by
high-speed milling on a 5-axis machining centre. Ultrasonic treatment of specimen surfaces was conducted using
steel balls with a 1.6 mm diameter and a hardness of HRC 62-66. Residual stress measurements in the surface layer
were performed using the hole-drilling method, microhardness distribution was determined on bevelled sections, and
surface profile examination was carried out using a digital profilometer.

Findings. It was established that strain hardening of the surface layer with steel balls in an ultrasonic field for
15 minutes ensures maximum compressive residual stresses in the surface layer (=515 to —520 MPa at a depth of
18—20 pum), uniform distribution of microhardness, and surface roughness not exceeding 0.4 um. Increasing the
treatment time leads to over-hardening and surface degradation. The structure of the treated layer retains the equiaxed
bimodal character typical of VTS titanium alloy.

Originality. For the first time, quantitative relationships have been established between ultrasonic strengthening param-
eters with steel balls and the stress-strain state, microhardness, roughness, and work-hardening depth of VT8 titanium alloy
produced by solid-phase synthesis technology. Scientifically substantiated technological treatment parameters are pro-
posed to ensure the formation of optimal surface layer properties for enhancing the durability of gas turbine engine blades.

Practical value. The proposed technological treatment parameters can be utilized in serial production or repair of
gas turbine engine components, particularly in the aviation industry.
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Introduction. Despite the active development of
electric and piston engines, gas turbine engines remain
the most sought-after in aviation. Their main advantage
is significant specific power. However, unlike other en-
gine types, their primary disadvantages are design com-
plexity and high cost. The principal reasons for this are
the substantial thermal and mechanical loads. This ne-
cessitates the use of high-strength titanium and alumin-
ium alloys, heat-resistant nickel-based alloys, thermal
barrier protective coatings, and coatings to protect aero-
dynamic profiles from erosive wear. This determines the
need for specialized technologies for forming, machin-
ing, and heat treatment. Thus, study [1] demonstrates
that in compressor blades made from the most com-
monly used titanium alloys VT6 (Ti-6Al-4V), VT3-1
(Ti-6.7A1-2.5Mo-1.8Cr-0.5Fe-0.25Si), and VT8 (Ti-
6.8A1-3.5Mo0-0.32Si), steady-state stresses can exceed
800 MPa at temperatures up to 600 °C.

However, the primary challenge in ensuring the
structural reliability of blades is not so much the high
level of steady stresses as the alternating stresses result-
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ing from aerodynamic excitation by stator blades [2]. It
is well established that high-cycle fatigue is a principal
cause of their failure [3]. Given the thin, aerodynamic
blade airfoil, the most effective approach to enhancing
fatigue life is improving surface layer quality, which re-
duces surface roughness, strengthens the surface layer,
and induces compressive residual stresses [4, 5]. Taking
into account the peculiarities of titanium semi-finished
product manufacturing by solid-phase metallurgy tech-
nology [6], the investigation and development of meth-
ods to ensure a favourable surface-layer condition from
a fatigue-life perspective is a relevant objective.
Ultrasonic ball surface hardening (UBH) is current-
ly regarded as one of the most promising methods for
engineering modification of the surface layer state in ti-
tanium alloys. This is attributed to its ability not only to
generate significant compressive residual stresses but
also to form multilevel nanograined structures, thereby
enhancing the material’s operational performance. It is
well established that the surface layer is most susceptible
to cyclic and aggressive environments, and therefore de-
termines the initiation and propagation of fatigue cracks,
the rate of corrosion processes, and the overall service
life of aircraft gas turbine engine components. Conven-
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tional surface treatment methods, such as shot peening,
have limited potential due to shallower depth of influ-
ence and non-uniformity in residual stress formation.
For this reason, the implementation of Ultrasonic Shot
Peening/Ultrasonic Impact Treatment in modern tech-
nological processes is considered one of the key path-
ways to achieving substantial improvements in the dura-
bility of titanium alloys.

Despite the aforementioned achievements, most re-
search focuses on coarse-grained or additively manufac-
tured titanium alloys. For submicrocrystalline titanium
alloys obtained by solid-phase synthesis from powders
using severe plastic deformation methods, systematic
data are scarce. There are no consistent recommenda-
tions for selecting UBH regimes that ensure the forma-
tion of an optimal stress-strain state in the surface layer
without over-hardening, a controlled strengthening
depth, the required microhardness, and acceptable
roughness. The question of the long-term stability of
these characteristics under actual service conditions,
which combine high temperatures, cyclic loading, and
aggressive environments, also remains open.

