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Summary:

The plasma spray process is used extensively in the aerospace
industry for manufacturing key components exposed to excessively
high temperatures, aggressive chemical environments, wear, abrasion,
erosion and cavitation. The process covers a large field of parameters
so that almost every layer can be combined with any other as well as
with the base material. Coatings can be deposited uniformly; therefore,
they allow worn components to be brought to final dimensions in the
process of aircraft repair. This research shows an effective procedure
of the application of plasma spray coatings on the parts of the Astazou
Il B turbo - jet engine in the process of repair.The engine
manufacturer, Turbomeca, has prescribed that powders should be
deposited by plasma spray systems under designation Metco 3M and
7M for the prescribed parameters of powder deposition, so that during
the application of other plasma spray depositing systems the
parameters must be tested and optimized. The aim was to apply the
Plasmadyne plasma spray system during the repair process and to
optimize the parameters, which will enable producing coatings that
fulfill all the criteria prescribed in the engine manufacturer standard.
The optimization of the parameters was carried out with a plasma gun
MINI - GUN Il with a large number of samples. This paper presents the
optimal parameters of the deposition on the ASTAZOU Ill B engine
casing, casing frame, duct and oil tank. The assessment of the coating
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mechanical properties was done by the HV,3 microhardness testing
method. Tensile bond strength of the coatings was investigated by a
tensile test. The microstructures of the coating layers were evaluated
on an optical microscope - OM. The analysis of the microstructures
and the mechanical characteristics of the coatings was done in
accordance with the TURBOMECA standard. The quality of the
deposited coatings was confirmed by a 42-hour test of the ASTAZUO
Il B engine parts on a test stand. The performed tests have confirmed
the quality of the coatings thus enabling the application of the plasma
spray technology in the process of the ASTAZOU Il B engine
overhaul.

Key words: spray coatings, repairs, plasmas, engines, deposits, coating.

Introduction

The development of jet engines and the demands for increased
resistance to oxidation, hot corrosion and sulphuring of engine parts
influenced the development of the thermal spray process and nickel-
based powders. For the protection of parts of jet engines, NiAl, NiCr,
NiCrAl, NiCrAlY, CoCrAlY, NiCoCrAlY, etc. plasma spray coatings are
commonly used today. The most effective protection of substrates from
oxidation at temperatures above 800°C is provided by coatings which
form oxides of the a-Al,O; and Cr,O; type. In most cases, coatings
forming a continuous layer of a-Al,O3 are applied since this type of oxide
is superior and more reliable as compared to other types of oxides
(Mrdak, 2012, pp.182-201). At the beginning of the oxidation, NiO, a-
Al,O3 and Cr,0; oxide types are rapidly formed as well as spinel phases.
The relative ratio of these phases is determined by the initial composition
of the alloy. As oxidation continues, the diffusion processes are
beginning to show their effects. The nature of these effects depends on
the content of the chemical elements in the coating and the diffusion
parameters. When the coating has a low content of chromium and
aluminum, protective continuous a-Al,O; and Cr,O; oxide layers cannot
be formed on the coating surface; instead, undesirable continuous NiO
oxide layers are formed. The mechanism of the NiO oxide growth causes
the formation of micro pores in the oxide / alloy interlayer. Micro pores
grow and merge into large macro pores. The mechanism of the NiO
oxide growth creates significant stress which eventually leads to cracks
in the oxide layer. The coefficient of the thermal expansion of NiO oxide
and that of metal vary considerably. NiO oxide is subjected to tensile
stresses as a metal base, so that the elastic deformation of the metal
substrate causes breakage and peeling of the oxide layer on the coating
surface (Mrdak, 2012, pp.182-201). In order to build up continuous o-

2o



AlLO; and Cr,O; oxide layers on the coating surface, a minimum of
20%Cr and 5%Al should be used for nickel alloys. NiCrAl alloy is added
as well as yttrium for better cohesive oxide strength and better adhesive
strength of the oxide coating on the substrate. Depending on the alloy
type, the content of yttrium in the alloy ranges from 0.1 to 0.5% (Mrdak,
2012, pp.182-201). In exploitation, coatings are often exposed to the
influence of impurities in the fuel and air. Depending on gas impuirity,
coatings can be exposed to a greater or lesser influence of Na, S and V.
At high temperatures, diffusion processes occur at the interface between
the coating and the gaseous environment, accelerating deposit corrosion.
As far as air impurities are concerned, salt sucked by a turbojet engine is
in the first place. Salt has the greatest impact on the corrosion of the
parts of the turbojet engine that runs on distilled fuel without vanadium
content. Salt sucked into the engine reacts with sulfur in the fuel to form
sodium sulfate. In gas turbines that operate in the medium where
chlorine is present, sodium chloride can also occur. This concerns air
vehicles with a gas turbine developing a temperature at the turbine exit of
about 750 °C, stationed on aircraft carriers or in coastal areas. Vanadium
can also occur as impurity originating from fuel combustion. During fuel
combustion, ash with a low melting point is created and deposited on the
gas turbine components. Sulfur in fuel reacts with chromium from the
alloy, thus forming chromium sulfate which precipitates on grain
boundaries. During oxidation, chromium bonds with oxygen,
simultaneously releasing sulfur that diffuses into the depth of the surface
layer. In this way, new sulfides are formed beneath chromium oxide.
Sulphur never goes into the atmosphere, but still diffuses through the
surface layer, causing hot corrosion (Mrdak, 2012, pp.182-201). The
experience of Turbomeca company which, in the production of the
Astazou Il B engine, applies plasma spray coatings resistant to oxidation
and hot corrosion, as well as coatings for the repair of parts made of Al
alloys, enabled the usage of plasma spray technology in the process of
engine overhaul. The engine manufacturer prescribes that powder is to
be deposited by plasma spray systems labeled Metco 3M and 7M for the
prescribed parameters of powder deposition; therefore, the parameters
must be optimized when applying other plasma spray depositing systems
in order to meet all the criteria set by the Turbomeca standard. For
saving and repairing engine parts from oxidation and hot corrosion, the
manufacturer of the Astazou Ill B engine uses Ni/5Al, NiCr/6Al and
Ni22Cr10AI1Y powders, and, for recovery of dimensions and repair of
parts from aluminum alloys, it uses Al12Si powder. Composite Ni/5Al
powder, due to its exothermic reaction during deposition, provides good
bonding of the coating to the substrate. The products of this reaction are
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intermetallic compounds NiAlz, NiAl; and NiAl which add to the strength
of the coating. These are thick coatings with metallurgical bond at the
interface with the base material. The coating consists of lamellae of a
solid solution of aluminum in nickel a-Ni (Al), and inter-lamellar oxides
NiO and y-Al,O; uniformly distributed over the boundaries of solid
solution lamellae (Knotek, et al., 1980, pp.282-286), (Mrdak, 2015, pp.32-
55), (Mrdak, 2013, pp.7-22), (Svantesson, Wigren, 1992, pp.65-69).
Coatings are resistant to oxidation, gas corrosion, wear, abrasion and
erosion at temperatures up to 980°C. Bond strength with the substrate
remains adequate to 700°C (Giriffiths, et al., 1980). Coatings deposited in
accordance with the Turbomeca standard have values of microhardness
of min.140HV,; and bond tensile strength of min.35MPa. NiCrAl types of
coatings in a deposited state consist of a solid solution of chromium and
aluminum in nickel y-Ni (Cr,Al). NiO, a-Al,O3, Cr,O3, and CrO; oxide
types are present in layers as well as Ni(Cr,Al;)O, spinel phases
(Badrour, et al., 1986, p.1217), (Brossard, et al., 2009, pp.1-9), (Mrdak,
2010, pp.5-16), (Mrdak, 2012, pp.182-201), (Mrdak, 2013, pp.7-22),
(Tran, et al., 2008, p.701). Tensile bond strength of the coating stays
adequate to the operating temperature of 980°C (Mrdak, 2012, pp.182-
201). Coatings deposited by the Turbomeca standard have values of
microhardness of min.170HV, ; and tensile bond strength of min.35MPa.
NiCrAlY alloy is used to protect parts from hot corrosion and high
temperature oxidation up to 1100°C (Material Product Data Sheet, 2013,
Nickel Chromium Aluminum Yttrium (NiCrAlY) Thermal Spray Powders
Amdry 963, DSMTS-0102.1, Sulzer Metco). Addition of yttrium is
essential because it significantly increases the adhesion of Al,O; and
Cr,05; oxides that are formed in the coating with the coating base, thus
preventing cracking and separation of the protective surface oxide layer
at thermal fatigue (Mrdak, 2012, pp.182-201). The structure of the inner
layers of the coating consists of a solid solution of chromium and
aluminum in nickel y-Ni(Cr,Al) and the intermetallic compound y'-NizAl.
NiO, a-Al,Os, Cr,05 and NiCr,03 oxides are also present in the structure
(Badrour, et al., 1986, p.1217), (Leea, 2005, pp.239-242). Coatings
deposited by the Turbomeca standard have microhardness values of
min. 200HV,; and tensile bond strength of min. 35 MPa. Al12Si coating
is of a general purpose and is applied for the protection of new aviation
parts and in the repair process to restore dimensions of aluminum and
magnesium alloy parts changed due to wear (Material Product Data
Sheet, 2011, Aluminum 12% Silicon Thermal Spray Powders Metco 52C-
NS, DSMTS - 0045.2,Sulzer Metco), (Pramila Bai, Biswas, 1987, p.61).
In the deposited state, the coating microstructure consists of two phases:
a-Al solid solution and a-Al + Si eutectic mixture. Fine eutectic grains of
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a-Al + Si are uniformly formed on the boundaries of the a-Al solid
solution (Laha et al. 2005, pp.5429-5438). Coatings deposited by the
Turbomeca standard have microhardness values of min.70HV,; and
tensile bond strength of min. 25 MPa. For all coatings, the allowed share
of micro pores in the microstructure is max.8% and that of unfused
particles is up to 15% of a particle size below 60um (Turbojet engine-
standard practices Manuel, Turbomeca).

