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SURFACE REPAIR OF AIRCRAFT TITANIUM ALLOY PARTS
BY COLD SPRAYING TECHNOLOGY

Titanium alloys have the advantages of high specific strength, good corrosion resistance, high heat resistance,
and low density, which is the main structural material of aerospace system components, including compressor
blade, cartridge receiver, blisk, engine nacelle, thermal baffle and so on. At present, about three-quarters of ti-
tanium and titanium alloys in the world are used in the aerospace industry, including A350 for 14%, F18 for
15 %, B787 for 15 %, SU-57 for 18 %, J-20 for 20 %, FC-31 fighters for 25 %, F35 for about 27 %, and F22
up to 41 %, etc, so it has the reputation of "space metal". However, its low wear resistance limits the further
development of titanium alloy. Besides, its high manufacturing cost, if only require the occasion of surface per-
formance can reduce the use of the substrate, and then reduced the cost. Therefore, the study of aircraft titani-
um alloy is of great significance, the protection of titanium alloy includes alloying technology and coating
technology. Alloying technology mainly adds other elements on its basis to improve the performance, while the
most popular method is coating technology, the present, there are many coating technologies, include high-
velocity oxy-fuel (HVOF), HVAF, cold spraying, laser cladding, laser micro-fusion in-situ synthesized technol-
ogy, micro-arc oxidation, laser melt injection (LMI), supersonic laser deposition (SLD) and supersonic plasma
spray technology, surface repair titanium alloy parts by cold spraying technology are good ways to solve those
problems. Because of its low process temperature, no oxidation, only plastic deformation, and repair efficiency
are high, the protective coating has high bonding strength and good impact toughness. In this paper, the types
and applications of aircraft titanium alloys were reviewed, the latest research results of surface repair of tita-
nium alloys parts by cold spraying technology were reviewed, technological parameters of the cold gas dy-
namic spraying technology was analyzed, including powder size of particles, morphologies, critical velocity,
particle compression rate, substrate preheating effects on the particle/substrate adhesion, etc.

Keywords: Titanium alloys; surface repair; cold spraying; protective coating; technological parameters.

1. Aircraft Titanium Alloys
1.1. Introduction

Titanium alloys have the advantages of low densi-
ty, high specific strength and excellent corrosion re-
sistance. So it is widely used in the field of aerospace.
Ti alloys is the main structural material of aircraft parts,
including compressor blade, cartridge receiver, blisk,
engine nacelle, thermal baffle and so on. For instant, the
titanium alloy used in the F35 for about 27 %, FC-31
fighters for 25 %. America's fourth-generation fighter

study the repair of aircraft titanium alloys by coating
technology. This paper takes aircraft Ti-6Al-4V alloy as
an example, show its feasible to repair titanium alloy by
cold spraying. Through the repair technology of cold
spray, which brings great economic benefits. A signifi-
cant cost to the department of defense of the United
States supply-chain will be mitigated by Cold Spray
technology [4].

Table 1
Mass fraction of titanium alloy used in different planes

jet, F22 engine, uses 41 % [1] (table 1), it is the highest State Aircraft Service time Mass
L S type fraction / %
amount of titanium in use. Therefore, titanium alloy has
the reputation of “space metal" [2]. Bgﬁ F/S Al\SZEZ/ F gggg 411?
There are three types of titanium alloys (table 2):
a, B and (o+P) titanium alloys are widely used in aero- USA Br87 2011 15
e;u ines [3] Europe A350 2013 14
e Titanium ot i China FC-31 2016 25
owever, _|tz_an|um s easy t_o reactlve_ athightem-  =~p0 3-20 2017 20
perature, great difficulty in smelting and high manufac- USA F35A 5018 27
turing cost, so it is an effective way to reduce the cost to Russian SU-57 2019 18
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Table 2
Titanium alloys use in aircraft [3]

Alloy type Chemical composition

Pure titanium

Ti-3Al-2.5V

Ti-5Al-2.55n

Ti-8Al-1Mo-1V

Ti-6Al-2Sn-4Zr-2Mo-Si(0.1-0.25)