Thus, the relevant scientific and technical problem
lies in the absence of substantiated technological pa-
rameters for ultrasonic ball hardening of submicrocrys-
talline titanium alloys that would enable purposeful for-
mation of the stress-strain state of the surface layer and
ensure the durability of critical aircraft engine compo-
nents. Its resolution requires comprehensive parametric
investigations to establish quantitative relationships be-
tween UBH regime parameters and residual stresses,
microhardness, roughness, and work-hardening depth,
and to develop scientifically substantiated recommenda-
tions for the aerospace industry.

Literature review. Ultrasonic ball hardening, the focus
of this study, is a variant of ultrasonic shot peening that
uses steel balls as the impact medium rather than conven-
tional shot, enabling more precise control of surface
treatment parameters. Ultrasonic ball surface hardening
is attracting increasing attention from researchers due to
its ability to form gradient structures with nanocrystalline
zones, enhance microhardness, and generate compres-
sive residual stresses that significantly affect the durability
of titanium alloys. Contemporary scientific literature in-
cludes numerous works on wrought and cast titanium al-
loys, as well as on alloys produced by additive technolo-
gies. However, the optimization of ultrasonic hardening
regimes for submicrocrystalline alloys remains open.

Agrawal, et al. [7] investigated the effect of ultrason-
ic shot peening duration on commercially pure titanium.
It was established that short-duration treatment (60—90
s) promotes the formation of a nanostructured surface
layer with improved corrosion properties and biocom-
patibility, whereas longer exposure leads to excessive
surface roughening. These results emphasize the impor-
tance of selecting treatment parameters, particularly
when the combination of mechanical and biomedical
characteristics is decisive.

Cai, et al. [8], using B-forged TC17 alloy as an ex-
ample, demonstrated that increasing the ultrasonic shot
peening intensity from 0.15 to 0.25 mmA on the Almen
scale results in a 12 % increase in average compressive
residual stresses and a 29 % increase in the strengthened
layer depth. However, a simultaneous 27 % increase in

roughness was observed, which may negatively affect
operational properties. Thus, the study proves that pro-
cess intensification does not always yield an unambigu-
ously positive effect.

Sun and colleagues [9] demonstrated that variation
in ultrasonic oscillation amplitude during Ti-6Al-4V al-
loy treatment directly affects residual stress levels and
grain morphology. With increased amplitude, compres-
sive stresses of —791 MPa were achieved, accompanied
by a 28 % reduction in average grain size. This was ac-
companied by improved wear resistance, which is par-
ticularly important for aircraft components operating
under friction and high-temperature conditions.

Yi, et al. [10] demonstrated that eight-minute treat-
ment of TC4 titanium alloys forms a nanocrystalline
layer with an average grain size of approximately 75 nm.
Microhardness increases from ~330 to ~438 HV, while
maximum compressive stresses reach —0.97 GPa, ex-
tending to a depth of up to 0.9 mm. These results con-
firm the high effectiveness of ultrasonic shot peening in
creating a favourable stress-strain state.

Research by Zhang and colleagues [11], conducted
on additively manufactured Ti-6Al-4V structures by se-
lective laser melting, revealed significant improvements
in corrosion resistance after ultrasonic treatment. The
authors recorded an increase in corrosion potential, a
decrease in corrosion current density, and increases in
microhardness and residual stresses. This demonstrates
that UBH can be an effective means for enhancing the
reliability of additive products.

Qiu, et al. [12] investigated the effect of ultrasonic
impact treatment on thin-walled titanium elements with
holes. Significant improvements in fatigue-strength
characteristics were demonstrated through the intro-
duction of compressive residual stresses and local struc-
tural modifications. Such an effect is particularly impor-
tant for aircraft structures, where fatigue in holes and
stress-concentration zones are critical failure factors.