The aim of the research was to apply the plasma spray system of the
Plasmadyne company in repair of the Astazou lll B engine and to optimize
the powder deposition parameters, in order to produce coatings that will
fulfill all the criteria prescribed in the standard of the engine manufacturer.
The optimization of the parameters for a MINI - GUN Il plasma gun was
performed on fixed samples in a special tool. A large number of samples
was made to obtain the microstructures and mechanical properties of
coatings that will fulfill all the criteria prescribed by the Turbomeca standard.
This paper presents the optimum parameters with which coatings are
deposited on turbine casing, casing frame, duct and oil tank as well as the
mechanical and structural characteristics of the coatings tested on the
Astazou lll B turbojet engine on the test stand. The performed tests have
confirmed the quality of the coatings thus allowing the application of plasma
spray technology in the Astazou Il B engine overhaul.

Materials and experimental details

For testing and applying coatings on the parts of the Astazou Ill B
turbo-jet engine, four types of Sulzer Metco powders were used: Metco
450NS, Metco 443NS, Amdry 963 and Metco 52C-NS. Metco 450NS
powder (Ni/5Al) based on Ni is intended to protect the turbine casing
from the influence of high temperature, hot corrosion and erosion. The
powder Ni/5Al particles coated with the Ni content of 95.5% and the Al
content of 4.5% had a distribution of the granulate of 45-88 ym (Metco
450NS Nickel/Aluminum Composite Powder, 2000, Technical Bulletin
10-136, Sulzer Metco). For the protection of the turbine casing frame
from the impact of sand at lower temperatures, Metco 443NS powder
(Ni19Cr/6Al) containing 19% Cr and 6% Al was applied. The powder
had a grain range of 45-120 um (Metco 443NS Nickel-
Chromium/Aluminum Composite Powder, 2000, Technical Bulletin 10-130,
Sulzer Metco). To produce a coating resistant to high temperature
oxidation and hot corrosion up to 1200 °C, applied to the duct,
Ni22Cr10AI1Y powder alloy with a range of granulation of powder
particles of 53-106 um was used (Material Product Data Sheet, 2013,
Nickel Chromium Aluminum Yttrium (NiCrAlY) Thermal Spray Powders
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Amdry 963, DSMTS-0102.1, Sulzer Metco). To restore the size of the
opening in the Astazou Il B engine oil tank, Metco 52C-NS powder was
applied, which is aluminum alloy with 12% Si. The granulation of the
powder particles was from 45-90 pym (Material Product Data Sheet,
2011, Aluminum 12% Silicon Thermal Spray Powders Metco 52C-NS,
DSMTS - 0045.2,Sulzer Metco).

The investigation of the structural and mechanical characteristics of
the coatings was done in accordance with the Turbomeca standard
(Turbojet engine-standard practices manuel, TURBOMECA). The
substrate material of the samples where Ni5AI, Ni19Cr6Al and
Ni22Cr10AI1Y coating layers were deposited was stainless steel
X15Cr13 (EN 1.4024) in the thermally unprocessed condition. The
substrates of the samples where Al12Si coatings were deposited were
made of AMS4117 aluminum alloy (AIMg1 EN5005). For microhardness
testing and evaluation of the microstructure of the deposited state,
70x20x1.5 mm samples were made. The bases for examining tensile
bond strength were @25x50mm. The investigation of the microhardness
of coatings was done using the HV,3; method. In order to assess the
homogeneity of the coating layers, the microhardness measurement was
carried out in a direction along the lamellae. Five readings of
microhardness values were performed, in the middle and at the ends of
the samples, out of which the two extreme values were rejected. The
minimum and maximum values of the three remaining values are
presented. Tensile bond strength was examined using the tensile test.
The tests were performed at room temperature at a tensile speed of 10
mm / min on the hydraulic equipment. Every part of the Astazou Il B
engine was tested by five specimens. The engine parts samples were
rotated at the same rotational speed to ensure the same conditions of
coating deposition. The obtained results were averaged and the paper
presents the average tensile bond strength values.

The microstructure of the deposited coating layers was examined on
an optical microscope - OM. The analysis of the micro pores share in the
coating was performed by treating 5 photos at 200X magnification.
Through tracing paper, micro pores were labeled and shaded, with a total
area of micropores calculated for the total surface of micrographs. The
paper presents the mean values of the micropores share in the coatings.
Table 1 shows the parts of the Astazou Il B turbojet engine, the types of
materials used for its parts and the operating conditions for the oparating
parts on which coatings were deposited. All Astazou Ill B engine parts
are made of special purpose aircraft materials. The oil tank is made of
AG5 - EN AW-5083 aluminum alloy, the casing frame and the turbine
casing of 15CDV6 - EN 1.7734 stainless steel, and the duct of AFNOR
Z3NCT25 - ASTM A638 nickel alloy.
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Table 1 — Parts of the ASTAZOU Il B turbo-jet engine
Tabnuya 1— [detanu TypbopeakTtusHoro asuratens ASTAZOU Il B
Tabela 1 — Delovi turbo-mlaznog motora ASTAZOU IIl B

No. Part name Material Operating conditions
Temperature
1. Turbine casing 15CDV6 t=500-700°C erosion and hot
corrosion
2. Casing frame 15CDV6 Air =200°C, sand particles

High temperature
3. Duct Z3NCT25 tmax =1200°C,
hot corrosion

Synthetic oil

4. Oil tank AG5
t =80-120°C, wear

Turbomeca, engine manufacturer, prescribed that on the Astazou Ill B
engine parts powders are to be deposited with Metco 3M and 7M
equipment for the prescribed parameters of powder deposition and the
standards on the quality of deposited coatings. Powder deposition
parameters were optimised for an atmospheric plasma spray system of
the Plasmadayne company that uses a specially designed plasma spray
gun MINI - GUN Il with the dimensions of @25 X 600 mm. A large
number of samples were used and the paper shows the optimal
parameters with which coatings were deposited on the Astazou Il B
turbojet engine parts tested on the test stand.

