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MICROPLASMA POWDER CLADDING FOR THE REPAIR OF TURBINE
MONOWHEELS MADE OF NICKEL-BASED HEAT-RESISTANT ALLOYS

Purpose. Theoretical justification and experimental development of a technology for the restoration of turbine
blades of an aircraft engine, manufactured using the “blisk™ process from heat-resistant nickel alloys, via the additive
micro-plasma powder cladding method (MPC).

Research methods. The study employed microplasma layer-by-layer powder cladding on the end faces of plates
made of the JKC32-BH alloy, using the specialised robotic system STARWELD 190H. The MPC process was carried
out using direct current of positive polarity (currents of 2...50 4). High-purity argon was used as the plasma-forming
and shielding gas. The dimensions of the test plates werel15x%15x%2 mm. The cladding was carried out using a
reciprocating motion. After cladding, the samples were subjected to heat treatment. The mechanical properties of the
samples obtained by the additive growth method were determined on standard flat specimens.

Results. Following mechanical testing, the specimens exhibited the following properties: average tensile strength
o = 1147 MPa and plasticity 0 = 9.5%, whilst the requirements of the standard specify o, > 882 MPa and ¢ = 6.0%.
The fracture surfaces exhibited a medium-grained structure. No defects were observed in the fracture surfaces. The
microstructure of the sample material prior to heat treatment consists of y-solid solution containing an intermetallic y’
phase, carbides, carbonitrides, and 5 um-sized eutectic (y-y’) phase, which is characteristic of the as-cast condition of
the JKC32-BH alloy. The microstructure of the sample material after heat treatment corresponds to the normal state of
the JKC32-BHU alloy.

Scientific novelty. When manufacturing turbine wheels by casting, one of the most serious problems is casting de-
fects, such as cracks, porosity and cavities. The use of existing repair methods, which are based on welding or surfacing
using argon arc welding, for example for blades, is limited by the high susceptibility of heat-resistant nickel alloys
(KC3JIK, B)XKJI12) to the formation of heat-fatigue cracks due to the high content of y’ phase. The proposed repair
technology involves cutting the blade down to the location of the defect and subsequently restoring the blade profile
layer by layer using the additive micro-plasma cladding method.

Practical value. It has been established that the repair of aircraft engine turbine blades using the additive micro-
plasma powder cladding method ensures high mechanical properties across the entire height of the grown blade with-
out the occurrence of casting defects.

Key words: turbine wheel, additive microplasma cladding, powder, y’-phase, mechanical properties, microstruc-
ture.
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Introduction

One of the main areas of development for gas tur-
bine engines is the improvement of their specific perfor-
mance, including a reduction in their mass and dimen-
sions [1]. The turbine wheels of small gas turbine engines
are usually manufactured using the «blisk» process,
meaning that the wheel blades and the disc section are
formed as a single component (Figure 1). With this con-
struction, the total mass of the turbine wheel is reduced
compared to wheels that use individual working blades [2,
3].

The turbine wheel of a small gas turbine engine,
manufactured using the “blisk” process, operates under
significant thermomechanical stresses (the operating tem-
perature of the wheel blades ~ 950 °C, maximum rota-
tional speed of the wheel is 39000 r/min), in an environ-
ment of high-temperature combustion products from avia-
tion fuel. Due to these demanding operating conditions,
turbine wheels are manufactured from heat-resistant nick-
el alloys using high-precision casting [4-7].

I
Figure 1. Turbine wheel manufactured using the “blisk”
process

When manufacturing turbine wheels from heat-
resistant nickel alloys JXC3JIK and BXKJI12 using the
casting process, difficulties arise due to the occurrence of
casting defects such as cracks, porosity and cavities. It
should be noted that most defects occur in the blades,
particularly in the lower section near the base.

