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Summary:

This study shows the homologation of the plasma spray parameters of
soft abrasive AISi — Polyester seals so that they can be applied on the TV2 -
117A compressor engines. The research has aimed at substituting existing
sealants with a new class of materials in order to increase the sealing effect
under the highest levels of pressure and to provide the air flow temperature
of 100-125°C through the compressor. The Metco 601NS material and pla-
sma spray technology were applied on the air labyrinth ring as a part of the
TV2-117A turbojet engine compressor in order to obtain soft sealing. The
deposit parameters were carefully selected in order to obtain coatings with
the best characteristics depending on their application.The flow of helium
was taken as a basic parameter in the parameter selection procedure. The
coating with the best mechanical and structural properties was deposited on
the air labyrinth ring to examine the effect of the coating application in an as-
sembly. The microstructures of deposited layers were estimated with a light
microscope and a (SEM) Scanning Electron Microscope. The microstructu-
ral analysis of deposited layers was performed according to the Pratt - Whit-
ney standard. The assessment of the mechanical properties of the coatings
was done by examining the macrohardness of the sealing layers with the
HR15Y method. The coating bond strength was tested by tensile testing.
The effect of the air labyrinth ring sealing was tested inside the TV2-117A
engine compressor on the test station for a period of 42 hour.

Key words: atmospheric plasma spray (APS), deposition, sealing, micro-
structure, interface, macrohardness, bond strength.

Introduction

he development of new generations of turbo-jet engines has led to
the development of new technologies and sealing materials. No-
wadays, soft wear coatings, resistant to erosion and resulting in low-
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energy friction conditions, are applied on low and high pressure compres-
sor components. During exploitation, soft-sealing coatings are exposed to
wear instead of causing the wear of blades or labyrinth seams. Improved
sealing between rotating and stationary parts in aircraft gas turbines signifi-
cantly increases engine performances by improving thermal efficiency.This
objective has been achieved by applying soft and hard seals in turbo-jet
engines. Blades in low and high pressure compressors and gas turbines
act on soft seals as lathe knives, thus keeping the gap between the rotor
and the coating at the minimum. These coatings are mostly multiphase
materials produced by thermal spray technology procedures. Powders for
the production of soft wear coatings consist of a metal base and an additi-
onal phase which controls the amount of porosity in layers. Sealing effici-
ency requires a combination of properties usually optimized by a composi-
tion and a phase ratio in the mixture. Development of turbo jet engines has
resulted in a growing demand for improved efficiency and greater sealing
power of engines. This has led to extensive efforts to improve the perfor-
mance of various components in turbo-jet engines, industrial gas turbines,
compressors and generators.One of the critical areas is the clearance bet-
ween the blade tip and a casing which should be reduced to a minimum in
order to minimize leakage between the engine components [1-3]. In recent
years, the application of modern seals on turbo-jet engines has signifi-
cantly improved engine performances and sealability. Soft-wear coatings
have been developed for various locations in turbines [4]. The plasma
spray process is the most popular technological procedure for the produc-
tin of soft seals [4]. During operation, very complex mechanisms occur du-
ring the consumption of coating materials. This includes scraping sealant
materials by blade tips, their smearing and sticking to blades, crushing,
melting, erosion and oxidation [5]. During operation, sealing coatings expo-
sed to wear must not be damaged and after being scrapped by blades
they must remain smooth. Good coating wear in exploitation involves ap-
propriate coating softness as well as sufficient coating hardness in order to
resist to gas erosion due to high gas velocity and particles present in the
gas. Resistance to oxidation and corrosion and resistance to thermal
shock are also the key criteria which coatings exposed to wear must sa-
tisfy in engine systems. In order to meet all these requirements and allow
the control of leakage between components, coatings are often composed
of two or more components. Sealing coating consists of a metal base and
the second phase as a solid lubricant to control wear and porosity [6].
Polyester is often used as a means to control porosity and as a solid lubri-
cant surrounded by and enclosed in the metal base.This helps to reduce
the transfer of the coating onto the blades, to reduce chipping and to pre-
vent coating erosion.

Sealing materials used in gas turbine compressors and turbo-jet engi-
nes are subjected to a wide temperature range, from the lowest to the hig-
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hest engine operating temperatures. Among the most successful materials
for sealing low and medium pressure compressors at relatively low tempera-
tures is AlSi-polyester wear coating. The development of compositions and
structures of soft sealing materials is mainly based on studies of tribological
properties of coatings [7-9,10], which allow to determine under what conditi-
ons coatings have the best wear characteristics [11,12]. This information al-
lows an appropriate choice of a coating and a prediction of its behavior in ex-
ploitation [13]. Soft sealing coatings are suitable for eccentric assemblies and
they compensate for tolerance changes caused by machining. Coatings with
gaps adjustable to the minimum value improve engine performances [14].
The Metco 601NS powder is a mixture of AlSi alloys and polyester
which has been specially developed to control the clearance of mechani-
cal part elements.Tests on aircraft engines have confirmed that Metco
601NS coatings have high wear resistance without causing the compres-
sor blade tip wear, excellent resistance to oxidation up to 345°C and
good resistance to thermal shock. The powder is designed to be deposi-
ted by the atmospheric plasma spray process (APS) using argon / hydro-
gen or argon / helium as plasma gases. The Metco 601NS powder is cer-
tified as a product that meets the requirements of reputable firms such as
Pratt & Whitney specification PWA1349 and Rolls Royce MSRR 9507/15,
etc.The powder is recommended for sealing compressor parts where air
of a certain temperature flows through and it serves as a replacement for
black rubber. It can be applied to internal and external surfaces as a seal
on low and high pressure compressors. Depending on the plasma spray
equipment, the Metco 601NS powder produces coatings of macro hard-
ness HR15y: 73 £+ 5, 70 £ 10 and 70 £ 5. Generally, the coating macro
hardness is within the limits of 60-80 HR15y. The adhesion of coatings
ranges from 6.9 to 14 Mpa, depending on the depositing parameters.
Due to low bond strength values, sealing coatings are always deposited
in a dual system with nickel-aluminide coating (Metco 450NS pow-
der).Coatings contain tiny pores with a share of 3% to 5% depending on
the type of equipment and plasma depositing parameters. The coatings
paired with tempered steel have the coefficient of friction of 0.47 [15].
The aim of this study was to optimize the parameters of plasma
spray depositing AISi - polyester powder. The research and results achie-
ved in the world in this area were the starting point for us to homologate
and apply, for the first time, the material produced in Western countries
on the air labyrinth ring of the TV2-117A turbojet engine compressor pro-
duced in the East. The aim of this study was to examine the effect of sea-
ling gaskets by plasma spray technology and a new material and to sub-
stitute existing materials. A new generation of materials was expected to
provide better sealing for higher compressor efficiency with lower fuel
consumption fuel. The expected effects were confirmed after 42-hour en-

gine testing on a test stand.
735

Mrdak, M., Study of the characteristics of plasma spray sealing aluminum-silicon-polyester coatings, str. 71-89