Powder was deposited on the samples and the parts under the
same conditions in specially designed and manufactured tools. Coatings
were deposited on the preheated rough samples and engine parts at a
temperature of 90-120 °C. The MINI - GUN Il plasma gun consisted of:
anode A 2084-F45, cathode K 1083-129 and gas injector Gl 2084 B — 103.
The coating deposition was performed with the power supply of 40KW.
All coatings were deposited with a plasma gas mixture of Ar-He. The
layer thickness of NiAl, NiCrAl and NiCrAlY coatings with a single plasma
gun pass was 25um. The thickness of the Al12Si alloy layer with a single
pass of the plasma gun was 30 um.

Figure 1 shows the APS - atmospheric plasma spray system of the
Plasmadyne company used to produce coatings. The figure shows the
process of powder deposition with a MINI GUN Il plasma gun on the
Astazou Il B turbine engine in a cabin protecting from ionic radiation and
noise. The deposition process is performed with a RISE robot.
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Puc. 1 — HaHeceHuve nopoluka Ha kopnyc TypbopeakTuBHoro asuratenst HaHeceHue
nopoLUKa Ha kopnyce TypOuHbl B B TypbopeakTmBHbIx Astazou I
Slika 1 — Depozicija praha na kuéistu turbine turbomlaznog motora ASTAZOU Il B

Table 2 shows the plasma spray parameters for depositing powders
with a MINI - GUN Il plasma gun. The thickness of the deposited NiSAl
coating on the turbine casing and the Ni19Cr6Al coating on the casing
frame was from 0.55 to 0.6 mm. The coating thickness was increased by
0.3 mm for extra machining. The Ni22Cr10AI1Y coating thickness on the
edges of the duct ranged from 1.2 - 1.5 mm. It was increased by 0.3 mm
for coating machining. At the opening of the oil tank, the Al12Si coating
was deposited with a thickness from 0.54 to 0.6 mm with additional
thickness for machining.

The investigation of the effect of the deposited coatings on the parts
of the ASTAZUO IlI B turbojet engine was done at the test stand with the
engine operation time of 42 hours. The wear of the coatings was
determined on the basis of the change in the dimensions of machined
surfaces after testing the engine parts. The change in dimensions was
measured on a coordinate measuring machine MAUSER ML 28 at eight
measuring points around the perimeter of cylindrical parts. This paper
presents the mean values of coating wear in mm, compared with the
values of allowed tolerances of machined parts.

Table 2 — Plasma spray parameters
Tabrnvua 2 — MNapameTpbl NNasMEHHHOrO HanbINUTENS
Tabela 2 — Plazma sprej parametri

Parameters Ni5Al Ni19Cr6Al Ni22Cr10AI1Y Al12Si
Electric 800 800 750 800
Current, (A)
Arc voltage, (V) 38 37 40 36
Primary plasma gas, Ar (I/min ) 75 75 50 75
azc(mﬁ;y plasma gas, 12 17 37 12
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Parameters Ni5Al Ni19Cr6Al Ni22Cr10AI1Y Al12Si
Carrier gas powder,
Ar (I/mir?) P ’ 12 10 7
Rotation of th'e disc for 39 25 25 23
powder, (o/min )
Distance of plasma guns, (mm) 60 60 65 60
Circumferential speed of the 500 500 500 340

parts, ( mm/s)

Plasma gun speed, (mm/s ) 3 3 3 3

Results and discussion

Figure 2 shows the turbine casing of the Astazou Il B turbojet
engine and the microstructure of the deposited Ni5Al coating. Red lines
on the casing mark the inner surface protected by the plasma spray
Ni5Al coating from hot corrosion and erosion caused by particles carried
by gas. The microstructure of the Ni5Al coating is lamellar. The light blue
lamellae of the coating consist of the a solid solution of aluminum in
nickel a-Ni (Al). At the inter-lamellar boundaries of the a solid solution,
there are evenly distributed nickel oxide NiO and aluminum y-Al,O;
marked with red arrows (Knotek, et al.,1980, pp.282-286), (Mrdak, 2013,
pp.7-22), (Svantesson, Wigren, 1992, pp.65-69). Between the lamellae
boundaries of the solid solution and oxide lamellae, there are irregularly
shaped dark blue inter-lamellar pores. There are also spherical
precipitates of a size of 18 to 25um, which are always smaller than the
granulation of deposited powders. The precipitates did not affect the
mechanical properties of the coating. The layers of the deposited Ni5SAl
coating had the microhardness values of 155 - 179HV, ;. The mean value
of the tensile bond strength of the coating was 72MPa. The mechanism
of destruction was that of adhesion on the substrate / coating boundary.
The values of the microhardness and tensile bond strength of Ni5Al
coating are above the minimum values prescribed by the Turbomeca
standard (min.140 HV,3; and min.35 MPa) (Turbojet engine-standard
practices manuel, TURBOMECA). The analysis of photomicrographs of
NiSAl coatings showed that the proportion of pores was 2.5%. The
content of pores was significantly lower than the value set by the engine
manufacturer Turbomeca (max.8%pores). In the microstructure, there
were no unfused powder particles of 45-60 uym, whose presence is
allowed in a content of up to 15% by the Turbomeca standard (Turbojet
engine-standard practices manuel, TURBOMECA).
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Figure 2 — Turbine casing of the ASTAZOU Il B turbojet engine and the microstructure
of the NiSAl coating
Puc. 2 — Kopnyc Typ6uHbl TypbopeaktusHoro gsuratens ASTAZOU Iil B
1 MUKPOCTPYKTYpa nokpbiTust NiSAl
Slika 2 — Kuciste turbine turbomlaznog motora ASTAZOU Il B i mikrostruktura prevlake
Ni5Al

Figure 3 shows the casing frame of the Astazou Ill B engine and the
microstructure of the deposited Ni19Cr6Al coating. The inner surface of
the casing frame marked with red lines has the deposited Ni19Cr6Al
coating which protects the surface from abrasion of sand particles up to
200°C. Coating layers are deposited uniformly on the inner surface, with
the coating mechanical properties and its microstructure showing the
quality better than that prescribed by the Turbomeca standard. The
values of microhardness and tensile bond strength in the Turbomeca
standard are min.170HV,; and 35MPa (Turbojet engine - standard
practices manuel, TURBOMECA).
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Figure 3 — Casing frame of the ASTAZOU Il B turbojet engine and the microstructure of
the Ni19Cr6Al coating
Puc. 3 — BxogHas kpomka kopnyca TypoopeaktusHoro asuratenss ASTAZOU Il B n
MUKpocTpykTypa nokpbiTusa Ni19Cr6Al
Slika 3 — Medukuciste turbomlaznog motora ASTAZOU Il B i mikrostruktura previake
Ni19Cr6Al

The microhardness values of the coating were in the range of 278-315
HV,3. The distribution of microhardness was directly related to the
distribution of oxides and pores in the coating layers. The mean value of
tensile bond strength of the coating was 52MPa. The character of
destruction was adhesion. The structure of the coating layers is lamellar.
The coating base consists of light blue lamellae of the solid solution of
chromium and aluminum in nickel y-Ni. At solid solution lamellae
boundaries, there are the lamellae of oxides NiO, a-Al,O3, NiCr,O; and a
small amount of Cr,O3; marked with red arrows (Brossard, et al., 2009,
pp.1-9), (Mrdak, 2012, pp.5-16), (Mrdak, 2012, pp.182-201). Between the
boundaries of solid solution lamellae and oxide lamellae there are inter
lamellar pores in dark blue. The analysis of photomicrographs showed
that the Ni19Cr6Al coating layers had a share of micro pores of 3.5%.
The analysis of the coating microstructure showed that the coating
microstructure did not contain unfused powder particles whose presence
is permitted by the Turbomeca standard in the amount up to 15% and of
size under 60 pum (Turbojet engine-standard practices manuel,
TURBOMECA). Figure 4 shows the duct of the Astazou Ill B turbojet
engine and the microstructure of the deposited Ni22Cr10AI1Y coating.
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Figure 4 — Duct of the ASTAZOU Il B turbojet engine and the microstructure
of the Ni22Cr10AI1Y coating
Puc. 4 — NpomexyTouHbIn KOHTYp TypbopeakTnsHoro asuratenss ASTAZOU IIl B
1 MukpocTpykTypa nokpbitus Ni22Cr10AI1Y
Slika 4 — Sprovodni aparat turbomlaznog motora ASTAZOU 11l B i mikrostruktura prevlake
Ni22Cr10AIMY