Perevalova, et al. [13] investigated the effect of ultra-
sonic impact treatment on 3D-printed Ti-6Al-4V struc-
tures. It was established that a nanocrystalline layer up
to 5 um thick and a submicrocrystalline layer up to
40 um thick form, resulting in enhanced microhardness
and fatigue life. Similar results were obtained for struc-
tures manufactured by Wire-Feed EBM, indicating the
universality of the approach.

Avcu, et al. [14] demonstrated that shot peening
treatment of powder Ti-6Al-4V alloys obtained by press-
ing leads to a reduction in crystallite size, a 17 % increase
in microhardness, and significant enhancement in cor-
rosion resistance due to the formation of a passivating
oxide film. This study confirms that even non-tradition-
al methods of titanium alloy formation respond posi-
tively to ultrasonic hardening.

Siahpour and colleagues [15] developed an environ-
mentally friendly ultrasonic pulsating water jet method
for treating L-PBF-manufactured Ti-6Al-4V compo-
nents. The authors demonstrated that the novel approach
can achieve an effect similar to conventional USP with-
out using solid shot, thereby reducing the risk of surface
contamination and negative environmental impact.

Wang, et al. [16] evaluated the effect of ultrasonic
surface rolling and shot peening treatment on the fret-
ting resistance of Ti-6Al-4V alloy. It was established that
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both methods enhance fretting fatigue resistance; how-
ever, ultrasonic surface rolling produces deeper struc-
tural changes and a more stable effect than shot peening.

Thus, analysis of available works shows that although
ultrasonic hardening effectively modifies the structure
and properties of titanium alloys of various origins, sys-
tematic research specifically targeting submicrocrystal-
line materials is absent. Therefore, the objective of this
work is to investigate the effect of ultrasonic steel ball
surface hardening on surface roughness, residual stress-
es, microhardness, and the surface layer structure of
compressor blades manufactured from titanium alloy
blanks produced by solid-phase metallurgy technology.

Methods. Investigation of surface layer parameters
after ball hardening in an ultrasonic concentrator was
conducted on the airfoils of actual compressor blades.
Blade blanks were manufactured from a mixture of VI8
titanium alloy powder components using the intensive
consolidation method — twist extrusion. Semi-finished
products with dimensions of 70 x 28 x 18 mm were ob-
tained, from which blade blanks were manufactured ac-
cording to the methodology described in [17].

Profile forming and blade geometry were achieved
through high-speed milling, ensuring the required sur-
face finish (Ra < 0.8 um) and the specified aerodynamic
design parameters, with deviations not exceeding
+0.02 mm.

Strain hardening of the surface layer of blade aerody-
namic surfaces was performed by the ultrasonic treat-
ment method.

The experimental setup for ultrasonic hardening in-
cluded an ultrasonic oscillation generator with 400 W of
power, equipped with a feedback system to maintain op-
erational stability with +1 % accuracy, and a series of
magnetostrictive transducers with a transformation ratio
of 1:2.5. System calibration was performed before each
treatment cycle using a reference specimen. Steel balls
with a 1.6 mm diameter, manufactured in accordance
with the requirements of DSTU GOST 3722:2018, were

Fig. 1. Schematic diagram of the device for blade airfoil
hardening with steel balls in ultrasonic field:

1 — horn; 2 — magnetostrictive transducer; 3 — ultrasonic
generator UZG2-4M; 4 — magnetizing system; 5 — cham-
ber; 6 — blades being hardened; 7 — reducer; § — screen;
9 — hardening intensity sensor; 10 — low-pass filter; 11 —
millivoltmeter; 12 — steel balls

used as hardening media. The horn oscillation frequen-
cy was 17.5 kHz, corresponding to the resonant frequen-
cy of the “horn—hardening media” system (Fig. 1) and
ensuring maximum energy transfer efficiency.

Resonant frequency determination was performed
experimentally using two criteria: the maximum kinetic
energy level of the balls, which was recorded by the
hardening intensity sensor, and the sound pressure level
created by the horn walls using an Olympus VT4U-SPL
device. The ultrasonic hardening regimes were estab-
lished as follows: diameter of hardening balls — 1.6 mm,;
treatment duration — 10—15 minutes for each surface
area; treatment intensity — 4.1—4.2 mV; total mass of
hardening media — 400 g.