Ti-5.5Al-3.55n-3Zr- INb-0.25Mo-

o (near ) 0.3Si(IM1829)

titanium alloy Ti-5.5Al-4Sn-4Zr-0.3Mo-INb-

0.55i-0.006C(IMI1834)

Ti-5.8Al-4Sn-3.52r-0.7Nb-0.5Mo-
0.35Si-0.06C
(IM1884)

Ti-6Al-2.75Sn-4Zr 4M0-0.45Si(Ti-
1100)

Ti-6Al-2.75Sn-4Zr 4Mo-
0.45Si(Ti-1100)

Ti-6AI-6V-2Sn

B titanium

alloy Ti-6Al-2Sn-2Cr-2Mo-2Cr-Si

Ti-6A1-2Sn-2Zr-6Mo

Ti-5Al-2Sn-2Zr-4Mo-4Cr(TC17)

Ti-13V-11Cr-3Al

Ti-10V-2Fe-3Al

(a+p) titani- Ti-15V-3Cr-3Al-3Sn

um alloy Ti-15Mo-2.7Nb -3A-0.2Sn

(Timetal21S))

Ti- 3AI-8V-6Cr-4Mo-4Zr(B-C)

1.2. Current Coating Technology
for Titanium Alloys

The defects of titanium alloy include corrosion,
abrasion and oxidation at high temperature, and so on.
for example, Ti-5Al-2Sn-2Zr-4Mo-4Cr presents pitting
corrosion in the environment of nitric acid and ravine-
like corrosion pit in the environment of hydrochloric
acid [5], especially in warships, where the corrosion
problem is particularly serious.

Various protective coating technologies for titani-
um alloys have emerged. The repair methods of titani-
um alloy include HVOF [6], HVAF [6], cold spraying
[7], laser cladding [8], laser micro-fusion in-situ synthe-
sized technology [9], micro-arc oxidation [10, 11], laser
melt injection (LMI) [12], chromium-free dacro tech-
nology [13], supersonic laser deposition [14] (SLD),
which is a newly developed material deposition tech-

nique that synchronously combines the laser heating
with cold spray (CS). And supersonic plasma spray
technology [15], which are different from low plasma
spray (LPPS).

For Ti-matrix coating, Hu [16] research on the
wear and corrosion behavior of Ti-matrix functional
gradient layer, indicated friction coefficient and wear
rate decreased significantly, the value was 0.3...0.5
times of Ti600 substrate. Zhou Heng research on
NiCrAl+YSZ+NiCrAl/Bentonite composite coatings
with thickness of 2 mm were prepared by plasma spray-
ing and flame spraying [17] on the surface of Ti40 alloy,
Zhang [18] study the effect of TiN/Ti coating structure
on equivalent plastic strain of Ti-6Al-4V titanium alloy
after impact by ABAQUS, optimize the architecture
parameter of TiN/Ti anti-erosion coating. Due to wear
resistance of titanium alloy is poor, Cai [19] research on
the micro-cracks in fretting wear of Ti-6Al-4V titanium
alloy, showed that the increase of load and displacement
reduced the binding effect during fretting wear.

In summary, 1) aircraft titanium alloy mainly in-
cludes three basic alloys: a, B, (a+f), among which the
o titanium alloys include Ti-3Al-2.5V, Ti-5Al-2.5Sn,
Ti-8Al-1Mo-1V, etc., it mainly contains elements such
as Al, which can increase the tensile strength and creep
stress of the alloy, reduce the density of titanium alloy
and improve the specific strength; p titanium alloy
include Ti-6Al-2.75Sn-4Zr 4Mo-0.45Si, Ti-6Al-6V-2Sn,
Ti-6Al-2Sn-2Cr-2Mo-2Cr-Si, etc., it has a high enough
stable element content to be the preferred structural ma-
terial for airframes and wings; (a+p) titanium alloy
include Ti-13V-11Cr-3Al, Ti-10V-2Fe-3Al, Ti-15V-
3Cr-3Al-3Sn, etc., its maximum operating temperature
is no more than 500°C, and its welding performance and
heat resistance are lower than a titanium alloy; 2) sur-
face coating technology for repair of titanium alloys is
an effective method, while the basic coating technology
includes thermal spraying technology, such as HVOF
(Porosity: 1.6...2 %), cold spraying technology (Porosi-
ty < 0.5 %), Plasma spraying technology (Porosity: 5 %),
Arc spray (Porosity: 10...20 %), etc. Comparative anal-
ysis of porosity, cold spraying technology has obvious
advantages over other technologies.