The red lines mark the surfaces of the duct ridges where
Ni22Cr10AI1Y coating layers were deposited, protecting the surface from
high temperature oxidation and hot corrosion up to 1200°C. The
microstructure of the deposited Ni22Cr10AI1Y coating is lamellar. The
coating base consists of light blue lamellae of the y-Ni and y'-Ni;Al solid
solution. The internal structure of the coating is a heterogeneous mixture
of the metal basis (y-Ni + y'-NizAl) with precipitates, micropores and NiO,
a-AlL,O3, Cr,03 and NiCr,O; oxides (Badrour, et al., 1986, p.1217) (Leea,
2005, pp.239-242). At the interlamelar boundaries of the y-Ni solid
solution, there are oxides distributed, in darker shades of blue than the
coating base. Dark blue, irregularly shaped pores are present between
the boundaries of solid solution lamellae and oxide lamellae. Fine
spherical precipitates of the size of 5 to 10um are present in the
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microstructure. The microhardness values of the deposited layers were in
a range of 297 - 328HV, 3. The mean value of the coating tensile bond
strength was 49MPa. The mechanism of destruction was adhesion on
the substrate / coating boundary. The values of microhardness and
tensile bond strength of the Ni22Cr10AI1Y coating are above the
minimum value prescribed by the Turbomeca standard ( min.200 HV,3
and Min.35 MPa) (Turbojet engine-standard practices manuel,
TURBOMECA). The analysis of the micrographs of the Ni22Cr10AI1Y
coating showed that the pore share was about 3%. The content of micro
pores was lower than the value set by the engine manufacturer
Turbomeca (max.8% pores). Unfused powder particles up to 60um,
whose presence is allowed in the content up to 15% by the Turbomeca
standard (Turbojet engine-standard practices manuel, TURBOMECA),
were not found in the microstructure. Figure 5 shows the oil tank of the
Astazou Il B turbojet engine and the microstructure of the deposited
Al12Si coating. The hole in the oil tank is marked with a red circle, the
inner surface of which is protected by the plasma sprayed Al12Si coating
against the effects of synthetic oils and wear.

Figure 5 — Oil tank of the ASTAZOU Il B turbojet engine and the microstructure of the
Al12Si coating
Puc. 5 — MacnsHbii pe3epByap TypbopeaktusHoro gsuratenst ASTAZOU IIl B
W MUKPOCTPYKTypa nokpbiTnst Al12Si
Slika 5 — Rezervoar za ulje turbomlaznog motora ASTAZOU Il B i mikrostruktura
prevlake Al12Si

The microstructure of the Al12Si coating consists of two phases, the
a-Al solid solution and the a-Al + Si eutectic mixture. At the boundaries of
the a-Al solid solution, dendritic solidification resulted in a-Al + Si eutectic
grains (Laha et al. 2005, pp.5429-5438), (Pramila Bai, Biswas, 1987,
p.61). The content of pores in the coating was negligible, which is why
the coating microhardness value was at the upper limit of 130 HV,3. The
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mean value of tensile bond strength of 27MPa was in accordance with
the coating microstructure. The mechanism of destruction was adhesion
at the substrate / coating boundary. The values of microhardness and
tensile bond strength of the Ni12Si coating are above the minimum value
prescribed by the Turbomeca standard (min.70HV,3; and min.25 MPa)
(Turbojet engine-standard practices Manuel, Turbomeca). In the
microstructure there are no unfused powder particles, although the
Turbomeca standard allows their presence up to 15%, with a size below
60um (Turbojet engine-standard practices Manuel, Turbomeca).

After the tests at the test station, the wear of the coatings was
significantly lower than the allowable tolerance for engine parts. The
NiSAl coating wear on the turbine casing of 0.002 mm is significantly
lower than the allowable tolerance of 0.3 mm. The Ni19Cr6Al coating
wear on the casing frame was 0.0025 mm, while the allowed dimension
tolerance for the casing frame is 0.3 mm. The Ni22Cr10AI1Y coating
wear on the duct ridges was 0.001 mm, while the tolerance for the
Ni22Cr10AI1Y coating on the duct ridges is 0.05 mm. At the opening of
the oil tank, there were no changes in the size of the Al12Si coating,
which is understandable because the coating is subjected to wear during
opening and closing of the the tank when changing oil. The wear of the
coatings on all tested parts was low. Based on the test results, plasma
spray coatings have been successfully applied in the process of the
general repair of the Astazou Il B turbojet engine.

Conclusion

The research into the characteristics of coatings deposited on the
Astazou Ill B turbojet engine parts by the atmospheric plasma spray
system of the Plasmadyne company, with a MINI GUN Il plasma gun,
showed that they fully meet the criteria established by the engine
manufacturer Turbomeca for coatings deposited by the Metco 3M and
7M plasma spray systems. The analysis of the structural and mechanical
characteristics of the coatings in the laboratory and the testing of the
components within the Astazou Ill B engine on the test station for a
period of 42 hours showed that:

The deposited coating layers had good microhardness, tensile bond
strength and microstructure values that meet the criteria prescribed by
the Turbomeca standard. All coatings had the microhardness and tensile
bond strength values above those prescribed by the Turbomeca
standard. The microstructure of the deposited coatings does not show
the presence of unfused powder particles up to 60 uym, which is allowed
by the Turbomeca standard up to 15%.
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During coating testing on the engine parts at the test station, all
coatings showed good adhesion and cohesive strength of layers. After
dismantling the engine, delamination of coatings, coating peeling through
layers and separation of layers from the surface of the engine parts were
not found. On the surface of the coatings there are no networks of micro
cracks. The coating surfaces on the casing, the casing frame and the oil
tank opening showed no traces of burrs. On the duct ridges there are no
traces from blade galling.

The average value of wear of the Ni5Al coating on the turbine casing
was 0.002 mm. On the casing frame, the average value of wear of the
Ni19Cr6Al coating was 0.0025 mm. On the duct ridges, the average
value of wear of the Ni22Cr10AI1Y coating was 0.001 mm. At the
opening of the oil tank, there were no changes in the size of the Al12Si
coating. For the Astazou Ill B engine parts, coating wear was much lower
than the allowable tolerances for machining.

The wear of the coatings on all tested parts was low. Based on the
test results, plasma spray coatings have been successfully applied in the
process of the general repair of the Astazou Il B turbojet engine.
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Turbojet engine-standard practices manuel, TURBOMECA.

NCCINEQOBAHWE MO NPUMEHEHWIO MNA3SMEHHOIO
HAMbBINTIEHWA MOKPLITUA OETANEN TYPBOPEAKTMBHOIO
OBUTATENA ASTAZOU Il B

Muxauno P. Mpaak
LleHTp uccneposanui n paspabotok AO ,MMTEJT KommyHukaummn®,
r.benrpag, Pecny6nuka Cepbus

OBJTACTb: xumMn4eckue TexHonornm
BWO CTATbW: opurHanbHas HayyHas ctatbsl
A3bIK CTATbW: aHrnuinckuin

Pe3some:

lMna3meHHoOe HarbifeHue WUPOKOo npumMeHsiemcsi 8 obriacmu agu-
aUUOHHOU MPOMbIWIIEHHOCMU U rpou3sodcmee Krdeabix demarned,
rnodeep>KeHHbIX 8030elicCmeUI0 BbICOKUX memrepamyp, XUMUYECKU
aespeccusHbIx cpedcme, U3HOCY, MospexoeHusIM, 3po3uu U Kasuma-
yuu.

lpouecc nnasmMeHHO20 HarlbIIEHUs 8KIIYaem WUpoKoe osie
napamempos, makum obpa3om e20 803MOXHO MPUMEHSIMb K KaxXoomy
C/1010, 8 MOM YUC/Ie U 3auiUmHOMY CfI00 OKpbimusi. B npouecce pe-
MOHMa camosiema niasMeHHOe MOKPbIMUE HaHOCUMCSI pagHOMEPHO,
mem cambIM 8bipasHUBast Yacmu roepex0eHHbIX MOoKpbimul o Heob-
X00UMOU MOULUHBI.