When attempting to repair such alloys using tradi-
tional methods, such as argon arc welding, cracks inevita-
bly form in the heat-affected zone. The mechanisms be-
hind their formation are varied: from liquation cracking
during the welding process to strain-age cracking during
subsequent heat treatment. This is due to the rapid kinet-
ics of the precipitation of the strengthening phase
Niz(Al,Ti), which is accompanied by volume changes and
a reduction in the material’s ductility during the relaxation
of welding stresses [8].

Additive technologies, in particular microplasma
powder cladding (MPC), represent a promising approach
to addressing this task [9-12]. This method combines the
precision of energy delivery characteristic of laser pro-
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cesses with the metallurgical ‘mildness’ and cost-
effectiveness of arc processes. The aim of this work is a
comprehensive study of the feasibility of using MPC for
the repair of turbine blades made of the heat-resistant al-
loy 2KC32-BH, including the optimisation of cladding
parameters and post-weld heat treatment regimes.

Analysis of research and publications

The problem of welding and cladding heat-resistant
nickel alloys (superalloys) has remained a key focus for
materials scientists over the past five decades. Scientific
fundamental works laid the foundations for understanding
the physical metallurgy of these materials. However, the
main difficulty of the process lies in the fact that alloying
aimed at improving high-temperature strength (increasing
the volume fraction of the y"- phase) has a diametrically
opposite effect on weldability.

Alloy )XC32-BU (analog to western alloys such as
René and CMSX) belong to the class of dispersion-
hardened materials. When heated above the solidus tem-
perature (during welding), partial melting occurs along
the grain boundaries in the heat-affected zone, caused by
the presence of low-melting eutectics and the segregation
of impurities (S, P etc.). During cooling, under the action
of tensile thermal stresses, these liquid films open up,
forming hot cracks [5, 13-15].

An even more insidious phenomenon is stress-
induced ageing cracking. These cracks occur during post-
weld heat treatment in the temperature range of
700...900°C. In this range, there is an intense precipita-
tion of the secondary y'-phase within the grains, which
significantly strengthens their interior. If the grain bound-
aries remain relatively weak or have low ductility, the
relaxation of residual stresses occurs not through plastic
deformation, but through the formation of cracks along
the grain boundaries.

A number of repair techniques are currently availa-
ble for damaged components, each with its own ad-
vantages and disadvantages. The traditional method —
argon arc welding — is widely used for repairing less al-
loyed alloys (e.g. Inconel 625, Inconel 718). However, for
alloys with a y'-phase content exceeding 40...50 %
(which includes XXC32), TIG welding is characterised by
excessively high heat input. This leads to a wide heat-
affected zone, grain growth and catastrophic cracking.
Numerous studies confirm that the use of TIG welding to
restore the aerodynamic profile of blades made from
JKC32 is impractical due to the low yield of serviceable
parts [5, 14].

Laser technologies (laser metal deposition) ensure
minimal heat input and high precision. However, high
cooling rates (103...10* K/s) lead to the formation of non-
equilibrium, hardened structures with high levels of inter-
nal stresses [2, 3, 14]. Furthermore, laser cladding is
prone to porosity and lack of fusion if parameters are se-
lected incorrectly, and is characterised by high equipment
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and operating costs. Another issue is the anisotropy of
properties and the need for strict control of particle size.

Electron beam welding ensures the highest metal pu-
rity, but requires a vacuum chamber, which limits produc-
tivity and part dimensions and makes it a challenging
method for the layer-by-layer fabrication of complex ge-
ometries.

Microplasma powder cladding occupies a unique
place. The use of a low-power compressed arc (currents
of 2...50 A) allows for precise control of heat input, en-
suring “gentle” mixing of the filler material with the base
metal.

The works of the Ukrainian school of welding (E.O.
Paton Electric Welding Institute), in particular those by
K.A. Yushchenko, O.V. Yarovitsyn and others, have ex-
amined the physics of the MPC process in detail [9-12]. It
has been shown that laminar plasma flow provides relia-
ble protection of the molten pool against oxidation, which
is critical for alloys containing active elements (Al, Ti,
Hf).