VOJNOTEHNICKI GLASNIK/MILITARY TECHNICAL COURIER, 2012., Vol. LX, No. 3

Details of the experiment

The Metco 601NS powder, Sulzer Metco, was used for the experi-
ments.This powder is a mixture of polyester and AISi alloy (AISi 60% - 40%
polyester) with a melting temperature of 425°C and the range of grain size of
powder particles from 10 microns to 106 microns [15]. The deposited AlSi-
polyester powder bonds well with the base. The powder manufacturer prescri-
bes that the powder be used with its Metco (3M, 7M, 9M and 10M) plasma
spray systems with prescribed parameters of powder deposition; therefore, if ot-
her plasma spray systems are used, the parameters must be optimized and te-
sted. Due to the powder low melting temperature, helium was applied since the
Ar/He combination gives a shorter and denser plasma jet of lower specific en-
talphy as compared to Ar / H,.This allows less powder component evaporation
and combustion. Also, denser plasma such as Ar-He pumps in the ambient air
to a lower extent, thus avoiding powder oxidation reduction and the powder de-
posits with higher density packaging in the coating [16]. Due to the low melting
temperature, powder coatings were also deposited at a lower intensity of electri-
cal current and a plasma gas flow variable.The experiment used the SG - 100
Plasmadyne plasma gun with appropriate robotic control spray conditions. The
plasma gun consists of: K 1083 -129 cathode, A 2083 -129 anode and Gl 2083-
130gas injector. In selecting the depositing parameters, the helium plasma gas
flow was taken as the basic parameter. The helium gas flow must be optimal to
ensure complete melting of powder particles and thereby minimize the evapora-
tion of powder components.On the other hand, plasma gas flow rate should
provide a uniform deposit of powder particles to provide continuous deposition
of layers in the form of AlSi mesh that will take soften and molten polyester par-
ticles into it thus providing a uniform and homogeneous structure of the deposi-
ted layers throughout the coating cross-section. In this study, during the deposi-
tion of AISi-polyester powder particles, two He plasma gas flows of 6 | / min and
12 1/ min were used while other parameters were of constant values. The list of
the used parameters is shown in Table 1.

Table 1
Plasma spray parameters
Tabela 1
Plazma sprej parametri
The parameters of deposition Value
Electrical current (A) 600
Arc voltage (V) 32
Primary plasma gas Ar (I/min ) 47
Secondary plasma gas He (I/min) 6/12
Wearing powder gas Ar (I/min) 6
Flow rate of powder ( g/min ) 50
Distance of the substrate ( mm ) 80
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Three groups of coatings were deposited. The first group of coatings
was deposited with the He flow of 6 | / min and 12 | / min with a thickness
of 0.5 mm to determine the effect of He flow on the bond macro hardness
and strength. The second group of coatings was deposited with the He
flow of 12 | / min with a layer thickness of 0.10, 0.20 and 0.30 mm to de-
termine the influence of the coating thickness on the bond strength. In
the third group, coatings with thicknesses from 1.6 to 2.2 mm prescribed
for the air labyrinth ring were deposited to examine the layer microstruc-
ture. In order to analyze the fracture morphology, the coating with the
best structural and mechanical properties was fractured.

The substrate material on which AISi - polyester layers were deposi-
ted was X15Cr13 steel (AMS 5504). Before deposition, the substrate was
not preheated and the surface was roughened with white electrocorundum
of the grain size from 0.7 to 1.5 mm. The roughening aimed to remove the
thin oxide film from the substrate surface in order to obtain higher bond
strength of the coating substrate.The testing and characterization of the
coatings were done according to the Pratt & Whitney standard [17].

Macro hardness was measured using the Rockwell steel balls of
12.7 mm in diameter with a weight of 15 kg (HR15y).The coating macro
hardness was measured along the layers. In order to evaluate the homo-
geneity of the layers, the measurement was carried out in three areas: in
the middle, on the left side and on the right side of the samples. The
samples for the macro hardness measurement as well as for the micro-
structure analysis had the dimensions of 70 x 20 x 1.5 mm. The shown
macro hardness results are the average of multiple measurements.

The bond strength between the coating and the base was determined by
tensile testing. Two samples were paired, with dimensions of @25 x 50 mm,
and the coating was deposited on only one of them.The samples were glued
together and left to bind, fixed in an appropriate tool. Adapters, used in the te-
sting, were constructed to ensure the elimination of shear forces. The tests
were performed on a universal hydraulic tensile testing machine at room tem-
perature at a constant speed of 1 mm / min [17]. Three pairs of samples were
used for each group of coatings, and the obtained values were averaged.

The microstructure of coatings and the quality of the coating bond
and the base were analyzed using a light microscope. The morphology of
the fracture of the coating with the best characteristics was examined on
the Scanning Electron Microscope (SEM).

Results and discussion

Table 2 shows the obtained values for the macro hardness and the bond
strength of the AlSi-polyester coating for the layer thicknesses of 0.5 mm, de-
pending on the helium flow. The values of AISi - polyester layer macro hard-
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ness are directly related to the helium flow. The layers deposited with the heli-
um flow of 6 | / min showed lower values of macro hardness: 72HRy. The co-
atings deposited with the helium flow of 12 | / min showed the macro hardness
value of 80HRy. The average difference of macro hardness values between
the layers was HR15y. The average macro hardness values for both coatings
were within the prescribed limits [15]. The helium flow influenced the density
of the layers and the ratio of AlSi/polyester deposited in coatings to a lower
extent. The layers deposited with a higher helium flow were thicker as confir-
med by the metallographic examination of the specimens. Also, higher values
of the macro hardness of the AlSi-polyester layers deposited with a greater
helium flow show a higher cohesive strength of the layers, as confirmed by
the results of the tensile strength testing.