2. Surface Repair of Aviation
Titanium Alloys by Cold Spray

Cold spraying technology for surface repair has
great advantages: first of all, the parts do not need to
preheat, and the heat in the repair process is small; Sec-
ondly, the repair efficiency is high (>95 %) and the
speed is fast. The final coating has high bonding
strength and good impact toughness. Unlike thermal
spray, cold spray is capable of producing dense and
thick coatings exhibiting extremely low porosity
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(<0.5%), while avoiding oxidation, phase transfor-
mations and adverse residual stresses for a wide selec-
tion of metals, cermets, and other material mixtures.
Cold spraying technology will become a hot trend in
remanufacturing and repairing parts.

In view of the aircraft titanium alloy variety, In
this paper, the feasibility of cold spraying repair tech-
nology was discussed with the classic aviation Ti-6Al-
4V titanium alloy.

2.1. Cold Gas Dynamic Spray(CGDS)

Cold Gas Dynamic Spray (CGDS) was first devel-
oped by Papyrin [20] et al. in the mid-1980s at the Insti-
tute of Theoretical an Applied Mechanics of the Russian
Academy of Science in Novosibirsk while working with
tracer particles in supersonic wind tunnels [21]. Major
innovative development began in the 1950s by
Rochevill, using a gas flow at a velocity higher than
those obtained with the existing methods at that time.
The flow of gas through a nozzle called the De Laval
Nozzle produces a uniform thin coating [22 - 24]. The
deposition during CGDS can be summarised into the
molecular attraction between the surface deposit of the
particles and the substrates and in-built deposit growth.
At a supersonic velocity, particles impact and plastically
deform on the substrate. The deformation process re-
sults in adhesion to the surface [25 - 30]. Compared
with thermal spraying, since cold spraying is carried out
at a lower temperature, the driving force for phase trans-
formation is small, solid particles are not easy to oxidize,
and the phenomenon of grain growth is not easy to oc-
cur. Because of the advantages of cold spraying [31],
some researchers [32 - 39] begin to study it. Wong [40]
indicate that high deposition efficiency, values as high
as 100% for titanium and copper.

Powder (table 3) that can be used for cold spraying
technology include pure metals such as Al, Zn, Cu, Ni,
Ti, Ag, Co, Fe, Nb, super alloy and high hardness ce-
ramic of metallic coatings, ceramic coatings and organic
coatings [41 - 43]. These coatings can not only be used
to repair defective parts, but also can be made by rapid
near-net molding. Based on the cold spray technology
for aluminum and magnesium alloy repair has become
mature [44 - 48], the application of aircraft as shown in
the fig. 1, fig. 2 and fig. 3.

2.2. Repair Process of Ti Alloy parts
with Cold Spray

Cold spraying is a very good method to repair tita-
nium alloy, which heat effect of the parts is small, com-
pared with other thermal repair has a great advantage,
especially for heat sensitive materials [49].

Jin Lei [50] utilize Ti-6Al-4V, Ti and Al,O3 mixed
powder on the damaged surface of Ti-6Al-4V titanium

alloy thin wall plate to get the repair coating by cold
sprayed. The repair coating has good characteristics.

Table 3
Powders that can be used for cold spraying
Powder Powders Chemical
types composition
Aluminum, Magnesium, Copper,
Plégeaggal Titanium, Zinc, Nickel, silver,
tantalum, molybdenum, etc.
Nonmetal .
. Ceramic, etc.
coating
Al alloy, Mg alloy, Cu alloy, Ti
Alloy coating | alloy, Zn alloy, Ni alloy, Ag alloy,
etc.
Al-Zn, W-Cu, Al-Ti, Al-Ni, Al-Cu,
Composite Al-Fe, Al-SiC, Al-TiN, Al-Al203,
coating Al-Mgl17Al12, Al-FeSiBNbCu,
WC-Co, Cr3C2-NiCr, etc.