Previous studies have demonstrated the successful
use of MPC for repairing blade tip sections (build-up of
up to 3...5 mm) [10, 11, 16, 17]. However, when repair-
ing integral wheels, there is often a need to restore signif-
icantly larger volumes - for example, when cutting out a
defect near the root of the blade, up to 45...50 mm of the
profile to be restored. This shifts the task from the realm
of «cosmetic repair» to that of «additive manufacturing on
an existing substrates.

The issues of structural stability and properties dur-
ing multi-layer cladding of such large volumes of the
JKC32-BU, as well as the selection of heat treatment re-
gimes that would mitigate the effects of repeated thermal
cycling, remain insufficiently studied. This work is spe-
cifically aimed at addressing these «gaps» in the technol-
ogy.

Purpose of the study

The aim of this work is to provide a theoretical justi-
fication and experimental development of a technology
for the repair of turbine blades in aircraft engines, manu-
factured using the «blisk» process from heat-resistant
nickel alloys, by means of additive micro-plasma powder
cladding.

To achieve the set objective, the following tasks
must be addressed:

- to develop a methodology for the additive manu-
facturing of test specimens made from the XXC32-BU
alloy, which replicate the thermophysical conditions in-
volved in restoring the blade profile;

- conduct a comparative analysis of the microstruc-
ture of the deposited metal in the original state and after
various homogenisation annealing regimes;

- determine the effect of homogenisation tempera-
ture on the dissolution of non-equilibrium eutectic phases
and prevent the formation of defects;
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- to determine the mechanical properties (tensile
strength, elongation) of the remanufactured metal and
verify their compliance with the requirements of industry
standards for cast materials;

- to investigate the failure mechanism of the
remanufactured samples using fractography to confirm
the absence of hidden defects of metallurgical origin.

Materials and methods

The high-temperature nickel alloy J)XC32-BU was
selected as the subject of the study. It is one of the most
advanced casting alloys for aircraft turbine blades, capa-
ble of operating at temperatures of up to 1050...1100°C.

The filler material used was spherical-shaped metal
powder of the XXC32-BH alloy, produced by vacuum in-
duction gas atomisation in argon. The particle size distri-
bution of the powder was 63...163 um [9, 11, 12]. Choice
of particle size was dictated by the requirements for a
stable feed into the plasmatron: finer particles
(<50 pm) are prone to agglomeration and “clogging”,
whilst larger ones (>160 um) may not have time to melt
completely in a low-power plasma arc.

The experimental work was carried out on a special-
ised robotic system the STARWELD 190H. The process
MPC was performed using direct current of positive po-
larity (negative electrode). High-purity argon was used as
the plasma-forming and shielding gas. To simulate blade
repair, a strategy of layer-by-layer cladding on the end
face of a plate made of the JKC32-BU alloy was chosen.
The plates measured 115x15x2 mm (Figure 2). The
thickness of 2 mm corresponded to the average thickness
of the turbine blade and vane in the repair zone. The clad-
ding was carried out using a reciprocating motion.

(ff{(!!f L e L L et

|

R

Figure 2. Sample cutting plan

The mechanical properties of the specimens
following heat treatment (T=1255+£10°C for 1...1.5
hours), produced by additive manufacturing using
microplasma powder cladding, were determined on
standard flat specimens.

Results and discussion

The first stage of the study involved assessing the
quality of the metal’s formation immediately following
the additive manufacturing process (original condition). A
visual inspection of the surface of the deposited layers
revealed satisfactory formation: consistent width, and no
coarse burrs, undercuts or macro-cracks. The surface had
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a characteristic structure resulting from the crystallisation
of individual molten pools.

Analysis of cross-sectional micro-sections in the
unetched state revealed the presence of scattered mi-
croporosity. The pores were predominantly spherical in
shape, with a size not exceeding 20 um (Figure 3). The
spherical shape of the pores indicated that they were of
gaseous origin. The most likely causes are either argon
entrapped by powder particles during their production
(gas atomisation) or microbubbles of shielding gas that
entered the turbulent flows of the weld pool. It should be
noted that, from the point of view of fracture mechanics,
small spherical pores (up to 20...30 um) are significantly
less dangerous stress concentrators than flat oxide films or
sharp hot cracks [2, 10].