Tabela 2
Vrednosti makrotvrdoce i Evrstoce spoja slojeva AlSi-poliester
Table 2
Values of the macro hardness and the bond strength of AlSi-polyester layers

AlISi — polyester
He Flow
I/min Macro hardness Bond strength
HR15y MPa
6 72 10
12 80 13

The values of the bond strength of the AISi - polyester layers were di-
rectly related to the helium flow. The coatings deposited with the higher thro-
ughput of helium had a higher tensile strength of bonds -13MPa, and the
layers deposited with a lower helium flow rate had the tensile bond strength
of 10MPa. During the tests, fractures occurred along the coating/supstrat in-
terface in all samples.This meant that the cohesive strength of the AISi-
polyester coating was good. The values of tensile bond strength were within
the prescribed limits for both coatings [15]. For the second group of coatings
deposited with a layer thickness of 0.10, 0.20 and 0.30 mm and a helium
flow of 12 | / min, the values of the tensile bond strength (Fig. 1) showed a
great influence of the coating thickness on the obtained values for the bond
strength.The layers of thickness at 0.1 mm showed the highest value of the
tensile bond strength of 2OMPa as expected. During the depositing procedu-
re, the molten powder particles input higher voltage to the layers with the in-
crease of the coating thickness due to a larger temperature difference bet-
ween the upper layers that were being deposited and the lower layers which
had been already deposited. Due to a higher proportion of residual stresses
in thick coatings, tensile strength was lower.The layers with a thickness of
0.2 mm had a strength of 23MPa, and the layers with a thickness of 0.3 mm
had a bond strength of 20MPa. All the layers had the tensile bond strength
higher than the prescribed values [15]. Another parameter resulting in high
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values of tensile bond strength for all the coatings is a good preparation of
the surface substrate, which was confirmed by a metalographic examination
of the interface between the surface substrate and the coating. The micro-
structures of the AlSi-polyester layers deposited with a helium flow rate of 6 |
/ min are shown in Figs. 2 and 3. Both photomicrographs show a uniform
mesh structure of the AISi - polyester layers. The boundaries at the interface
between the substrate and the AlSi layers - polyester coatings are extremely
clean, which indicates a good preparation of the surface substrate.

30

Bond strength
MPa
&

0,1 0,2 0,3

Thickness of the coating mm
Figure 1 — Strength of the AlSi-polyester layers depending on the coating thickness
Slika 1 — Cvrstoc¢a spoja AlSi-poliester slojeva u zavisnosti od debljine previake

Substrate Interface -

Figure 2 — Microstructure of the NiAl-polyester coatings deposited with 6 | / min He
Slika 2 — Mikrostruktura NiAl-poliester prevlake deponovane sa 6 | / min He
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Figure 3 — The microstructure of NiAl- polyester coatings deposited with 6 | / min He
Slika 3 — Mikrostruktura NiAl- poliester prevlake deponovane sa 6 | / min He

The boundary of the AlISi alloy layer bond with the substrate cannot
be seen in the photomicrographs, thus indicating a very good bond of the
coating and the substrate, which is consistent with the values of tensile
bond strentgh. Several places on the interface show a minor part of
polyester since it is surrounded by AISi alloy lamellae in the process of
deposition. A good preparation of the surface of the substrate resulted in
the absence of remains of electocorund of roughening particles in the in-
terface, which had a good adhesion of the coating with the substrate as a
result. For this reason, ther are no micro cracks and macro cracks in the
interface and there is no separation of the coating layers from the sub-
strate and no coating peeling. Generally, all the layers are uniformly de-
posited on the substrate with a mesh structure. In the photomicrographs,
the white AlISi alloy mesh is marked with black arrows. Unmelted powder
particles are not present in the microstructure. In the deposited state, the
AISi powder particles are well melted and well-bonded thus making a
continuous mesh of the base coating. The continuous mesh of the AISi
base is an indicator that the powder particles melted evenly and deposi-

78



ted properly in the coating layers. Interwoven with the AlSi mesh there is
the black polyester mesh marked with white arrows. The polyester partic-
les are deposited in such a way that they are surrounded and closed by
the AISi particles that prevent the polyester particles from falling out in
the exploitation. Pores in the deposited polyester particles cannot be
seen in the microphotographs. The absence of visible pores indicates
that the deposited layers have a lower content of pores than the value set
by the powder manufacturer (3 - 5%) [15]. The extracted particles of AlSi
and polyester are not seen in the microstructure. Micro cracks and rough
pores cannot be seen through the coating layers, which is consistent with
the mechanical properties of the layers. Fig. 3 shows the cross section of
the coating with a total thickness of 1.6 mm.

Substrate Interface —

Figure 4 — Microstructure of the NiAl polyester coatings deposited with 12 1/ min He
Slika 4 — Mikrostruktura NiAl- polyester previake deponovane sa 12 1/ min He

Figs. 4 and 5 show the microstructure of the deposited layers with
a helium flow of 12 | / min, which showed the best structural and mec-
hanical characteristics. Fig. 4 shows the cross section of the coating
with a total thickness of 2.2 mm. The qualitative analysis revealed that
the AISi - polyester layers along the intersection of the coating are
evenly and continuously deposited on the substrate (Fig. 4).The mesh-
like structure of the coating has a good bonding with the substrate. Due
to the large flow of helium and a higher heat content of the plasma jet,
the melted powder particles deformed smoothly and evenly during the
collision with the substrate to form a mesh of AISi and polyester (Fig. 5).
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The layers are without the presence of unmelted particles, pores, micro-
cracking and they are denser than the layers deposited with a helium
flow rate of 6 | / min.The base structure of the coating is the AISi alloy
which, as the metallic phase of the coating, provides: strength, erosion
resistance, mutual bonding of the AISi deposited particles and their
bonding with the surface substrate. The AISi alloy mesh is white mar-
ked with black arrows.The polyester phase is black surrounded and se-
aled with a metal mesh which is marked with white arrows on the photo-
micrographs. Fig. 6 shows the fracture morphology of the AlSi-polyester
coatings deposited with a helium flow of 12 | / min.The photomicrograph
shows the AISi alloy fracture in light gray marked with black arrows. The
AISi alloy fracture is tough.The microstructure does not show the depo-
sited polyester particles due to weak bonding between the AISi alloy
and polyester particles. The cohesive strength between metal grains of
the AISi alloy and polyester molecules is low due to different types of
material bonding. Poliester is non-metallic polymeric material with a mo-
lecular bond, consisting of macromolecules.