Process quality control was performed comprehen-
sively by monitoring horn oscillation amplitude with a
Type 2511 vibrometer, measuring treated surface tempera-
ture with a Fluke62 infrared thermometer with +1 °C ac-
curacy, and analysing the acoustic signal during treatment
with a B&K 4307/4309 spectrum analyser. Hardening
uniformity control was performed by measuring the sur-
face-layer microhardness at points spaced 2 mm apart,
with 5 indentations at each measurement point (Fig. 2).

Additionally, surface visual quality was assessed un-
der an MBS-10 microscope at x50 magnification.

Measurement of values and distribution of residual
stresses in the surface layer of blade airfoils was per-
formed using the hole-drilling method, in accordance
with the American Society for Testing and Materials
standard ASTM ES837 [18], on a SINT RESTAN MTS
3000 measurement system, which is part of a specialized
system for residual stress determination.

The application of hole-drilling technology enabled
establishing the nature of stress distribution in the sur-
face layer of different sections of both concave and con-
vex surfaces of blade airfoils with dimensions not ex-
ceeding 20x20 mm. Such blades are widely used in
small gas turbine engine designs.

During the experiments, high-speed drilling at
300,000 rpm was employed, minimizing the influence of
the machining process on the material structure. This,
according to data [19], provides grounds for not consid-
ering the drilling process influence on strain gauge mea-
surement accuracy, since at such regimes thermal load-
ing practically does not affect the initial stress state in
the material under investigation.

Strain gauge sensors were mounted on the convex sur-
faces of blade airfoils (Fig. 3), after which high-frequency
drilling was performed, with parallel recording of surface
deformation changes along three coordinates and syn-
chronous calculation of the plane stress state components.
Stepwise feeding of the drilling tool with a 10 um step en-
abled investigation of the nature of the residual stress dis-
tribution in the surface layer to depths of 200 um [20].

Fig. 2. Schematic diagram of microhardness measure-
ment on the blade surface
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Fig. 3. CUSTOM-SOURCING strain gauge rosette type
BX120-1CG on the compressor blade airfoil

Taking into account that the accumulated experi-
ence of domestic scientific works in the field of residual
stress determination in gas turbine unit components is
predominantly based on their measurement by the
method of stepwise removal of thin metal layers, residu-
al stress determination of the surface layer was conduct-
ed with consideration of two stress state components.
This approach enabled obtaining stress values compa-
rable in magnitude to the measurement results, accord-
ing to the Davydenko N. N. methodology [21].

Deformation parameters of the surface layer were in-
vestigated by measuring microhardness at various dis-
tances from the surface on “taper sections”. Measure-
ments were performed on a Vickers microhardness tester
model MICROTECH® HVA-1 under an indenter load
of 50 g. Taper sections were prepared by mounting speci-
mens cut from the blade cross-section according to the
scheme presented in Fig. 4, a. A grinding angle of 5—-9°
provides significant magnification of the visible area of
thin surface layers for subsequent investigation. The taper
section angle was determined from measurements on an
X-ray image (Fig. 4, b). The degree of work hardening was
defined as the ratio of the specimen’s surface microhard-
ness to its core microhardness, expressed as a percentage.

Surface roughness was determined usinga HANDY-
SURF 45 profilometer-profilograph manufactured by
ACCRETECH. The measuring traverse length was
5.6 mm, and the cutoff parameter was set at 0.8 mm.

: — Cutting line
a

The schematic arrangement of the measurement tra-
verse on specimen surfaces is presented in Fig. 5.

Sample preparation for microstructure investigation
included sequential grinding with abrasive materials from
P80 to P2500, polishing with diamond pastes from 9 to
0.25 wm, and final polishing with colloidal silica
0.04—0.06 um. After cleaning with distilled water and
ethyl alcohol, the surface was etched with appropriate re-
agents for 5—60 seconds, depending on the material. Qual-
ity control included verification of mirror surface without
scratches, clarity of grain boundaries, and etching unifor-
mity under a microscope at 100—200x magnification.

Results. The technology for manufacturing compo-
nents from titanium alloy semi-finished products ob-
tained by powder metallurgy methods (Fig. 6, a) with
subsequent plastic deformation by severe plastic defor-
mation (SPD) methods (Fig. 6, b) involves the applica-
tion of machining for forming primary surfaces, as well as
finishing-strengthening treatment methods. The general
technological process flowchart is presented in Fig. 7.