‘. : : iOO pnl\
Figure 3. Microstructure of the deposited metal prior to
etching

Etching revealed a dendritic structure resulting from
directional crystallisation. The axes of the dendrites are
predominantly oriented along the heat dissipation path
(from bottom to top, away from the substrate). The micro-
structure of the samples prior to heat treatment consisted
of a y-solid solution containing an intermetallic y"- phase,
carbides and carbonitrides [3, 5, 6]. Particular attention
was drawn to the presence of a eutectic (y-y')- phase,
~5um in size, in the inter-axial spaces of the dendrites,
which is characteristic of the as-cast state of the JKC32-
BU alloy (Figure 4). This is a consequence of dendritic
solidification, where elements with a partition coefficient
k <1 (Al, Ti, Ta) are displaced by the crystallisation front
into the liquid phase, enriching the final portions of the
melt to the eutectic composition. It is precisely these
zones that are potential weak points.

The samples were then subjected to heat treatment —
homogenisation at T=1270+£10°C for 1...1.5 hours.
Homogenisation is necessary to equalise the chemical
composition, dissolve non-equilibrium eutectics and form
the optimal morphology of the strengthening y"- phase.

© Oleksandr Chechet, Ruslan Kulykovskyi, Serhii Chigileychik, Yurii Torba,

Andrii Dobrovolskyi, Nataliia Shyrokobokova, 2026
DOI 10.15588/1607-6885-2026-2-9

Figure 4. Microstructure of the dposﬂed metal pri-
or to heat treatment following etching

Metallographic analysis of samples after ageing at
1270°C revealed the presence of structural defects classi-
fied as “overheating” or “incipient melting” [3, 5, 7]. The
microstructure photographs clearly show thickened grain
boundaries and «islands» with traces of melting around
former eutectic zones (Figure 5).

Flgur 5. Microstructure of the dep05|td metal after
heat treatment (homogenisation at T=1270+10°C)

Although the nominal solidus temperature of the
’KC32-BU alloy is higher than 1270°C, the deposited
metal contains zones enriched with boron, carbon and
liquidus elements as a result of non-equilibrium crystalli-
sation. These localised zones have a significantly lower
melting point. When heated to 1270 °C they turn to a lig-
uid state. Upon subsequent cooling, the liquid crystallises
in the form of brittle films or coarse eutectics, which dras-
tically reduces the mechanical properties. Thus, this par-
ticular heating temperature is unacceptable for the depos-
ited material without prior stepwise preparation.

To prevent the metal samples from overheating, the
homogenisation temperature was reduced by 15 °C. An-
other series of samples underwent heat treatment — ho-
mogenisation at T=1255+10 °C for 1...1.5 hours. De-
creasing the temperature by 15 °C allowed entry into the
safe heat treatment interval. The structure after heating at
1255 °C was characterised by the absence of melting trac-
es, a significant degree of solid solution homogenisation,
a reduction in the number and size of non-equilibrium
eutectics due to diffusion dissolution, and the formation
of a regular y-y” phase structure with a cuboid morpholo-
gy, which is optimal for creep resistance and corresponds
to the normal state of the XJKC32-BU alloy (Figure 6).
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Figure 6. he microstructure of the deposited meta
after heat treatment (homogenisation at T = 1255+10°C)

The results of the tensile strength tests on samples
treated under optimal conditions are presented in the
comparative table (Table 1).

The obtained results demonstrate that the properties
of the deposited metal significantly exceed the minimum
requirements. This is because rapid crystallisation during
MPC resulted in a more dispersed structure compared to
conventional casting, where slow cooling led to the for-
mation of large dendrites and significant microporosity.