Y

Interface

Substrate

Figure 5 — Microstructure of the NiAl -polyester coatings deposited with 12 |/ min He
Slika 5 — Mikrostruktura NiAl -poliester previake deponovane sa 12 |/ min He
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Figure 6 — SEM fracture morphology of the NiAl-polyester coating deposited with 12 |/ min He
Slika 6 — (SEM) morfologije loma NiAl-poliester prevlake deponovane sa 12 I/min He

Because of the weak cohesive strength between the polyester mole-
cules and metal grains, polyester is dislocated and pulled apart from the
base during the fracture. The microphotography clearly shows empty pla-
ces in the AISi alloy base previously filled with polyester. The solidifica-
tion of the AlSi alloy particles resulted in a structure of a solid lubricant. It
provides reducing the coating transfer onto the blades, reducing chipping
and reducing coating erosion.

Conclusion

The examination of AlSi-polyester coatings deposited with different
plasma gas flows of helium has shown that the gas flow affects the mec-
hanical properties and the microstructure.

The layers deposited with a higher plasma gas flow had higher mac-
ro hardness values. For both coatings, the macro hardness values were
within the prescribed limits.

The tensile strength of the coating bond is directly related to the thic-
kness of the deposited layers and the plasma gas flow.The bond tensile
strength decreases with the increase of coating thickness due to a higher
share of residual stresses in the deposited layers. The layers deposited
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with a higher plasma gas flow had higher values of tensile bond strength.
Both coatings were deposited with the bond strength within the prescri-
bed limits.

The qualitative analysis of the AISi - polyester layers, for both coatings,
showed that, along the entire cross-section, the coating were evenly and
continuously deposited on the substrates.The interface does not show the
particles of electrocorundum from grinding, micro cracks and macro cracks,
which enabled the coatings to have good adhesion to substrates.

The microstructures of both coatings showed a uniform structure of AISi
alloy and polyester. The AlSi-alloy coating base in the solid state has a conti-
nuous and uninterrupted mesh.The microstructure of the AlSi alloy is white
while that of polyester is black. The polyester particles are surrounded and
closed by AISi particles thus preventing the polyester particles from falling out
during exploitation. All the layers are uniformly deposited on the substrate.

The comparison of the coatings shows that the layers deposited with
a higher plasma gas flow are more evenly deposited due to a higher heat
content of plasma jets. The coatings are thicker due to a lower share of
micro pores and more homogenous along the entire cross-section.

Based on the obtained results, it can be concluded that the plasma
gas flow rate can affect the mechanical and structural characteristics of
the AlISi - polyester soft seal. The application of the AlSi-polyester coating
on the air labyrinth ring resulted in a higher compressor efficiency with lo-
wer fuel consumption. The expected effects have been confirmed after
42-hour engine tests on the test station.

References

[1] Melcher, K. J., Kypuros, J., Toward a fast-response active turbine tip
clearance control., International Symposium on Air Breathing Engines, Cleve-
land, Ohio, 2003.

[2] Wallis, A. M., Denton, J. D., Demargne, A. A. J., The Control of Shroud
Leakage Flows to Reduce Aerodynamic Lossis in a Low Aspect Ratio, Shrouded
Axial Flow Turbine, International Gas Turbien and Aeroengine Congress and Ex-
hibition, Munich, Germany, 2000.

[3] Steinetz, B. M., Hendricks, R. C., Munson, J., Advanced Seal Techno-
logy Role in Meeting Next Generation Turbine Engine Goals Propulsion and Po-
wer Systems First Meeting on Design Principles and Methods for Aircraft Gas
Turbine Engines, Toulouse, France,1998.

[4] Novinski, E. R., The Design of thermal sprayed abradable seal coating
for gas turbine engines, ITSC 1991, Pittsburg, PA, USA. Ed. Bernecki, T. F.,
Pub. ASM International, Materials Park, OH, USA. 451- 456.

[5] Borel, M. O., Nicoll, A. R., Schapfer, H. W., and Schmid, R. K., The we-
ar mechanism occurring in abradable seals of gas turbines, Surf. Coat tech,

39/40 (1989) 117-126.
(825



[6] Guilemany, J. M., Navarro, J., Lorenzana, C., Vizcaino, S., Miguel, J. M.,
Tribological behaviour of abradable coatings obtained by atmospheric plasama
spraying (APS), ITSC 2001, Singapore. Ed. Berndt, C. C., Khor, K. A., and
Lugscheider, E. F., Pub. ASM international, Materials Park, OH-USA.1115 -1118.

[7] Ghasripoor, F., Schmid, R. K.,Dorfman, M., and Russo, L., A Review of
Clearance Control Wear Mechanisms for Low Temperature Aluminum Silicon Al-
loys, ITSC 1998, Nice, France, Ed. Coddet, C. Pub. ASM international, Materials
Park, OH —-USA.139-144.

[8] Nava, Y., Mutasim, Z., and Coe, M., Abradable Coatngs for Low — Tem-
perature Applications, ITSC 2001, Singapore. Ed. Berndt, C. C., Khor, K. A, and
Lugscheider, E. F., Pub. ASM international, Materials Park, OH-USA.119-126.

[9] Maozhong, Y. I, Baiyun, H., and Jiawen, H., Erosion wear behaviour
and model of abradable seal coating. Wear 252 (2002) 9 -15.

[10]Yi, M. Z, He, J. W., Huang, B. Y. and Zhou, H., Friction and wear be-
haviour and abradability of abradable seal coating. Wear 231 (1999) 47-53.

[11] Lim, S. C. and Ashby, M. F., Wear-mechanism maps. Acta Metall,
35(1987) 1-24.