Repair sites

Repair sites

Fig. 2. ADG Housing

)
Fig. 3. Cold spray repair steyr engine
channel corrosion area [53]:
a— before the repair; b — after the repair

Ogawa [51] used Al and its alloy coating to repair
parts in the space shuttle solid-fuel rocket boosters and
aircraft structures. The United States army research la-
boratory [52] also used cold spraying technology to re-
pair the magnesium alloy crankcase shell of the helicop-
ter.

Jean-Louis [54] Pelletier provided simulation
about Ti-6Al-4V coating onto Ti-6Al-4V substrate us-
ing low pressure cold spray, simulated damage repair
was successfully, and the coating quality is no major
effect. This phenomenon associated to the high-velocity
of the particles hitting the substrate and non-recovery of
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the dislocations. Such strain hardening increases with
the degree of particle deformation. So Ti-6Al-4V alloy
parts could be repaired efficiently by producing
Ti-6Al-4V coating on a machined flat surface or with a
10 to 1slope (6 degrees) or less. As fig. 4 and fig. 5
show, the interface between the coating and the sub-
strate is very tight. The black dark area are the coating
porosities [55], porosity is found to be 2.69 + 0.28 %.

(b)

Fig. 4. Example of Simulated damage repair
of Ti-6A1-4V with repair microstructure
under optical microscope [54]

—

Fig. 5. Cold spray deposit, substrate and the interface,
the dark ares in the coating porosities [55]

Cao Congcong [56] research on Ti-6Al-4V (fig. 6)
coating were deposited by cold spray on surfaces of
Ti-6Al-4V substrates, show higher micro-hardness, bet-
ter bending property, smooth fractured surface charac-
terized by brittle fracture with no phase change hap-
pened, which confirmed the feasibility of repairing tita-
nium alloy components by cold spray technique.

Ti-6Al-4V particles deposited on Ti-6Al-4V sub-
strate, mainly by mechanical combination, forming a
dense coating (fig. 6, a). The interface between particles
and particles in coating is closely bonded, and mainly

combined by metallurgy, with some small
(fig. 6, b).

As fig. 7 show, utilized the Lagrange finite ele-
ment method to observe the obvious mechanical locking
at the contact [57] surface between titanium particles
and aluminum matrix (fig. 7). This shows that alumi-
num and titanium materials have good bonding charac-
teristics by cold spraying technology.

pores

Fig. 6. Ti-6Al-4V/Ti-6Al-4V coating [56]:
a — coating cross-section, b — the microstructure

(a) (b) (c)

Fig. 7. cross-sectional OM micrographs of the cold
sprayed titanium coating depositing aluminum
substrate at different spray angles [57]:
a—90° b—75° ¢c—60°

Base on the above analysis, it can be concluded
that:

1) it has obvious advantages to repair the surface of
Ti alloy parts by cold spraying technology;

2) on Ti-6Al-4V substrate, utilize Ti-6Al-4V as
cold spraying coating, with an average porosity of 8 %
and a hardness of up to 300 MPa. Under the condition
of nitrogen temperature of 600 °C and pressure of
3 MPa, TC4 coating with a porosity of 6.46 %;

3) repair surface of Ti-6Al-4V titanium alloy can
choose Ti-6Al-4V, Ti and Al materials mixture, which
are mechanically combined with good bonding perfor-
mance. Repair coating material composition: Ti-6Al-4V
is 40 %~70 %, Ti is 29 %~50 %, Al,O3 is 1 %~10 %,
the matrix temperature of Ti-6Al-4V titanium alloy is
less than 150°C, the pressure of He work gas is
0.6~1MPa, spraying temperature is 300 °C~600 °C,
spraying distance is 10~30 mm. The porosity of repair
coating is 0.1 % and the hardness of repair coating
reaches 1147HVq .
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2.3. Cold Spraying Process Parameters
of Titanium

Cold spraying process has many parameters [58],
including Powder size of particles, morphologies and
property, Particle size should be in the appropriate range,
if too small (fig. 8), the collision energy is insufficient
to form effective deposition [59]; Particle velocity and
critical velocity [60]; Substrate preheating effects on the
particle/substrate adhesion, fig. 9 and fig. 10 shows, as
the substrate temperature increases, decrease particle
compression ratio and crater depth go up [61]; Substrate
surface roughness effects on particle/substrate adhesion;
Substrate surface texturing effects on the particle / sub-
strate adhesion; Effects of nozzle unit design; Charac-
teristic of propellant gas, for instant, Adding a small
amount of helium to nitrogen can increase the exit ve-
locity of gases and particles, while avoiding the high
cost of using only helium to accelerate [62].