Table 1 — A comparative analysis of the mechanical
properties of the remanufactured JXC32-BH alloy and the
relevant standards

Require-
ments
- Mean va_lue (casting, o .
Characte-ristics (experi- technical Deviation Rating
ment, MPC) specifica-
tions)
Strength limit .
o, MPa 1147 > 882 +30% excellent
Relative
elongation 3, 9.5 >6.0 +583% | excellent
%
Yield point
oz MPa* 931 - - -

* The yield point value is an estimate, based on the typical
ratio for this class of alloys

Examination of the fracture surfaces following
rupture confirmed that metal was of a sufficiently high
quality. The fracture had a matt grey hue, characteristic of
ductile fracture. No defects such as lack of fusion between
the cladding layers were detected (Figure 7), confirming
the correct selection of the process’s energy parameters
(current, cladding rate).

Figure 7. Fracture patterns in specimens following
tensile testing
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Discussion

The obtained data made it possible to formulate a
concept for the «blisk» blade remanufacturing process.
The main point is to demonstrate that the MPC method
can produce dense metal with properties not worse than
those of cast metal, even at high build-up heights. It is
important to note the role of heat treatment. In industrial
conditions, higher heating temperatures (1280...1290 °C)
are often used for cast blades to ensure complete
dissolution of y- phase. However, for metal formed by the
MPC method, which has its own specific crystallisation
characteristics, these temperatures are unacceptable [3, 5,
7]. It has been established that reducing the temperature to
1255°C is a necessary compromise that ensures a
sufficient level of mechanical properties.

The economic benefits of implementing this
technology are clear. The cost of a new turbine
monowheel can run into tens of thousands of dollars. The
cost of repair using the MPC method (powder + labour +
heat treatment) amounts to 10...15% of the cost of a new
part. Furthermore, this also resolves the issue of logistics
and spare parts delivery times.

Conclusions

Based on the comprehensive research carried out,
the following conclusions can be drawn;

1. The feasibility of using the additive MPC method
to repair deep damage and fully restore the profile of the
working blades of “blisk”-type turbine wheels made from
the 2KC32-BU alloy has been confirmed.

2. The developed technology ensures the production
of dense deposited metal. The residual microporosity does
not exceed 20 um, is spherical in shape and does not
compromise the static strength. There are no cracks or
lack of fusion..

3. The critical sensitivity of the deposited metal to
the homogenisation temperature has been established. A
temperature of 1270 °C is excessive and causes the eutec-
tic phases to melt. The optimum condition has been de-
termined to be T = 1255410 °C (1...1.5 hours), which
ensures the formation of the required microstructure.

4. The clad metal exhibits high mechanical strength
(o = 1147 MPa) and plasticity (6 = 9.5%), which signifi-
cantly exceeds the specifications for the base material.

5. The results of this work form the basis for the de-
velopment of standard operating procedures for the air-
craft engine repair process, which will significantly ex-
tend the service life of the aircraft fleet.
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Mema pooomu. Teopemuune 0OTpYHMYBAHHA MA eKCNEPUMEHMATbHA PO3POOKA MeXHOI02ii 8iOHOBNIeHHs pOOOYUX
JONAMOK Koaeca mypOiHU asiayitinozo 08UcYHA, GUKOHAHO20 3d MEXHON02IEI0 «OMICK» 13 JICAPOMIYHUX HIKeIesuUx
CNIasi8, MEMoooM AOUMUBHO20 MIKPONIAZMOB020 NOPOulkoeo2o naniaenenuss (MITH).

Memoou docrioxycennsn. B xo0i docniodicenns 6y10 3acmoco8ano memoo ROUApO8020 NOPOUKOBO20 HANIAGICHHS.