Microstructural investigation using an optical mi-
croscope revealed that the twist extrusion process re-
fines the structural components of the blade blank ma-
terial (Figs. 6, ¢, d). However, even at the magnifications
used, precise determination of grain size proved impos-
sible. This indicates the need for additional microstruc-
tural analysis methods or the application of higher mag-
nifications or electron microscopy to obtain a quantita-
tive evaluation of structural parameters. At the same
time, visual indications of structure modification con-
firm the effectiveness of SPD in improving the micro-
structural state of the titanium alloy.

Z

Measurement Path

Fig. 5. Schematic arrangement of roughness measure-
ment traverses relative to the specimen surface

b

Fig. 4. Schematic diagram of specimen extraction from

the compressor blade airfoil (a) and determination of

the taper angle on the X-ray image (b)

Fig. 6. General view (a, b) and microstructure (c, d) of
VTS alloy semi-finished product obtained by intensive
consolidation technology of powder mixture
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A

Fig. 7. Schematic diagram of technological process stages for compressor blade airfoil treatment:
1 — high-speed milling; Il — vibratory polishing; 111 — ultrasonic hardening;, A — semi-finished product obtained by solid-phase

metallurgy technology; B — compressor blade

The formation of deformation texture during the ex-
trusion process is confirmed by the distinctly pronounced
orientation of structural elements along the direction of
blank displacement (Fig. 6, d). Such structure directional-
ity indicates the intensive influence of plastic deformation
during processing, leading to grain and phase component
alignment in accordance with the applied force vector.

Analysis of surface profilograms of the blade airfoil
after ultrasonic hardening indicates that their numerical
roughness parameters are practically identical to those
of analogous surfaces after vibratory polishing (Fig. 8).

In this case, a smoother, more refined microrelief is
visually observed after ball treatment. The analysis of
graphical data shows a reduction in sharp angular transi-
tions and local peaks in micro-irregularity areas, indi-
cating a modification of the blade surface character as a
result of ultrasonic impulses from the balls.

The radius of curvature of micro-irregularity valleys
after strengthening treatment significantly increased
from = 0.66 to r = 0.72 um, as recorded in individual
profilogram sections. A decrease in the total profile
height Rt is observed, as well as noticeable smoothing of
micro-irregularity valleys and formation of more gradu-
al transitions between peaks and valleys.

These changes in the surface profile are confirmed
by measurement results showing modifications in geo-
metric characteristics without a significant impact on
the overall roughness level.

Thus, finishing-strengthening treatment methods
for blade airfoils improve surface microgeometric char-
acteristics, including roughness parameters, thereby en-
hancing surface layer quality.

It was established that, across all investigated ultra-
sonic hardening regimes differing in treatment duration
of 8—18 min, the formation of significant compressive
residual stresses across the entire blade airfoil surface is

Fig. 8. Surface profile of blade airfoil after vibratory pol-
ishing (a) Ra = 0.22 um and UBH (b) Ra = 0.24 um
(vertical magnification — 5,000, horizontal — 100)

characteristic. The maximum stress level in the surface
layer forms during 15-minute hardening. In this case,
their level and propagation depth increase compared to
high-speed milling and vibratory polishing with rational
parameters (Fig. 9). The distribution in the surface layer
showed a subsurface maximum of —515 to —520 MPa at
a depth of 18—20 pum, characteristic of shot peening
strengthening. The total stress penetration depth was
130—135 um.

For blades whose surface layers were subjected to ul-
trasonic hardening, the patterns of microhardness varia-
tion with surface-layer depth were investigated. The
maximum microhardness was observed on the airfoil
surface (Fig. 10). As the distance from the surface in-
creased, microhardness approached that of non-hard-
ened blades. The average microhardness of non-hard-
ened blades was 4,470—4,530 MPa.

The depth and degree of surface work hardening var-
ied with treatment time (Fig. 11). A decrease in the de-
gree of work hardening at hardening times exceeding
14—15 min may be due to over-hardening, indicating
the onset of surface layer deterioration.