[12] Ashby, M. F. and Lim, S. C., Wear-mechanism maps.Scripta Metallur-
gica et Materialia 24 (1990) 805-810.

[13] Vencl, A., Mrdak, M., Banjac, M., Correlation of Microstructures and
Tribological Properties of Ferrous Coatings Deposited by Atmospheric Plasma
Spraying on Al-Si Cast Alloy, Met. Mat. Trans. A, 40, 2, 398-405, 2009.

[14] Tosnar, L., Plasma Sprayed Seal Coatings, Proceedings of the 1st Plasma-
Technik Symposium, Vol. 2, 18 - 20.05.1988, Lucerne, Switzerland, 257-262.

[15] Metco 601 NS Aluminum — Polyester Powder, Technical Bulletin 10 -141,
Sulzer Metco, 2000.

[16] Roumilhac, Ph., Coundert, J. F., Leger, J. M., Grimand, A., Fauchais,
P., Characterization of a D. C.Spraying Plasma Torch using Optical and Thermal
Diagnostics, Proceedings of the 1st Plasma-Technik Symposium , Vol. 1, 18 -
20.05.1988, Lucerne, Switzerland, 105 -119.

[17] Turbojet Engine — Standard Practices Manual (PN 582005), Pratt &
Whitney, East Hartford, USA, 2002.

PROUCAVANJE KARAKTERISTIKA PLAZMA-SPREJ ZAPTIVNIH
ALUMINIJUM-SILICIJUM-POLIESTER PREVLAKA

OBLAST: hemijske tehnologije
VRSTA CLANKA: originalni nauéni &lanak

SazZetak:
U studiji je prikazana homologacija plazma-sprej parametara meke

abrazivne AlSi-poliester zaptivke radi njene primene na delu kompresora
motora TV2-117A. Cilj istraZivanja je bilo supstituisanje postojeceg zap-
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tivnog materijala novom klasom materijala da bi se povecao efekat zapti-
vanja i pod najvecim pritiskom obezbedio protok kroz kompresor vazdu-
ha temperature od 100 do 125°C. Na prstenu vazdusnog lavirinta, kao
dela kompresora turbomlaznog motora TV2-117A, primenjen je materijal
Metco 601NS i plazma-sprej tehnologija za izradu meke zaptivke. Para-
metri deponovanja su paZljivo izabrani kako bi se dobila previaka sa naj-
boljim karakteristikama u zavisnosti od primene. Pri izboru parametara,
kao osnovni parametar, uzet je protok plazma gasa helijjuma. Previaka
sa najboljim mehanickim i strukturnim karakteristikama deponovana je
na prstenu vazdu$nog lavirinta da bi se ispitao efekat primene previake
u sklopu. Mikrostrukture deponovanih slojeva procenjene su na svetlo-
snom mikroskopu i skening elektronskom mikroskopu (SEM). Mikro-
strukturna analiza deponovanih slojeva uradena je u skladu sa standar-
dom Pratt-Whitney. MehaniCke karakteristike previaka procenjene su na
osnovu ispitivanja makrotvrdoce zaptivnih slojeva metodom HR15Y.
Cvrstoce spoja previaka ispitane su metodom kidanja na zatezanje. Efe-
kat zaptivanja prstena vazdu$nog lavirinta ispitan je u sklopu kompreso-
ra motora TV2-117A, na ispitnoj stanici, u trajanju od 42 sata.

Uvod

Razvoj novih generacija turbomlaznih motora uticali su na razvoj
novih tehnologija i zaptivnih materijala. Danas se na komponentama
kompresora niskog i visokog pritiska primenjuju meke habajuce previa-
ke koje uzrokuju niskoenergetske uslove trenja i koje su ofporne na
eroziju. U eksploataciji se meke zaptivne previake habaju, umesto da
uzrokuju habanje lopatica ili Savova lavirinta. Unapredenje zaptivanja
izmedu rotirajucih i stacionarnih delova u aviogasnim turbinama zna-
Cajno povecava performanse motora kroz poboljSanje termicke efika-
snosti. Taj cilj je postignut primenom mekih i tvrdih zaptivki u turbomla-
znim motorima. Prah za izradu mekih habajucih prevlaka sastoji se od
metalne osnove i dodatne faze koja kontrolie koli¢inu poroznosti u
slojevima. Da bi zaptivanje bilo efikasno, neophodno je da se kombinu-
ju svojstva koja su, obi¢no, optimizovana pomocu sastava i odnosa fa-
za u smesi. Plazma-sprej postupak je najpopularniji tehnolo$ki postu-
pak koji se koristi za izradu mekih zaptivki [4]. Tokom rada, materijal
prevlake se haba veoma sloZenim mehanizmima. Pod tim se podrazu-
mevaju: struganje zaptivnog materijala vrhovima lopatica, razmaziva-
nje i lepljenje za lopatice, drobljenje, topljenje, eroziju i oksidaciju [5].
Habajucéa zaptivna prevliaka ne sme u eksploataciji da se oSteti i posle
struganja lopaticama mora da ostane glatka. Da bi se u eksploataciji
dobro habala, prevlaka mora da ima odgovarajucu mekocu, ali i dovolj-
nu tvrdo¢u da bi mogla da se odupre eroziji gasa zbog velike brzine
gasa i Cestica koje se u njemu nalaze. Otpornost na oksidaciju i korozi-
ju i otpornost na termicke Sokove takode su kljucni kriterijumi koje ha-
bajuca previaka mora da zadovolji u sistemu motora. Da bi previaka
zadovoljila sve te zahteve i omogucila kontrolu curenja izmedu kompo-
nenata ¢esto se sastoji od dve ili viSe komponenata. Prevlaku za zapti-
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vanje Cine metalna osnova i druga faza kao ¢vrsto mazivo za kontrolu
habanja i poroznosti [6]. Poliester se veoma cCesto Koristi kao sredstvo
za kontrolu poroznosti i kao ¢vrsto mazivo koje je okruzeno i zatvoreno
metalnom osnovom. To pomaZe da se smanji prenos previake na lopa-
tice i smanji odlamanije, ili da prouzrokuje eroziju previake. Prah Metco
601NS mesavina je legure AlISi i poliestera, koji je specijalno razvijen
za kontrolu zazora maSinskih elemenata. Ispitivanja na delovima avi-
onskih motora potvrdila su da previake Metco 601NS imaju visok ste-
pen otpornosti na habanje i da, pritom, ne uzrokuju habanje vrha lopa-
tica kompresora, odliénu otpornost na oksidaciju do 345°C i dobru ot-
pornost na termicke Sokove. Prah je napravijen tako da se deponuje
(APS) atmosferskim plazma-sprej postupkom, uz upotrebu gasova ar-
gona/vodonika ili argona/helijuma, kao plazma gasova.