3 BUKOPUCIMAHHAM MIKPONIA3MU HA mopyesi nosepxwi niacmun 3i cnaagy KC32-BU 3a donomoeoro cneyianizoganoi

pobomusoeanoi cucmemu STARWELD 190H. IIpoyec MIIH 30iticni08ascs 3 BUKOPUCAHHAM NOCMIUHO20 CIMPYMY NO-
3umusHoi noaprocmi (cunoro cmpymy 2...50 A). B axocmi niazmoymeopioi02o ma 3axucho2o 2azy GUKOPUCmOo8y8alu
apeou gucokoi yucmomu. Posmipu excnepumenmanvrux naacmun cmanoeunu 115%15x2 um. Hannaenenns 30iticuroga-
U 3 GUKOPUCTNAKHAM 360POMHO-NOCmMYNanbho2o pyxy. Ilicna naniaenenns 3pasku niooasanu mepmiynii oopoobyi. Me-
XAHIUHI 61ACMUBOCII 3PA3KIE, OMPUMAHUX MEMOOOM AOUMUBHO20 HAPOWY8AHHS, BUSHAYANU HA CIMAHOAPMHUX NIOCKUX
3pA3KaAX.

Ompumani pezynomamu. Ilicia mexaniuHux sunpo6y8ansv 3pasKu MAlu HACMYNHI 61ACMUBOCMI. CepeoHi 3HAYEeH-
Hs miynocmi 6,~1147 Mlla, niacmuunocmi 6= 9,5 %, npu eumoeax nopmamusnoi doxymenmayii o, > 882 Mlla,
0= 6,0 %. 3namu manu cepeonvo-xkpucmaniuny cmpykmypy. Hegexmu y 3namax ue susasieno. Mikpocmpykmypa ma-
mepiany 3paskie 00 mepmooobpoOKU A6AE OO0 Y- MEePOUll PO3YUH 3 HAABHICMIO IHMepMemanioHoi y’-gasu, xap-
6idis, Kapbonimpudis, a maxodxc esmekmuyHoi (y-y’) - ¢pasu posmipom SMmrm, sAKa XapaxmepHa Ois IUMO20 CMAHY
cnaagy JKC32-BU. Mixpocmpyxmypa mamepiany 3paskie nicis mepmooopooKu 8ionogioae HOpMaibHOMy CIAHY Chid-
8y JKC32-BU.

Haykosa nosusna. Ilpu guzomosnenti Konic mypoin Memooom 1umms 0OHA 3 HAUCEPUO3HIUUX NPodeM — ye au-
8apHi Oeghexmu, Maxi AK MPiuHU, NOPUCTNICMb, PAKOBUHU. BUKOpUCMAHHA ICHYIOYUX MEMOOi8 peMOHMY, AKi OCHOBAHI
Ha 36apr06anti ab0 HANIABIEHH] MEMOOOM AP2OHOOY206020 36APIOGANHS, HANPUKILAO 05l TIONAMOK, 0OMEMNHCEHT BUCOKOIO
cxunvricmio dcapomiynux uixenesux cnaagie (KC3JK, BKJII2) 0o noseu mepmosmomMHux mpiyun yepe3 GUCOKUL
emicm y’-pasu. 3anpononoeana mexHon02is peMoHmMy NOASAAE Y 3Pi3aHHI JIONAMKY 00 MICYs pO3MAauLy8anis degexmy i
HOOANLULOMY NOUAPOBOMY 8IOHOBIEHHIO NPOQIISL TONAMKU MEMOOOM AOUMUBHO20 MIKDONAA3MOBO20 HANIAGLEHHS.

Ilpaxmuuna yinnicme. Bcmanosneno, wo 8i0HO6NIeHHs Kojeca mypOiHy agiayitiHux 08USYHI6 MemoooM A0Umue-

HO20 MIKPONAA3ZMO20 NOPOUKOBO20 HANIABIEHHS 3aDe3neuye 8UCOKI MeXAHiuHI 61acmueocmi no 8Cili BUCOMI GUPOUEHOT

Jonamxu 6e3 BUHUKHEHHs OeDeKmia Iummsl.
Knwowuosei crosa: xoneco mypoinu, adumuene MiKponiasmose HANIAGIeHHs, NOPOWOK, Y -pasa, mexaniuni ena-
cmugocmi, MIKpoCmpyKmypa.
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