The change in work-hardening depth can be ex-
plained as follows. During ball impact with the hard-
ened surface, part of their kinetic energy was expended
on plastic deformation of the metal. As a result, spheri-
cal plastically deformed regions formed in the surface
layer, whose hardness and strength were higher than in
adjacent non-deformed areas. Numerous ball impacts
uniformly covered the hardened surface with plastic in-
dentations, consequently forming a thin surface layer
with modified physical-mechanical characteristics
compared to the material core. The thickness of the de-
formed layer was determined from the plastic deforma-

Ooct, MPa
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Fig. 9. Distribution diagrams of residual stresses in the
surface layer of blade airfoils:

1— HSM; 2 — polishing; 3 — UBH (15 min)
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Fig. 10. Microhardness distribution in the surface layer
of blades at different ultrasonic hardening durations:

11— 8min; 2— 10min; 3— 12min; 4— 15min; 5 — 18 min
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Fig. 11. Dependence of depth (1) and degree (2) of work
hardening of the blade airfoil surface layer on ultra-
sonic hardening time

tion depth measured at individual ball impacts and de-
pended on their mass, flight velocity, impact angle with
the hardened surface, and other conditions. Consider-
ing that the hardness and yield strength of the surface
layer increased during processing, the depth of the plas-
tic deformation region from subsequent impacts was
smaller than the already-formed deformed surface layer.
Simultaneously with the decrease in the thickness of the
strengthened layer due to additional deformation during
the hardening process, its wear occurred, caused by the
transfer of surface-layer material particles by the balls.
As a result of multiple local plastic deformations accom-
panied by surface-layer wear, the thickness decreased
during hardening, and consequently, the work-harden-
ing depth decreased.

Investigation of the surface layer structure of blade
airfoils that underwent a complete technological cycle,
which included annealing at 650 °C after SPD, forming
by high-speed milling, polishing, and ultrasonic ball
hardening, enabled establishing that it has a typical
(equiaxed, bimodal) type structure characteristic of
VT8-type alloys (Fig. 12).

Conclusions. Investigation of the surface layer quali-
ty of compressor blades manufactured by solid-phase
metallurgy technology (through intensive consolidation
of a powder mixture) and formed by high-speed milling,
with subsequent vibratory polishing and ultrasonic steel
ball hardening, enabled establishing the main patterns

Fig. 12. Microstructure of the surface layer of blade air-
foils from VT8 alloy

of residual stress changes, the degree and depth of work
hardening, as well as surface roughness. Based on the
analysis of established patterns, rational regimes for the
main operations of the technological process were de-
termined. Strain hardening of the surface layer with steel
balls in an ultrasonic field for 15 min results in the for-
mation of maximum compressive residual stresses, with
a magnitude of —515 to —520 MPa at a depth of
18—20 um, and a total compressive stress penetration
depth of 130—135 um. Increasing the hardening time
beyond 15 minutes results in over-hardening of the sur-
face layer and its deterioration. The airfoil surface
roughness does not exceed 0.4 um, which satisfies the
requirements for compressor blade acrodynamic surface
roughness. The material structure of the blade airfoil
surface layer after forming and finishing-strengthening
treatment methods represents a typical (equiaxed, bi-
modal) type structure characteristic of VI8-type alloys.
Considering that strain hardening of the surface layer
may redistribute alloying elements throughout its depth
and, consequently, modify its properties, the prospect
for further research is to study chemical composition
changes in titanium alloys in the submicrocrystalline
state during plastic deformation.
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Mera. BcTaHOBIEHHSI BIUIMBY YJIbTPa3BYKOBOI'O
3MIIIHEHHS CTATbHUMHM KyJIbKaMM Ha IIOPCTKICTh T0-
BEpXHi, 3aJMIIKOBI HaMpyXeHHS, MiKpOTBEPIiCTh
i CTPYKTYpy ITOBEPXHEBOTO IIAPY JIOMTATOK KOMIIPECO-
pa, BUTOTOBJIEHUX i3 3arOTOBOK TUTAHOBOTO CIUIABY,
OTPUMAHUX 3a TEXHOJIOTi€l0 TBepAoha3HOI MeTalyprii
i3 MOPOIIKIB.