B d0aHHOM uccniedoeaHuu npedcmasrneH 3hhekmusHbil Memod
MPUMEHEeHUs NasMeHHO20 HarlbifieHUs nokpbimul Yacmel myp6ope-
akmueHbix dsueamenieli ASTAZOU Il B e npouecce pemoHma.
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lNpoussodumers dsuzamerneli TURBOMECA pexomeHOyem Orisi rio-
Kpbimusi ceoell npoOyKUuUU MopPOLKO8bIe ria3MeHHbIe Harbliumesu cu-
cmembi Metco 3M unu 7M, npednuckigast napamempbl HaHECEHUST MOKPbI-
musi, makumM 0bpa3om rpu MPUMEHEHUU UHbIX M1a3MeHHbIX Harblumesib-
HbIX cucmem HeobxoduUMO MPO8ECMU MECMUPO8AHUST U UCTbIMaHUS.

Llenb OaHHOU pabombl cocmoum e pa3spabomke u npou3eool-
cmee nnasMeHHo20 Harnblnumess om KomnaHuu Plasmadyne, komo-
poe bydem coomeemcmeosams eceM cmaHdapmam u ydoeriemeopsi-
mb mpebosaHusi npoudgodumerns 0gusamerel, ¢ Uerbio e20 rnpume-
HeHus1 8 peMoHme daueameredl.

lMposedeHa onmumu3ayusi napamempos Oisi rniaa3MeHHbIX u-
cmonemos MINI — GUN II, e npoyecce komopol bbi510 mecmuposaHo
bonbwoe Konudyecmeo obpa3yos. B pabome npedcmasrneHbl COO-
meemcmeyowjue napamMempbl HaHeCeHUsl [MOKPbIMUS Ha Kopriyc,
8XOO0HYI0 KPOMKY KOpriyca, npoOMEXYMOYHbIU KOHMYpP U MacrisiHbil pe-
3epsoap mypbopeakmuesHoz2o dguzamenss ASTAZOU Il B. Tecmupo-
B8aHUE MexaHUYEeCKUX XapakmepucmuK MOKPbIMUST po8oodusiochb
ucrnbimaHuem Mukpomeepdocmu rnokpeimusi, Memooom HV, ;.

lMpoyHocmb COEOUHEHUS MOKPbIMUS mecmuposaHa o mMemoody
ucrisimaHuli Ha cdsue rpu pacmsikeHuu. Mukpocmpykmypa crioee rokpbi-
musi HabsrolGanack Mod onmuvyeckum Mukpockoriom — OM. AHanu3 MUKpo-
CMPYKMYypbl U MeXaHUYECKUX XapaKmepucmuk rnokpbimusi 6bii1 rnposedeH
8 coomeemcmeuu co cmaHdapmamu u pekomeHdayusimu TURBOMECA.

Kayecmeo HaHeceHHO20 MoKpbimusi nodmeepx0eHo 42-x 4Jaco-
8bIM ucrbimaHuem Yacmetl 0suzamens ASTAZUO Ill B, npogedeHHo-
20 8 ucribimamersbHOU cmaHuuu. BbinonHeHHble ucnbimaHus noo-
meepdusnu Ka4Yecmeo MOoKpbimusl, makum obpa3om OoKa3aHO, 4Ymo
MEeXHOJ/I02UI0 M/1a3MEHHO20 HarlbIlIEHUE MOKPbIMUU MOXHO MPUMEHS-
mb 8 npouecce pemoHma dguzamenelti ASTAZOU Il B.

KntoueBble crnoBa: rnia3mMeHHoe roKpbimue; PeMOoHM; 71a3MeHHOe Ha-
nbineHue; dsuzamernu; 0erno3umsl; MOKpPbIMue.

STUDIJA PRIMENE PLAZMA NAPRSKANIH PREVLAKA NA
SEKCIJAMA TURBOMLAZNOG MOTORA ,ASTAZOU Il B

Mihailo R. Mrdak
Istrazivacki i razvojni centar IMTEL Komunikacije a.d., Beograd

OBLAST: hemijske tehnologije
VRSTA CLANKA: originalni nau¢ni Clanak
JEZIK CLANKA: engleski

Sazetak:

Plazma-sprej proces intenzivno Koriste avio-industrije u proizvodnji
kljuénih komponenti prekomerno izloZzenih visokim temperaturama, he-
mijski agresivnim sredinama, habanju, abraziji, eroziji i kavitaciji. Proces
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pokriva veliko polje parametara, tako da se moZe kombinovati skoro
svaki sloj sa svakim i sa osnovnim materijalom. Previake mogu da se
deponuju ravhomerno i stoga omogucavaju da se pohabane komponen-
te dovedu na konacne dimenzije u procesu remonta vazduhoplova. U
ovom istraZivanju prikazan je efikasan postupak primene plazma-sprej
prevlaka na delovima turbomlaznog motora ASTAZOU Il B u procesu
remonta. Proizvoda¢ motora TURBOMECA predvideo je da se prahovi
deponuju plazma-sprej sistemima sa oznakom Metco 3M ili 7M za koje
Je propisao parametre depozicije prahova, tako da se kod primene dru-
gih plazma-sprej sistema parametri deponovanja moraju ispitati i optimi-
zirati. Cilj rada bio je da se u remontu motora primeni plazma-sprej si-
stem firme Plasmadyne i izvrsi optimizacija parametara, koja ¢e omogu-
CGiti da se proizvedu prevlake koje ¢e ispuniti sve Kriterijume propisane
standardom proizvoda¢a motora. IzvrSena je optimizacija parametara za
plazma pistolj MINI — GUN I, pri ¢emu je uraden veliki broj uzoraka. U
radu su prikazani optimalni parametri depozicije sa kojima su deponova-
ne prevlake na kucistu, medukucistu, sprovodnom aparatu i rezervoaru
za ulje motora ASTAZOU Ill B. Procena mehanickih karakteristika pre-
vlaka uradena je ispitivanjem mikrotvrdoc¢e previaka metodom HV, ;. Za-
tezne &vrstoce spoja previaka ispitane su metodom kidanja na zateza-
nje. Mikrostrukture slojeva previaka procenjene su na opti¢kom mikro-
skopu — OM. Analiza mikrostruktura i mehanickih karakteristika previaka
uradena je u skladu sa standardom TURBOMECA. Kvalitet deponova-
nih previaka potvrden je 42-Casovnim ispitivanjem delova u sklopu moto-
ra ASTAZUO Il B na ispitnoj stanici. IzvrSena ispitivanja potvrdila su
kvalitet previaka i na taj nadin omogucila primenu plazma-sprej tehnolo-
gije u proces remonta motora ASTAZOU Il B.