@) O
Fig. 8. Particle sizes and substrate of plastic strain [59]:
a — size of 20 nm; b — size of 20 um

The most important Cold spraying process parame-
ters of titanium are critical velocity and temperature
(table 4). critical velocity can be calculated by numeri-
cal simulation [63], Beyond the limit of critical velocity,
a further increase in particle velocity results in a de-
crease in deposit porosity.

Han [64] research on morphology characteristics of
Ti-6Al-4V particles colliding with the Ti-6Al-4V sub-
strate at different temperature and velocity (fig. 11),
showed that both thickness and density of the coatings
prepared increase as gas pressure increases.

40
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Fig. 9. Particle compression rate versus the initial
temperature of substrate [61]
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Fig. 10. Crater depth of substrate versus the initial
temperature of substrate [61]

According to the analysis in fig. 11, particles of
700 m/s and 800 m/s have a very strong plastic defor-
mation, and with the increase of particle velocity, the
plastic deformation does not increase significantly, indi-
cating that Ti-6Al-4V particles have effective deposition
above 700 m/s.

Table 4

Details of process parameters
pacal | supsae | PPN | Faice | Yo | Freare | posgetrst | Norte | g
Ti Ti N2 29um 300-800 34 - - [69]
Ti Ti N2 16-22um 600 2.4 - - [70]
Ti Ti He 16pum 600 15 - - [71]
Ti Ti6AL14V He 5-29um 260 1.6 3.8 90mm | [71]
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Fig. 11. Morphologies of the Ti-6Al-4V
after colliding at different speeds [64]:
a—500 m/s; b — 600 m/s; ¢ — 700 m/s; d — 800 m/s

Yang [65] studied various concepts and calculation
methods of critical velocity, For example, the recovery
coefficient (fig. 12) determines the critical velocity.

Article [66] estimate the critical velocity by this
method to be 690 m/s for angular titanium powder.
Schmidt [67] reported a critical velocity of around
750 m/s for a 25 pum titanium particle. Wong [68] meas-

ured the critical velocity of spherical titanium powder
between 505-610 m/s.
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Fig. 12. The velocity range of coating formed
by particle being bonded on substrate:
a—Ti/Ti; b — Ti/Al [65]

The temperature parameters of Ti and Ti-6Al-4V
are as follows table 4, for different conditions such as
particle, substrate, particle diameter, propeller gas, pres-
sure, nozzle throat diameter, etc., the suitable tempera-
ture is also different, which ranges from 260°C to
800 °C.

3. Conclusions

Surface repair of aircraft titanium alloy parts by
cold spraying technology has obvious advantages. The
porosity of cold spray coating is generally less than
0.5 %.

1. Types of powder materials for aircraft titanium
alloy include Ti-6Al-4V, Ti, Al, Al,Og, steel, etc.

2. Cold spraying technology can be sprayed on
almost any material, including Al, Zn, Cu, Ni, Ti, Ag,
Co, Fe, Nb, super alloy and high hardness ceramic of
metallic coatings, ceramic coatings and organic coatings.

3. Hardness of Ti-6Al-4V substrate is high, and
porosity of cold spraying coating is usually more than
1%. If Ti-6Al-4V is used as spraying material, the po-
rosity is only 6.46 %, but mixing Ti-6Al-4V (60 %),
Ti (33 %) and Al;O3 (7 %), the porosity can reach 0.1 %
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and the hardness of repair coating reaches 1147HV3,
which solves the problem that the mechanical properties
of coating are affected by the large porosity.