MeToauka. Y poOOTi BUKOPUCTOBYBAJIM 3pa3Ku, 110
Oy/IM BUTOTOBJIEHI i3 CyMillli TOPOIIIKOBUX KOMITOHEHTIB
TUTAHOBOTO CITJIaBY, 3a XiMiYHMM CKJIAZIOM BifTTIOBiTHOTO
BTS, MeTomoM iHTEHCMBHOTO YIIiIIbHEHHST — TBUHTOBOIO
ekcTpysieto. OO0poOKy TPOodiIo JTONMATOK BUKOHYBAIA
METOIOM BHMCOKOILIBUIKICHOTO (hpe3epyBaHHS Ha 5-Tu
KOOPAMHATHOMY OO0pPOOJISIIOUOMY LIEHTPi. YJIBTpa3ByKoO-
BY 00OpOOKY ITOBEPXOHb 3pa3KiB MPOBOAWIIM i3 BUKOPHC-
TaHHSIM CTaJIeBUX KYJIbOK JiaMeTpoM 1,6 MM i3 TBepic-
Tio HRC 62-66. BuMiptoBaHHSI 3aTUIITKOBUX HAITPY>KEHb
y TIOBEPXHEBOMY Il1api — METOJOM CBEPUICHHST MaJlUX
OTBOPiB, BUBHAUEHHSI PO3ITO/LTY MiKpPOTBEPAOCTi MPOBO-
JIAJIM Ha KOCcUX 1uTichax, TOCHiIKEeHHS MPOMdiTto MOBEpX-
Hi — i3 BUKOPUCTaHHSIM LiMpoBoro npodiaorpada.

Pe3ynbrat. BcraHoBineHo, 1o aedopMailiiiHe
3MIlIHEHHS TOBEPXHEBOTO I1apy CTAIeBUMU KyJIbKaMu
B YJILTPa3BYKOBOMY IOJIi TIPOTATOM 15 XB 3a0e3reuye
MaKCHUMaJlbHi 3aJIMILIKOBI HAalpy>XeHHSI CTUCKY B I1O-
BepxHeBOMy mmapi (—515— -520 MIla Ha rmoOwHi
18—20 MKM), piBHOMipHE pPO3IOMJICHHS MiKpPOTBEP-
ITOCTI 1 MIOPCTKOCTI TToBepxHi He Butie 0,4 MKM. 30iJ1b-
IIeHHsI yacy OOpoOKM MPU3BOAUTL 10 MepeHaKIeIny
i1 pyitHyBaHHIO TIoBepxHi. CTpyKTypa 00poOJeHOro
mapy 30epirae piBHOOCHUIA OiMOmaJIbHUI XapakTep,
TUIIOBU 711 TUTAaHOBOTO cruiaBy BTS.

HaykoBa HoBM3HA. YTieplle BCTaHOBJICHi KilbKiCHi
3aKOHOMIipHOCTI BIUIMBY PEXHUMiB YJIBTPa3ByKOBOTO
3MILIHEHHS CTaJIeBUMU KYyJIbKaMU Ha HaIlpyXeHO-Ie-
¢dopMOBaHUi1 CTaH, MiKPOTBEPIICTh, IIIOPCTKICTD i T~
OMHY HaKJIeIy TUTaHoBoro criaBy BT8, orpumanoro 3a
TEXHOJIOTIE€0 TBepIOda3HOTO CUHTE3Y. 3aIpOTIOHOBAHI
HayKOBO OOI'PYHTOBaHi TEXHOJIOTiUHI PEeXXUMU 0OPOO-
K1, IO 3a0e3euyioTh (opMyBaHHS OITHMAIBHUX
BJIACTUBOCTEN MOBEPXHEBOTO 111APy 3 METOIO MiJBUILIEH-
H$ TOBrOBIYHOCTI JIOMATOK ra30TypOiHHUX IBUTYHIB.

IIpakTUyHa 3HAYMMICTb. 3aIPONTIOHOBAHI TEXHOJIO-
riYHi mapamMeTpu oOpoOKU MOXKYTb OYyTU BUKOPUCTaHi
MpU cepilfiHOMY BUPOOHULITBI a00 PEMOHTI IeTalieil ra-
30TypOiHHUX ABUTYHiB, 30KpeMa B aBialliliHilt ramy3i.

Kmouosi cnoBa: meepdogpasna memanypeis, inmen-
cueHa naacmu4xa degopmauis, cmpykmypa, A0NamKu,
3ANUUK O8] HANPYICEHHS, MIKpomeepdicmb
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