Uvod

Razvoj turbomlaznih motora i zahtevi za povec¢anu otpotnost na
oksidaciju, vrelu koroziju i sulfidizaciju delova motora uticali su na raz-
voj termo-sprej procesa i prahova na bazi nikla. Danas se za za$titu
delova turbomlaznih motora najceSce primenjuju plazma-sprej prevla-
ke NiAl, NiCr, NiCrAl, NiCrAlY, CoCrAlY, NiCoCrAlY i dr. Najefikasniju
zaStitu substratima od oksidacije na temperaturama iznad 800 °C pru-
Zaju previake koje formiraju okside tipa a-Al,O3i Cr,0s. U vecini sluéa-
jeva, primenjuju se prevlake koje formiraju kontinualni sloj a-Al,O3, jer
je ovaj tip oksida superiorniji i pouzdaniji u odnosu na druge tipove ok-
sida (Mrdak, 2012, pp.182-201). Kada je u previaci nizak sadrzaj hro-
ma i aluminijuma, na povrsini previake ne mogu se formirati zastitni
kontinualni slojevi oksida tipa a-Al,O3 i Cr,O3, ve¢ se formiraju nepo-
Zeljni slojevi kontinualnih oksida NiO. Mehanizam rasta oksida NiO
uzrokuje nastanak mikropora u medusloju oksid/legura. Mikropore ra-
stu i spajaju se u velike makropore. Mehanizam rasta oksida NiO stva-
ra velika naprezanja, koja na kraju postaju dovoljno velika da prave pr-
skotine u oksidnom sloju. Da bi se nagradili kontinualni slojevi oksida
a-Al, O3 i Cr,O3 na povrsini previake, za legure nikla potrebno je naj-
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mnje 20%Cr i 5%Al. Legurama NiCrAl dodaje se i itrijum radi bolje ko-
hezione cvrstoce oksida i adhezione ¢vrstoce previlake sa supstratom.
Zavisno od tipa legure, sadrzaj itrijuma se krec¢e od 0,1 do 0,5% (Mr-
dak, 2012, pp.182-201). Iskustvo firme Turbomeka koja u proizvodnji
motora ASTAZOU Il B primenjuje plazma-sprej previake otporne na
oksidaciju i vrelu koroziju, kao i prevlake za opravku delova od legure
Al, omogucdilo je da se pristupi primeni plazma-sprej tehnologije u po-
stupku remonta motora. Proizvoda¢ motora predvideo je da se prahovi
deponuju plazma-sprej sistemima sa oznakom Metco 3M ili 7M za koje
Je propisao parametre depozicije prahova, tako da se kod primene dru-
gih plazma-sprej sistema parametri deponovanja moraju optimizirati,
da bi previake ispunile sve kriterijume koje propisuje standard Turbo-
meca. Za spasavanje i opravku delova motora od oksidacije i vrele ko-
rozije proizvoda¢ motora ASTAZOU IIl B koristi prahove Ni/5Al, Ni-
Cr/6Al i Ni22Cr10AI1Y, a za obnavijanje dimenzija i opravku delova od
legure aluminijuma koristi prah Al12Si. Kompozitni prah Ni/5Al zbog
egzotermne reakcije u procesu depozicije omogucava dobro vezivanje
previlake za supstrat. Produkti te reakcije su medumetalna jedinjenja
NiAl;, Ni,Alzi NiAl koja dodatno uvecavaju cvrstoc¢u previake. To su gu-
ste prevlake sa metalurSkom vezom na interfejsu sa osnovnim materi-
Jalom. Prevlaka se sastoji od lamela ¢vrstog rastvora aluminijuma u ni-
klu a-Ni(Al) i medulamelarnih oksida NiO i y-Al,O3; ravnomerno raspo-
redenih po granicama lamela cvrstog rastvora (Knotek, et al., 1980,
pp.282-286), (Mrdak, 2015, pp.32-25), (Mrdak, 2013, pp.7-22), (Svan-
tesson, Wigren, 1992, pp.65-69). Previake su otporne na oksidaciju,
gasnu koroziju, habanje, abraziju i eroziju na temperaturama do
980°C. Cvrstoca spoja sa supstratom ostaje adekvatna do 700 °C (Grif-
fiths, H., et al., 1980). Deponovane previake po standardu Turbomeca
imaju vrednosti mikrotvrdo¢e min. 140HV, 3 i zatezne cCvrstoCe spoja
min. 35MPa. Prevlake tipa NiCrAl u deponovanom stanju se sastoje od
¢vrstog rastvora hroma i aluminijuma u niklu y-Ni(Cr,Al). U slojevima
su prisutni oksidi tipa NiO, a-Al,Os; Cr,0O; CrOs; i spinel faze
Ni(Cr,Al,)O, (Badrour, et al., 1986, p.1217), (Brossard, et al., 2009,
pp.1-9), (Mrdak, 2010, pp.5-16), (Mrdak, 2012, pp.182-201), (Mrdak,
2013, pp.7-22), (Tran, et al., 2008, p.701). Zatezna Evrstoca spoja pre-
vlake ostaje adekvatna do radnih temperatura od 980 °C (Mrdak, 2012,
pp.182-201). Deponovane previake po standardu Turbomeca imaju
vrednosti mikrotvrdo¢e min. 170HV, 3 i zatezne C&vrsto¢e spoja min.
35MPa. Legura NICrAlY se koristi za za$titu delova od tople korozije i
visokotemperaturne oksidacije do 1100 °C (Material Product Data She-
et, 2013, Nickel Chromium Aluminum Yttrium (NiCrAlY) Thermal Spray
Powders Amdry 963, DSMTS-0102.1, Sulzer Metco). Dodatak itrijuma
ima sustinski znacaj, jer bitno povecava adheziju oksida Al;Ozi Cr,0;
koji se formiraju u previaci sa osnovom prevlake i tako spre¢ava puca-
nje i odvajanje za$titnog povrsinskog oksidnog sloja pri dejstvu toplot-
nog zamora (Mrdak, 2012, pp.182-201). Struktura unutra$njih slojeva
previaka sastoji se od évrstog rastvora hroma i aluminijuma u niklu
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y-Ni(Cr,Al) i medumetalnog jedinjenja y™-NisAl. U strukturi su prisutni i
oksidi NiO, a-Al,Os, Cr,Os i NiCr,O3 (Badrour, et al., 1986, p.1217),
(Leea, 2005, pp.239-242). Deponovane previake po standardu Turbo-
meca imaju vrednosti mikrotvrdo¢e min. 200HV, ; i zatezne &vrstoce
spoja min. 35 MPa. Prevlaka Al12Si je opSte namene i primenjuje se
za zaStitu novih vazduhoplovnih delova i u procesu remonta za obna-
vijanje dimenzija delovima od legura aluminijuma i magnezijuma uzro-
kovanih habanjem (Material Product Data Sheet, 2011, Aluminum 12%
Silicon Thermal Spray Powders Metco 52C-NS, DSMTS — 0045.2,Sul-
zer Metco), (Pramila Bai, Biswas, 1987, p.61). U deponovanom stanju
mikrostruktura previake sastoji se od dve faze a-Al évrstog rastvora i a-
Al + Si eutektikuma. Po granicama a-Al ¢vrstog rastvora ravnomerno
se formiraju fina eutekticka zrna a-Al + Si (Laha, et al., 2005, pp.5429—
5438). Deponovane prevlake po standardu Turbomeca imaju vrednosti
mikrotvrdo¢e min. 70HV, 3 i zatezne &vrstoce spoja min. 25 MPa. Za
sve previake, u mikrostrukturi dozvoljen je udeo mikropora maks. 8% i
nestopljenih Cestica do 15% veli¢ine ispod 60um (Turbojet engine-
standard practices manuel, TURBOMECA).

Cilj rada bio je da se u remontu motora ASTAZOU Il B primeni pla-
zma- sprej sistem firme Plasmadyne i izvrSi optimizacija parametara de-
pozicije praha, koja ¢e omoguciti da se proizvedu previake koje ce ispu-
niti sve kriterijume propisane standardom proizvodaca motora. Izvr§ena
je optimizacija parametara za plazma pistolj MINI-GUN Il na fiksnim
uzorcima u posebnom alatu. Uraden je veliki broj uzoraka da bi se dobile
mikrostrukture i mehanicke osobine previaka koje Ce ispuniti sve kriteri-
Jjume propisane standardom proizvoda¢a motora Turbomeca. U radu su
prikazani optimalni parametri sa kojima su deponovane previake na ku-
Gistu turbine, medukucistu, sprovodnom aparatu i rezervoaru za ulje i
mehanicko-strukturne karakteristike previaka, koje su ispitane u sklopu
turbomlaznog motora ASTAZOU Ill B na ispitnoj stanici. IzvrSena ispiti-
vanja potvrdila su kvalitet previaka i na taj nacin omogucila primenu pla-
zma-sprej tehnologije u procesu remonta motora ASTAZOU Il B.