Cilj ove studije je bilo postizanje optimalnih plazma-sprej parame-
tara deponovanja AlSi-poliester praha. IstraZivanja i rezultati koji su
ostvareni u svetu iz te oblasti bili su razlog da prvi put homologujemo i
primenimo materijal koji se proizvodi na zapadu na prstenu vazdusnog
labirinta dela kompresora turbomlaznog motora TV2-117A koji se pro-
izvodi na istoku. Dakle, cilj istraZivanja je bio da se pomocu plazma-
sprej tehnologije i novog materijala ispita efekat zaptivanja i izvrsi sup-
stitucija postojeceg zaptivnog materijala. Od primene nove generacije
materijala o¢ekivala se bolja zaptivnost, koja obezbeduje veci stepen
iskoris¢enja kompresora uz smanjenu potroSnju goriva. Ocekivani
efekti su potvrdeni u 42-Casovnom ispitivanju motora na ispitnoj stanici.

Detalji eksperimenta

Za eksperiment je kori§¢en prah firme Sulzer Metco, sa oznakom
Metco 601NS. Taj prah je meSavina legure AlSi i poliestera u odnosu
60% AISi i 40% poliestera, sa temperaturom topljenja od 425°C i ra-
sponom granulacije Cestica praha od 10 um do 106 um [15]. Zbog ni-
ske temperature topljenja praha, primenjen je gas He, koji u kombina-
ciji Ar/He pravi kraci i gusc¢i mlaz plazme manje specificne entalpije u
odnosu na Ar/H2. To omogucuje manje sagorevanje i isparavanje
komponenata praha. Takode, gu$¢a plazma, kao Sto je Ar/He, manje
upumpava okolni vazduh, koji umanjuje oksidaciju praha koji se topi i
deponuje sa vecom gustinom pakovanja u previaci [16]. Zbog niske
temperature topljenja praha — 425°C, slojevi su takode deponovani sa
niZzom jacinom elektricne struje i promenljivim protokom plazma-gasa.
U eksperimentu je koris¢en plazma pistolj SG - 100 firme Plasmadyne,
sa odgovarajucim robotizovanim kontrolnim sprej uslovima. Plazma
pistolj se sastoji od : katode — tip K 1083 -129, anode — tip A 2083 -
129, i gas injektora — tip GI 2083 -130. Pri izboru parametara depono-
vanja, kao osnovni parametar uzet je protok plazma gasa helijjuma.
Protok gasa helijuma mora da bude optimalan da bi se obezbedilo pot-
puno topljenje ¢estica praha i, pri tome, svede na minimum isparavanje
komponenata praha. S druge strane, protok plazma gasa treba da
obezbedi ravnomerno deponovanje Cestica praha koje ¢e obezbediti
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kontinualno deponovanje AlSi slojeva u obliku mreZe, koja ¢e zatvoriti
omekSale i istopljene Cestice poliestera i na taj nacin obezbediti ravno-
mernu i homogenu strukturu deponovanih slojeva po celom preseku
previake. U istraZivanju su pri deponovanju estica praha AlSi-polieste-
ra koris¢éena dva protoka plazma gasa od 6 I/min He i 12 I/min He, dok
su ostali parametri imali konstantne vrednosti.

Deponovane su tri grupe previaka. Prva grupa previaka je depo-
novana sa protokom He od 6 I/min i 12 I/min, sa debljinama od 0,5
mm, da bi se ustanovio uticaj protoka He na makrotvrdocu i ¢vrstocu
spoja. Druga grupa previaka je deponovana sa protokom He od 12
I/min, sa debljinama slojeva od 0,10, 0,20 i 0,30 mm, da bi se ustano-
vio uticaj debljine previaka na ¢vrstocu spoja. U trecoj grupi su depo-
novane prevlake sa debljinama od 1,6 do 2,2 mm, koje su propisane
za prsten vazdusnog lavirinta, na kojima je ispitana mikrostruktura slo-
jeva. Da bi se analizirala morfologija loma, izvrSen je lom previake sa
najboljim strukturnim i mehanic¢kim karakteristikama.

Materijal supstrata na koji su deponovani slojevi od AlSi-polieste-
ra bio je od celika X15Cr13 (AMS 5504). Pre deponovanja nije radeno
predgrevanje supstrata, a povrSina je hrapavijena belim plemenitim
elektrokorundom granulacije od 0,7 do 1,5 mm. Cilj hrapavijenja je bilo
uklanjanje tankog oksidnog filma sa povrsSine supstrata da bi se dobila
veca ¢vrstoca spoja previake za supstrat.

Ispitivanja i karakterizacija previaka radeni su prema Pratt & Whit-
ney standardu [17]. MakrotvrdoCa previaka je merena koris¢enjem Ce-
licne kugle Rockwell pre¢nika 12,7 mm i 15 kg opterecenja (HR15y).
Makrotvrdoca prevlaka je merena duz slojeva. Da bi se procenila ho-
mogenost slojeva merenje je izvrSeno u tri oblasti: u sredini i na levom
i desnom kraju uzoraka. Uzorci za merenje makrotvrdoce, kao i za
analizu mikrostrukture, bili su dimenzija 70 x 20 x 1,6 mm. Prikazani
rezultati makrotvrdoce su srednje vrednosti ve¢eg broja merenja.