4. Development of special software and proce-
dures for technological parameters optimization can
provide serious reserve of implementation of different
material mixtures as well as regulation of energy of cold
spraying process for formation of special predicted
physical-mechanical parameters of a coating-substrate
complex. As the preheating of the matrix increases, the
compression ratio of the particles decreases. Ti-6Al-4V
alloy needs more than 700m/s to be effectively deposit-
ed. The critical velocity of titanium deposition on the
titanium substrate and the aluminum substrate are
650 m/s~900 m/s and 630 m/s ~ 800 m/s.
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PEMOHT IIOBEPXOHb ABIALIIMHUX JIETAJIEN 3 TATAHOBHUX CILJIABIB
XOJIOJHUM I'A30JUHAMIYHUM HAITNJIIOBAHHSIM

Benbyse Xy, C. €. Mapkosuu, Kyno Tans, O. B. lllopinos, Tunmin Ilao

[lepeBaramMn TUTAaHOBUX CILIABIB € BHCOKA MMUTOMA MII[HICTh, XOpOIIa KOPO3iliHa CTIHKICTh, BUCOKA KapOCTiii-
KiCTh, HM3bKA IIUIBHICTH, i BHKOPUCTOBYIOTHCSA B SKOCTI KOHCTPYKIIMHOTO MaTepialy Ui BUTOTOBIICHHS IeTanen
AepPOKOCMIYHOI TEXHIKH, TAKHX SIK JIOTIATKH KOMIIPECOpa, MaTPOHHMI MpHuiiMad, TOHA0JIA ABUTYHA, TETIJIOBA TIEpEro-
poixa i Tak faini. B naHuii yac B aepOKOCMIYHIN IIPOMHCIIOBOCTI BUKOPHCTOBYETHCS OJIM3bKO TPHOX UBEPTEH THTaHY
1 THTAaHOBUX CILIAaBIB B CBITI. Y MPOLEHTHOMY CIiBBiJJHOIICHHI KUIBKICTh JIeTajel 3 TUTAHOBUX CIUIABIB B JIITaKax
A350 cranoButs 14%, F18 — 15%, B787 — 15%, Cy-57 — 18%, J-20 — 20%, BurumyBadi FC-31 — 25%, F35 — 27 %,
F22 — 10 41% i T. 1., a DaHA METaJ Ma€e PEIyTaIlilo «IiTaruoro Merary». OmHak Horo HU3bKa 3HOCOCTIHKICTE 00-
MEXY€ IIHPOKE 3aCTOCYBaHHS TUTAHOBHX cIUIaBiB. ll]e olHUM HellOIIKOM JeTaneil 3 THTAHOBUX CIUIABIB € TX BUCOKA
co0iBapTicTh BUPOOHUITBA. TOMY BUBYCHHS i PO3BUTOK TEXHOJIOTIH 3aXWCTY 1 MOJIMIICHHS aBiallifHUX THTAHOBHUX
CIUIaBiB Ma€ BENMKE 3HAUCHHS. B MaHMi yac BUKOPHCTOBYIOTHCS METAIyPriHUH CIOCiO MiABHUIIEHHS 3HOCOCTIHKO-
CTi 3a paxyHOK 3aCTOCYBaHH JIEI'YIOUMX J00aBOK, a TAKOK TEXHOJIOT1i HaHECEHHs MOKPUTTIB. IcHye Oarato TexHo-
JIOTi/i HAHECEHHsI MOKPUTTIB, HANPUKIIAJ, BUCOKOUIBHJKICHE razo-noiaymeHeBe HanwmoBanHs (HVOF), nannaska,
JeTOHaIiHe, TIa3MOBE HAIWIIIOBAHHSA Ta iHINI. Y JaHIH poOOTI PO3TIIAHYTa MEPCIIEKTUBHA TEXHOJOTISI XOJIOIHOTO
ra30/IMHaMIYHOI0 HAIWIIOBAHHS JUIS PEMOHTY 1 BiJJHOBJIIOBAHHs JAeTajell 3 THTaHOBHX ciuiaBiB. [lepeBaramu Tex-
HOJIOTIi B MOPIBHSHHI 3 IHIIMMH METOJAaMH HAaHECEHHs MOKPHUTTIB € HU3bKAa TeMIleparypa IpOLeCy, BiJCYTHICTh
OKHUCIICHHS 1 CTPYKTYpHO-()a30BUX MEPETBOPCHb B Marepialiax MOKPUTTA 1 MiAKIAIKH, BiTHOCHO HU3bKa coOiBap-
TiCTh OTPUMaHHS NOKPHUTTIB. [IOKPUTTS MalOTh BHCOKY MIIIHICTD 3YCIUICHHS 3 MiIKIaKOI0, MiKPOTBEPIICTh i HA3b-
Ky MOPUCTICTb. Y JIaHil CTATTi PO3rIISIHYTO 00JacTi 3aCTOCYBaHHsI aBialliiHUX THTAHOBHX CILIABIB, HABEICHO MPUK-
Jaay JeTalell 3 JaHUX CIUIaBiB, IPOaHaNi30BaHO Je(eKTH i IPUYMHN IX BUHUKHEHHS. BUKOHaHO aHaii3 OCTaHHIX
po0iT B 06J1acTi MOBEPXHEBOTO PEMOHTY JIeTalel 3 THTAHOBHX CIUIABIB 3a JONIOMOTOI0 TEXHOJIOTIi XOJIOIHOTO HAlH-
JIFOBaHHSI, POAHAII30BaHO TEXHOJIOTIYHI apaMeTpH Mpotecy GopMyBaHHS NOKPUTTIB, B TOMY YHCIII PO3MIp YaCTOK
HAIWIIOBAHOTO MOPOIIKY, MOP(OJIOTis, IIBUIAKICTH 1 TEMIEpaTypa YaCTUHOK B MPOLIECI HAMMITFOBAHHS, BIUTUB MOIIE-
PEIHBOTO HATPIBY MiAKIAJKH Ha are3it0 MIIHICTh CHCTEMH MTOKPHUTTS/ I IKIIaIKa Ta 1HIIIE.