Materijali i eksperimentalni detalji

Za ispitivanje i primenu previaka na delovima turbomlaznog motora
ASTAZOU Il B upotrebljena su Cetiri tipa praha firme Sulzer Metco sa
oznakama: Metco 450NS, Metco 443NS, Amdry 963 i Metco 52C-NS.
Prah Metco 450NS (Ni/5Al) na bazi Ni namenjen je za za$titu kucista tur-
bine od uticaja visoke temperature, tople korozije i erozije. Cestice oblo-
Zenog praha Ni/5Al sa sadrzajem 95,5% Ni i 4,5%Al imale su raspodelu
granulata od 45 do 88 um. Za zastitu medukucista turbine od uticaja pe-
ska na niZim temperaturama primenjen je prah  Metco
443NS(Ni19Cr/6Al) koji sadrzi 19%Cr i 6%Al. Prah je imao raspon gra-
nulacije od 45 do 120 um. Za izradu previake otporne na visokotempera-
turnu oksidaciju i vrelu koroziju do 1200°C, koja se primenila na spro-
vodnom aparatu, koristio se prah legure Ni22Cr10AI1Y sa rasponom
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granulacije Cestica praha od 53 do 106 um. Za obnavljanje dimenzija
otvora na rezervoaru za ulje motora ASTAZOU Ill B primenjen je prah
Metco 52C-NS, koji je legura aluminijuma sa 12%Si. Raspon granulacije
Cestica praha koji se koristio bio je od 45 od 90 um. Ispitivanje struktur-
nih i mehanickih karakteristika prevlaka radeno je prema standardu
TURBOMECA (Turbojet engine-standard practices manuel, TURBOME-
CA). Materijal substrata uzoraka na kojem su deponovani slojevi previa-
ka Ni5AI, Ni19Cr6Al i Ni22Cr10AI1Y bio je od nerdajuceg Ccelika
X15Cr13 (EN 1.4024) u termi¢ki neobradenom stanju. Osnove uzoraka
na kojima su deponovane previake Al12Si napravijene su od legure alu-
minijuma AMS4117 (AIMg1 EN5005). Za ispitivanje mikrotvrdoce i za
procenu mikrostrukture u deponovanom stanju napravljeni su uzorci di-
menzija 70x20x1,5 mm. Osnove za ispitivanje zatezne évrstoce spoja bi-
li su dimenzija @25x50 mm. Ispitivanje mikrotvrdoce previaka radeno je
metodom HV, ;. Da bi se procenila homogenost slojeva previaka, mere-
nje mikrotvrdoce izvrS§eno je u pravcu duz lamela. Obavljeno je pet oéita-
vanja vrednosti mikrotvrdocCe slojeva u sredini i na krajevima uzoraka, od
kojih su odbacene dve krajnje vrednosti. Od tri preostale vrednosti prika-
zane su minimalne i maksimalne vrednosti. Ispitivanje zatezne ¢&vrstoce
spoja radeno je metodom ispitivanja na zatezanje. Testovi su radeni na
sobnoj temperaturi na hidraulicnoj opremi sa brzinom zatezanja od 10
mm/min. Uz svaki deo motora ASTAZOU Il B radeno je po pet epruve-
ta. Uzorci su sa delovima motora zajedno rotirani istom obimnom brzi-
nom kako bi bili isti uslovi deponovanja previaka. Dobijeni rezultati su
usrednjeni i u radu su prikazane srednje vrednosti zatezne ¢vrstoce spo-
Ja. Mikrostruktura slojeva deponovanih previaka ispitana je na optickom
mikroskopu — OM. Analiza udela mikropora u prevlaci uradena je obra-
dom 5 fotografija na uvelicanju 200X. Preko paus-papira mikropore su
oznacene i osencene, Cija se ukupna povrsina racunala na ukupnu povr-
Sinu mikrofotografije. U radu su prikazane srednje vrednosti udela mikro-
pora u prevlakama. Svi delovi motora ASTAZOU Il B napravijeni su od
namenskih vazduhoplovnih materijala. Rezervoar za ulje izraden je od
legure aluminijum AG5-EN AW-5083, medukuciste i kuciste turbine od
nerdajuceg Celika 15CDV6-1.7734 EN, a sprovodni aparat od legure ni-
kla AFNOR Z3NCT25 - ASTM A638. Proizvoda¢ motora TURBOMECA
predvideo je da se na delovima motora ASTAZOU Il B deponuju praho-
vi sa opremom Metco 3M ili 7M za koje je propisao parametre depozicije
prahova i standarde o prihvatljivosti kvaliteta deponovanih previaka. Za
atmosferski plazma-sprej sistem firme Plasmadayne koji koristi specijal-
no projektovani plazma-sprej pistolj MINI-GUN I dimenzija @25 X 600
mm, izvr§ena je optimizacija parametara depozicije praha. Uraden je ve-
liki broj ispitnih uzoraka, a u radu su prikazani optimalni parametri sa ko-
jima su deponovane previake na delovima koji su ispitani u sklopu turbo-
mlaznog motora ASTAZOU Il B na ispitnoj stanici. U posebno projekto-
vanim i napravijenim alatima, pod istim uslovima uradena je depozicija
praha na uzorcima i delovima. Previake su deponovane na ohrapavijene
i predgrejane uzorke i delove motora na temperaturi od 90 do 120°C.
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Plazma pistolj MINI- GUN Il sastojao se od : anode A 2084 — F45, kato-
de K 1083A — 129 i gas injektora Gl 2084 B — 103. Depozicija svih pre-
vlaka uradena je sa snagom napajanja od 40 KW. Sve previake su de-
ponovane sa meSavinom plazma gasovima Ar-He. Debljine slojeva NiAl,
NiCrAl i NiCrAlY previaka sa jednim prolazom plazma pistolja bila je 25
um, a debljina sloja Al12Si legure sa jednim prolazom plazma pistolja 30
um. Ispitivanje efekta deponovanih previaka na delovim turbomlaznog
motora ASTAZUO Il B radeno je na ispitnoj stanici sa vremenom rada
motora od 42 ¢asa. Pohabanost previaka odredena je na osnovu prome-
ne dimenzija masinski obradenih povrsina posle ispitivanja delova u
Sklopu motora. Merenje promena dimenzija radeno je na koordinatnoj
mernoj masini MAUSER ML 28 na osam mernih mesta po obodu cilin-
dricnih delova. U radu je prikazana srednja vrednost pohabanosti previa-
ka, izraZena u mm, koja je uporedena sa vrednostima dozvoljenih tole-
rancija masinski obradenih delova.

Rezultati i diskusija

Na kucistu je crvenim linijama oznacena unutraSnja povrSina koja
je zaSticena plazma-sprej previakom Ni5Al od tople korozije i erozije
Cestica koje gas nosi sa sobom. Mikrostruktura previake Ni5Al je lame-
larna. Svetloplave lamele previake sastoje se od a Cvrstog rastvora
aluminijuma u niklu a-Ni(Al). Na medu-granicama lamela a évrstog ras-
tvora ravnomerno su distribuirani oksidi nikla NiO i aluminijuma y-
Al,O3 oznaceni crvenim strelicama. Izmedu granica lamela Cvrstog
rastvora i oksidnih lamela prisutne su medulamelarne pore nepravilnog
oblika tamnoplave boje. U mikrostrukturi su prisutni precipitati sfernog
oblika, veli¢ine od 18 do 25 um, koji su uvek manji od granulacije pra-
ha koji se deponuje. Prisutni precipitati nisu uticali na mehanicke ka-
rakteristike previake. Slojevi deponovane previake Ni5Al imali su vred-
nosti mikrotvrdoc¢e od 155 do 179 HV, 5. Srednja vrednost zatezne Cvr-
stoc¢e spoja previake bila je 72 MPa. Vrednosti mikrotvrdoce i zatezne
cvrstoce spoja NibAl previake iznad su minimalnih vrednosti koje propi-
suje standard TURBOMECA (min.140 HV, 3 i min. 35 MPa) (Turbojet
engine-standard practices manuel, TURBOMECA). Analiza mikrofoto-
grafija NibAl prevlake pokazala je da je udeo mikropora bio 2,5%. Sa-
drZzaj mikropora bio je znatno manji od vrednosti koje propisuje proiz-
voda¢ motora TURBOMECA (max. 8% pora). U mikrostrukturi nisu
uocene nestopljene Cestice praha od 45 do 60 um Cije je prisustvo do-
zvoljeno u sadrZaju do 15% po standardu TURBOMECA (Turbojet en-
gine-standard practices manuel, TURBOMECA).