Ispitivanje ¢vrstoce veze izmedu previake i osnove odredivano je ispiti-
vanjem na zatezanje. Koris¢ena su po dva uzorka u paru, dimenzija @25 x
50 mm, od kojih je previaka deponovana samo na jedan od njih. Uzorci su
Sspajani pomocu lepka i ostavijani da se veZu ucvrSceni u za to namenjen
alat. Pri ispitivanju su se koristili adapteri, koji su tako konstruisani da u toku
ispitivanja obezbeduju eliminisanje smicajne sile. Ispitivanja su izvrSena na
univerzalnoj hidrauli¢noj kidalici na sobnoj temperaturi, pri konstantnoj brzini
od 1 mm/min [17]. Za ispitivanje su kori§¢ena po tri para uzoraka za svaku
grupu previaka, a od dobijenih vrednosti su izvedene srednje vrednosti.

Mikrostruktura slojeva i kvalitet spoja previake i osnove analizirani su
pomocu svetlosnog mikroskopa. Morfologija loma previake sa najboljim
karakteristikama ispitana je na (SEM) skening elektronskom mikroskopu.

Rezultati i diskusija

Dobijene vrednosti makrotvrdoce i &vrstoce spoja za AlSi-poliester
previake u zavisnosti od protoka helijjuma za debljine slojeva od 0,5 mm pri-
kazane su u tabeli 2. Vrednosti makrotvrdoca slojeva od AlSi-poliestera u di-
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rektnoj su vezi sa protokom helijjuma. Slojevi deponovani sa protokom heli-
Jjuma od 6 I/min pokazali su nize vrednosti makrotvrdoce — 72HRy. Previake
deponovane sa protokom helijuma od 12 I/min pokazale su vrednost makro-
tvrdoce od 80HRYy. Proseéna razlika makrotvrdocCe slojeva iznosi 8HR15y.
Virednosti makrotvrdoce za obe previake su u propisanim granicama [15].
Protok helijuma je u manjoj meri uticao na gustinu slojeva i na odnos AISi—
poliester u deponovanim previakama. Slojevi koji su deponovani sa vec¢im
protokom helijjuma su gusci, Sto su potvrdila metalografska ispitivanja uzora-
ka. Takode, vise vrednosti makrotvrdoce AlSi-poliester slojeva deponovanih
sa vecim protokom heljjuma ukazuju na vecu kohezionu Cvrstocu slojeva,
Sto je potvrdeno rezultatima zatezne c¢vrstocCe spoja.

Prevlake deponovane sa vec¢im protokom helijuma imaju vecu zate-
znu Cvrstocu spoja — 13 MPa, a slojevi deponovani sa manjim protokom
imaju zateznu &vrstocu spoja 10 MPa. Tokom testiranja uzoraka, kod svih
je do preloma dolazilo duz interfejsa previaka/supstrat. To znaci da je ko-
heziona &vrstoca AlSi-poliester previaka dobra. Za obe previake su vred-
nosti zatezne ¢vrstoCe spoja u propisanim granicama za tu previaku [15].

Za drugu grupu previaka, koje su deponovane sa debljinama slo-
jeva od 0,10, 0,20 i 0,30 mm i protokom helijuma od 12 I/min, vrednosti
zatezne cvrstoce spoja (slika 1) pokazale su veliki uticaj debljine pre-
vlaka na dobijene vrednosti za ¢vrstocu spoja. Slojevi najmanje deblji-
ne, od 0,1 mm, pokazali su najvecu vrednost zatezne cvrstoce spoja
od 29 Mpa, $to se i ocekivalo. U toku deponovanja istopljene Cestice
praha unose sve vise napona u slojeve previaka sa porastom debljine
zbog vece razlike temperature izmedu gornjih slojeva koji se deponuju
i donjih slojeva koji su deponovani. Zbog veceg udela zaostalih napona
u debljim prevliakama sila kidanja je bila manja. Slojevi debljine 0,2 mm
imaju ¢vrstocu spoja od 23 MPa, a slojevi debljine 0,3 mm — od 20
MPa. Svi slojevi su imali zatezne cCvrsto¢e spoja vece od propisanih
vrednosti [15]. Drugi parametar koji je uticao da se dobiju visoke vred-
nosti zatezne ¢vrstoce spoja za sve previake je dobra priprema povrSi-
na supstrata, $to je potvrdeno metelografskim ispitivanjem interfejsa iz-
medu povrSine supstrata i previaka.

Mikrostrukture AlSi-poliester slojeva deponovanih sa protokom heli-
juma od 6 I/min prikazane su na slici 2 i 3. Obe mikrofotografije pokazuju
uniformnu mreZastu strukturu AlSi-poliester slojeva. Granice na interfej-
Su izmedu supstrata i slojeva AlSI-poliester previake su izuzetno Ciste,
Sto ukazuje na dobru pripremu povrSine supstrata. Na mikrofotografiji se
ne uocCava granica spoja slojeva AlSi lequre sa supstratom. To ukazuje
na izuzetno dobru vezu slojeva previake i supstrata, $to je u saglasnosti
sa vrednostima zatezne &vrstoce spoja. Na interfejsu se na nekoliko me-
sta uoCava neznatan deo poliestera posto je u procesu depozicije okru-
Zen lamelama AISi legure. Zbog dobre pripreme povrSina supstrata na
interfejsu nema ostataka Cestica elektrokorunda od hrapavijenja, Sto se
odrazilo na dobru adheziju previake sa supstratom. Iz navedenog razlo-
ga, na interfejsu nema mikro pukotina i makro pukotina, i nema odvaja-
nja slojeva previake sa supstrata i ljustenja previake — pilinga.
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Generalno, svi slojevi su ravnomerno deponovani nha podloge sa mre-
Zastom strukturom. Na mikrofotografiji je mreZa AlSi legure bele boje obele-
Zena strelicama crne boje. U mikrostrukturi nema nestopljenih Cestica pra-
ha. U deponovanom stanju Cestice praha AlISi dobro su istopliene i medu-
sobno povezane i prave kontinualnu i neprekidnu mrezu osnove previake.
Kontinualna mreZa AISi osnove je pokazatelj da su se cCestice praha ravno-
merno topile i pravilno deponovale u slojevima previake. Izmedu AlSi mreze
postoji mreZa poliestera crne boje koja je obeleZena belim strelicama.