KoaiouoBi ciioBa: THTaHOBI CIUIaBH; BiTHOBJICHHS ITOBEPXHI; XOJIOIHE HAIMIIOBAHHS, 3aXUCHE MMOKPHUTTS; TEX-
HOJIOTI4HI ITapaMeTpH.

PEMOHT IIOBEPXHOCTEM ABUAIIMOHHBIX JIETAJIENA U3 TUTAHOBBIX CILJIABOB
XOJOJHBbIM I'A3OAUHAMUYECKHNUM HAINIBIJIEHUEM

Bensysze Xy, C. E. Mapxoeuu, Kyns Tans, A. B. lllopunoe, Tunmun Llao

TuTaHOBBIE CIUIaBBI OOJAJAOT MPEUMYIIECTBAMHU BBICOKOHW YAECIBLHOW MPOYHOCTH, XOPOIIeH KOPPO3UOHHOMN
CTOMKOCTH, BBICOKOHM KapOCTONKOCTH, HU3KOM TUIOTHOCTH, M MCIOJB3YIOTCS B KAU€CTBE KOHCTPYKIIMOHHOTO Mare-
puana ajs U3rOTOBJICHUS JeTallell a9pOKOCMUIECKON TEXHUKH, TAKUX KaK JIOMATKA KOMIIPECCopa, MaTPOHHBIN MPH-
€MHUK, TOHJI0JIa JIBUraTels, TEeIUIOBas MEeperopojika U Tak jaajee. B Hacrosiiee BpeMs B a3pOKOCMUYECKOM MpO-
MBIIIJIEHHOCTH UCIOJb3YETCs OKOJIO TPeX YeTBEPTEH THTAaHAa U THUTAHOBBIX CIUIABOB B MuUpe. B mpoLeHTHOM coOT-
HOILIEHUHU KOJMYECTBO JE€Talel U3 TUTAHOBBIX cILIaBoB B caMmojierax A350 cocrasiser 14 %, F18 — 15 %, B787 —
15 %, Cy-57 — 18 %, J-20 — 20 %, ucrpedurenu FC-31 — 25 %, F35 — 27 %, F22 — no 41 % wu T. 1., a TaHHBIN Me-
TaJul UMEET PEIMyTalUI0 «IeTallero Metamiay. OJHaKo ero HU3Kas M3HOCOCTOMKOCTh OTPaHUYMBAET IIMPOKOE
MIPUMEHEHHS TUTAHOBBIX CIUIaBOB. EIlle OJHMM HEJOCTATKOM JeTajeil M3 TUTAHOBBIX CIUIABOB SIBIISIETCS UX BHICOKAS
ce0ecToMMOCTh MPOU3BOACTBA. [109TOMY M3yUeHHE U Pa3BUTHE TEXHOJIOTHH 3aIUTHI U YIYUIICHUH aBHAIIMOHHBIX
TUTAHOBBIX CILIAaBOB MMEET OOJbINOE 3HAUYCHHE. B HacTosIee BpeMsi HCTIONB3YIOTCS METAUTypTHYecKHil Ccriocod
TIOBBIIIEHUSI U3HOCOCTOMKOCTH 32 CUET NMPUMEHEHHS JIETUPYIOMIMX J00aBOK, a TAaK)KE TEXHOJOTUH HAHECEHHS T0-