Na medukucistu je unutraSnja povrSina oznacena crvenim linija-
ma na kojoj je deponovana previaka Ni19Cr6Al koja Stiti povrSinu od
abrazije Cestica peska do 200°C. Slojevi previake deponovani su rav-
nomerno na unutradnjoj povrsini sa mehani¢kim karakteristikama i mi-
krostrukturom prevlake, koji po kvalitetu pokazuju bolje karakteristike
od karakteristika propisanih standardom TURBOMECA. Vrednosti mi-
krotvrdoce i zatezne ¢vrstoée spoja po standard TURBOMECA su min.
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170HV, 3i 35 MPa (Turbojet engine - standard practices manuel, TUR-
BOMECA). Vrednosti mikrotvrdoce prevlake bile su raspona od 278 do
315 HV, 3. Raspodela mikrotvrdoce bila je u direktnoj vezi sa raspode-
lom oksida i mikropora u slojevima previake. Srednja vrednost zatezne
Cvrstoce spoja prevlake bila je 52 MPa. Osnova prevlake sastoji se od
svetloplavih lamela ¢vrstog rastvora hroma i aluminijuma u niklu y-Ni.
Po granicama lamela Cvrstog rastvora prisutne su lamele oksida NiO,
a-Al,O3, NiCr,03, Cr,03 i u manjoj koli¢ini CrO3 oznalene crvenim
strelicama (Brossard, et al., 2009, pp.1-9), (Mrdak, 2012, pp.5-16),
(Mrdak, 2012, pp.182-201). Izmedu granica lamela &vrstog rastvora i
oksidnih lamela prisutne su i medulamelarne pore zagasito plave boje.
Analiza mikrofotografija je pokazala da je u slojevima previake
Ni19Cr6Al udeo mikropora bio 3,5%.

Crvenim linijama obeleZene su povr§ine venaca sprovodnog apa-
rata na kojima su deponovani slojevi previake Ni22Cr10AI1Y, koji Stite
povrSine od visokotemperaturne oksidacije i vrele korozije do 1200°C.
Mikrostruktura deponovane previake Ni22Cr10AI1Y je lamelarna.
Osnova previake sastoji se od svetloplavih lamela ¢vrstog rastvora y-
Ni i y-NisAl. UnutradSnja struktura previake je heterogena meS$avina
osnove metala (y-Ni + y"-Ni3Al) sa precipitatima, mikroporama i oksidi-
ma NiO, a- Al,O3, Cr,03 i NiCr,O3 (Badrour, et al., 1986, p.1217) (Le-
ea, 2005, pp.239-242). Vrednosti mikrotvrdo¢e deponovanih slojeva bi-
le su u rasponu od 297 do 328HV, ;. Srednja vrednost zatezne cvrsto-
¢e spoja previake bila je 49 MPa. Vrednosti mikrotvrdoce i zatezne ¢vr-
stoce spoja previake Ni22Cr10AI1Y iznad su minimalnih vrednosti koje
propisuje standard TURBOMECA (min. 200 HV, 3 i min. 35 MPa) (Tur-
bojet engine-standard practices manuel, TURBOMECA).

Otvor na rezervoaru za ulje oznacen je crvenim krugom, Cija je
unutradnja povrSina zas$ticena plazma-sprej previakom Al12Si od uticaja
sintetickog ulja i habanja. Mikrostruktura Al12Si previake sastoji se od
dve faze, a-Al ¢vrstog rasatvora i a-Al + Si eutektikuma. Po granicama
a-Al ¢vrstog rastvora dendritskim oc¢vrscivanjem formirala su se eutektic-
ka zrna a-Al + Si (Laha, et al., 2005, pp.5429-5438) (Pramila Bai, Bi-
swas, 1987, p.61). Sadrzaj mikropora u previaci bio je neznatan, zbog
Cega je previaka imala vrednost mikrotvrdoce na gornjoj granici od 130
HV, 3. Srednja vrednost zatezne &vrstoce spoja previake od 27MPa bila
je u saglasnosti sa mikrostrukturom prevlake. Vrednosti mikrotvrdoce i
zatezne Cvrstoc¢e spoja previake Ni12Si iznad su minimalnih vrednosti
koje propisuje standard TURBOMECA (min. 70HV,3 i min. 25 MPa)
(Turbojet engine-standard practices manuel, TURBOMECA).

Pohabanost previaka posle ispitivanja delova na ispitnoj stanici
bila je znatno manja u odnosu na dozvoljene tolerancije za delove mo-
tora. Pohabanost NibAl previake na kucistu turbine od 0,002 mm znat-
no je manja od vrednosti dozvoljene tolerancije od 0,3 mm. Pohaba-
nost Ni19Cr6Al previake na medukucistu bila je 0,0025 mm. Dozvolje-
na tolerancija dimenzija na medukucistu je 0,3 mm. Pohabanost

7

Mrdak, M., Study of the application of plasma sprayed coatings on the sections of the Astazou Il B turbo - jet engine, pp. 1-25



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2016., Vol 64, No 1

Ni22Cr10AI1Y previake na vencima sprovodnog aparata bila je 0,001
mm. Tolerancija za previaku Ni22Cr10AI1Y na vencima sprovodnog
aparata je 0,05 mm. Na otvoru rezervoara za ulje nije do$lo do prome-
na dimenzija previake Al12Si, $to je razumljivo, jer se previaka haba
kod naizmeniénog otvaranja i zatvaranja rezervoara pri zameni ulja.
Potro$nja prevlaka na svim delovima bila je mala. Na osnovu dobijenih
rezultata ispitivanja, plazma-sprej previake su uspe$no primenjene u
postupku opSte opravke turbomlaznog motora ASTAZOU Il B.

Zakljugak

IstraZivanja karakteristika prevlaka deponovanih na delovima tur-
bomlaznog motora ASTAZOU Ill B atmosferskim plazma-sprej siste-
mom firme Plasmadyne, koji koristi plazma pistolj MINI-GUN I, poka-
zala su da u potpunosti zadovoljavaju kriterijume koje je propisao pro-
izvoda¢ motora TURBOMECA za previake deponovane plazma-sprej
sistemima Metco 3M i 7M. Analizom strukturnih i mehani¢kih karakteri-
stika prevlaka u laboratorijskim uslovima i ispitivanjima delova u sklopu
motora ASTAZOU Il B na ispitnoj stanici u trajanju od 42 ¢asa ustano-
vijeno je da su slojevi prevlaka u deponovanom stanju imali dobre mi-
krotvrdoce, zatezne &vrstoCe spoja i mikrostrukture koje zadovoljavaju
kriterijume propisane standardom TURBOMECA. Sve previake imale
su vrednosti mikrotvrdoce i zatezne ¢vrstoce spoja iznad vrednosti koje
propisuje standard TURBOMECA. U mikrostrukturi deponovanih pre-
vlaka nisu prisutne nestopljene ¢estice praha do 60 um, Cije je prisu-
stvo dozvoljeno u sadrZaju do 15% po standardu TURBOMECA.

U toku ispitivanja previaka u sklopu motora na ispitnoj stanici sve
previake su imale dobru adhezionu i kohezionu évrstocu slojeva. Posle
rasklapanja motora na njegovim delovima nije uoCeno raslojavanje
prevlaka, ljustenje previaka kroz slojeve i odvajanje slojeva previaka sa
povrsina delova. Na povrS§inama previaka nisu prisutne mreze mikropr-
skotina. Povr$ine previlaka na kucistu, medukucistu i otvoru rezervoara
za ulje bile su bez tragova riseva. Na vencima sprovodnog aparata ni-
su prisutni tragovi i brazde od struganja lopatica.

Prosecna vrednost pohabanosti previake Ni5Al na kucistu turbine
bila je 0,002 mm. Na medukucistu prosecna vrednost pohabanosti pre-
viake Ni19Cr6Al bila je 0,0025 mm. Na vencima sprovodnog aparata
prosecna vrednost pohabanosti previake Ni22Cr10AI1Y bila je 0,001
mm. Na otvoru rezervoara za ulje nije doSlo do promena dimenzija pre-
viake Al12Si. Na delovima motora ASTAZOU Il B pohabanost previa-
ka bila je mnogo manja od dozvoljenih tolerancija za masinsku obradu
delova.

Potrosnja previlaka na svim delovima bila je mala. Na osnovu do-
bijenih rezultata ispitivanja, plazma-sprej prevlake uspesno su prime-
njene u postupku opSte opravke turbomlaznog motora ASTAZOU Il B.

Klju€ne reci: sprej previaka, popravka, plazma, motori, depoziti, previaka.
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