Cestice poliestera su deponovane tako da su okruZene i zatvore-
ne Cesticama AlSi koje u eksploataciji prevlake onemogucuju ispada-
nje Cestica poliestera kao ¢vrstog sredstva za podmazivanje. Na mikro-
fotografijama se u deponovanim Eesticama poliestera ne uocavaju sit-
ne pore. To ukazuje da deponovani slojevi imaju manji sadrzaj pora od
vrednosti koje propisuje proizvodac¢ praha (3-5) [15]. U mikrostrukturi
se ne uolavaju mesta sa izvadenim cesticama AlSi i poliestera. Kroz
slojeve previaka se ne uoCavaju mikro pukotine i grube pore, §to je u
skladu sa mehanickim karakteristikama slojeva.

Na slikama 4 i 5 prikazane su mikrostrukture deponovanih slojeva sa
protokom helijuma od 12 I/min koji su pokazali najbolje strukturne i meha-
nicke karakteristike. Na slici 4 prikazan je poprecni presek prevlake ukup-
ne debljine od 2,2 mm. Kvalitativna analiza je pokazala da su AlSi-polie-
ster slojevi po celom preseku previake ravnomerno i bez prekida depono-
vani na supstratu (slika 4). Struktura previake je mreZasta i dobro vezana
za supstrat. Zbog veceg protoka helijuma i veceg toplotnog sadrZzaja mia-
za plazme, istopljene Cestica praha su se pri sudaru sa supstratom bolje i
ravnomernije plasticno deformisale formirajuci mrezu AlSi i poliestera (sli-
ka 5). U slojevima nema nestopljenih Cestica, pora i mikronaprslina, i gusci
su od slojeva deponovanih sa protokom helijuma od 6 I/min.

Osnova strukture previake je legura AlSi koja, kao metalna faza,
previaci obezbeduje: ¢vrstocu, otpornost na eroziju, meduvezivanje de-
ponovanih Cestica AlSi i vezivanje sa povr§inom supstrata. Mreza AlSi
legure je bele boje, a obeleZena je strelicama crne boje. Druga faza —
poliester, crne boje, okruZena je i zatvorena metalnom mreZzom, koja je
na mikrofotografiji obeleZzena belim strelicama. Na slici 6 prikazana je
mikrofotografija morfologije loma AlSi-poliester prevlake deponovane
sa protokom helijuma od 12 I/min. Na mikrofotografiji se vidi prelom le-
gure AISi svetlosive boje koji je obeleZen crnim strelicama. Prelom AlSi
legure je Zilav. U mikrostrukturi se ne uoc¢avaju deponovane cestice
poliestera zbog slabe uzajamne veze izmedu Cestica legure AlSi i poli-
estera. Privlacno dejstvo izmedu metalnih zrna legure AISi i molekula
poliestera je slaba zbog razli¢itog tipa veze materijala. Poliester je ne-
metalni polimerni materijal sa molekulskom vezom, sastavljen od ma-
kromolekula. Zbog slabe veze izmedu molekula poliestera i metalnih
zrna, pri lomu uzorka doSlo je do ispadanja i ¢upanja poliestera iz
osnove. Na mikrofotografiji se jasno vide prazna mesta u osnovi legure
AISi koja su bila ispunjena poliesterom. Cestice AISi legure su, zbog
oc¢vrscavanja, napravile strukturu previlake u obliku neprekidne mreZze,
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koja zatvara Cestice poliestera kao ¢vrstog sredstva za podmazivanje.
To omogucuje da se u eksploataciji smanje prenos prevlake na lopati-
ce i odlamanje ili da prouzrokuje eroziju previake.

Zakljugak

Ispitivanje AlSi-poliester previaka deponovanih sa razli¢itim proto-
kom plazma gasa helijjuma pokazalo je da protok gasa utice na meha-
ni¢ka svojstava i mikrostrukture. Slojevi deponovani sa veéim proto-
kom plazma gasa imali su vece vrednosti makrotvrdoce. Za obe pre-
vlake su vrednosti makrotvrdoce bile u propisanim granicama.

Zatezna Cvrstoca spoja previaka je u direktnoj vezi sa debljinama
deponovanih slojeva i sa protokom plazma gasa. Zatezna ¢vrstoca spo-
ja opada sa porastom debljine previaka zbog veceg udela zaostalih na-
pona u deponovanim slojevima. Slojevi koji su deponovani sa ve¢im pro-
tokom plazma gasa imali su vece vrednosti zatezne ¢vrstoce spoja. Obe
previake su deponovane sa ¢vrsto¢ama spoja u propisanim granicama.

Kvalitativna analiza AlSi-poliester slojeva, za obe previake, poka-
zala je da su po celom preseku prevlake ravnomerno i bez prekida de-
ponovane na supstratima. Na interfejsu nema Cestica elektrokorunda
od hrapavijenja, mikro pukotina i makro pukotine, $to je omogucilo da
previake imaju dobru adheziju sa supstratima.

Mikrostrukture obe prevlake su pokazale uniformnu strukturu AISi
legure i poliestera. Osnova previake od AlSi lequre u ¢vrstom stanju
ima kontinualnu i neprekidnu mrezu. Mikrostruktura AISi legure je bele,
a poliestera crne boje. Cestice poliestera su okruZene i zatvorene &e-
sticama AlSi, koje u eksploataciji prevlake onemogucuju ispadanje Ce-
stica poliestera. Svi slojevi su ravnomerno deponovani na podloge.

Poredenjem previaka, slojevi deponovani sa ve¢im protokom pla-
zZma gasa, zbog veceg toplotnog sadrZzaja mlaza plazme, ravhomernije
su deponovani. Prevlake su guSce zbog manjeg udela mikro pora i ho-
mogenije su po celom preseku previaka.

Na osnovu dobijenih rezultata, mozZe se zakljuciti da protokom
plazma gasa moZe da se utice na mehaniCke i strukturne karakteristike
meke zaptivke AlSi-poliester.

Primenom AlSi-poliester previake na ¢auri vazdusnog lavirinta po-
stignut je veci stepen iskoris¢enja kompresora uz smanjenu potroSnju
goriva. OCekivani efekti su potvrdeni 42-¢asovnim ispitivanjem motora
na ispitnoj stanici.

Kljuéne redi: atmosferski plazma sprej (APS), zaptivka, mikro-
struktura, interfejs, makrotvrdoca, ¢vrstoc¢a spoja.
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