KkpbiTHid. CyIIecTByeT MHOYKECTBO TEXHOJIOTHI HAHECEHUsI TIOKPBITHA, HATIPUMED, BEICOKOCKOPOCTHOE Ta30IlIIaMEH-
noe Hamsiienne (HVOF), HamaBka, J€TOHAIIMOHHOE, MIa3MEHHOE HAINbUICHHE M JApyrue. B maHHOM paGote pac-
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CMOTpEHA MEPCHEKTUBHAS TEXHOJIOTUSI XOJIOJHOIO ra30JMHAMUYECKOr0 HAIBLICHUS JUIS PEMOHTa U BOCCTAHOBIIE-
HUS JleTallell U3 TUTaHOBBIX CIUIaBOB. [IpenMyliecTBaMu TEXHOJIOTUU B CPAaBHEHUH C APYTMMH METOAAMHU HaHece-
HUSI IOKPBITHH SBISIETCST HU3Kasi TEMIIEpaTypa MpoIecca, OTCYTCTBHE OKUCICHHS M CTPYKTYpHO-(ha30BBIX MpEBpa-
IIEHNH B MaTephaax IMOKPBHITUS W MOAJO0XKH, OTHOCHTEIIbHO HHU3Kasg ce0ECTOMMOCTh MONMydeHMs MOKphITHil. [o-
KPBITHS 001aJaf0T BRICOKOW NMMPOYHOCTHIO CIETIICHHUS € IMOMTI0KKONH, MUKPOTBEPAOCTHIO M HU3KOW TOPHUCTOCThIO. B
JAHHOHM CTaThe PACCMOTPEHBI 0OIACTH MPUMCEHEHHS aBHAIIOHHBIX THTAHOBBIX CIIABOB, MPUBEICHBI MPUMEPHI Jc-
Tayieil U3 JaHHBIX CIIJIABOB, IIPOAHATM3MPOBAHBI E(PEKTH U MPUIMHBI NX BOSHUKHOBEHUS. BBINIONIHEH aHAIM3 IO-
ClIeAHUX paboT B 00JIACTH TTOBEPXHOCTHOTO PEMOHTA JETaNEH U3 THTAHOBBIX CIUIABOB C MOMOIIBIO TEXHOJIOTHH XO-
JIOHOTO HAITBUICHHS, MPOAHAJIN3UPOBAHBI TEXHOJIOIMYECKHE MapaMeTphl mpouecca (GOPMUPOBAHHS HOKPHITHH, B
TOM YHCJIE pa3Mep YacTHIl HaIlbUIIEMOIo MOpPOIIKa, MOP(OJIOrHs, CKOPOCTh M TeMIlepaTypa 4acTHIl B Hpolecce
HambUICHUS, BIUSHUE INPEABAPUTEIBHOTO HAarpeBa MOAJOXKKM Ha aAre3dl0 IPOYHOCTh CUCTEMBI MOKpBI-
THE/TIOJIOKKA H T.1.

KuroueBnle ciiopa: TuTaHOBBIE CIIIaBBI; BOCCTAHOBJICHHE MOBEPXHOCTH; XOJOAHOE HANbUICHHE; 3alUTHBIC
MOKPBITUE; TEXHOJIOTHYECKHE TTapaMeTpBhI.
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