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abstract. This work analyses the characteristics of functional coatings obtained by vacuum ion-plasma sputter-
ing. These coatings have three-layer multiphase structure created as a result of condensing aluminium and titanium ac-
cording to a certain programme. The article presents the results of investigation into the heat-resistance of ion-plasma 
coatings based on Ti-Al-N for titanium alloy parts of gas turbine engines. Analysis of the oxidation process between a 
sample surface and coatings within the range of 500–825 °C was carried out. The basic features of the process of coat-
ing destruction under high-temperature oxidation conditions were determined by means of scanning electron micro-
scopy. The results of the tests made it possible to state that the coatings developed are able to operate at temperatures 
of 600–750 °С.
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1. introduction

The increase in the operating efficiency of gas turbine 
engines (GTE) is related to the growth of their gas-dy-
namic cycle parameters and primarily to the growth 
of temperature before the turbine and the compressor 
compression ratio. At present the compression ratios of 
the compressors of powerful gas turbine engines reach 
35–40 and are continuing to grow (Gunston 2007). At 
the same time, working temperatures of air in the last 
compressor stages are 500 °С and more. The required 
reliability of compressor blades in this case can be 
reached by using rather expensive nickel-chromium 
and other heat-resistant alloys typical for gas turbines 
(Lahtin, Leontieva 1990). Another alternative is the use 
of titanium alloys usual for a compressor or alloyed 
steel with thermal barrier coatings (Dorfman et al. 
2004; Anikin et al. 2009). 

The main causes of compressor blade destruction 
under the specified temperatures are gas corrosion and 
erosion that appears as a result of interaction between 
a dusty air stream and the blade surface. New technolo-
gical solutions are required for the development of coat-
ings that can assure the safe operation of aircraft. 

2. application and main challenges

Structure and functional properties of the coating
The research results obtained allowed creating a physical 
model of heat-resistant metal-ceramic nanocoatings for 
hot section parts of a GTE. To form the heat-resistant 
nanostructured coating, it was decided to use a different 
layer system. The peculiarity of this system is in the use 
of a three-layer composition, each layer of which has a 
different phase composition and specific microstructure 
and performs certain functions in the coating (Fig. 1).
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fig. 1. The structure of the heat-resistant nanocoating

The first inner intermetallic layer based on titanium 
aluminide is used to create a diffusion bond between the 
coating and base material. It is a complex intermetal-
lic compound containing α2(Ti3Al) and γ(TiAl). This 
layer may contain up to 60% aluminium with the basic 
structure of intermetallic maintained. Unfortunately, 
heat-resistance above 700 °C of intermetallic compounds 
is limited, and the use of this type of coating without ad-
ditional protection is not very effective.

Second, the middle layer is the core and determines 
the thickness and heat-resistant properties of the coat-
ing. It must be a conglomerate and contain both a metal-
lic bond in the form of titanium aluminide and com-
plex nitrides based on titanium and aluminium of type 
(AlTi) N. The matrix is formed on the nitrogen-doped 
base complex intermetallic containing the α2(Ti3Al) and 
γ(TiAl) (Fig. 2), where titanium nitride and aluminium 
are interspersed. Nitrides in a plastic matrix form a stable 
resorbable ceramic structure due to the sufficiently high 
resistance of the nitrides in contact with the aluminium 
and titanium.

fig. 2. Phase diagram of the Ti-Al

Complex aluminium and titanium nitride (AlTi) N, 
which is based on the crystal lattice of aluminium nitride, 
has good heat-resistance at temperatures around 800 ºC. 
When oxidising, the sustainability of the aluminium ox-
ide, Al2O3, on the surface is formed. The conglomerate 
structure is a highly nanostructured composite material 
comprising a matrix and reinforcement. A plastic inter-

metallic matrix provides acceptable ductility and relax-
ation of internal stresses arising during thermocycling: 
heating to operating temperature and rapid cooling. The 
combination of two or more crystal lattices in the layer 
prevents the strong growth of each other.

The third nitride layer must consist of a compos-
ite nitride (AlTi)N with a crystal lattice based on alu-
minium nitride. The layer acts as an additional thick 
protective coating with a nanocrystalline structure and 
improves durability of the conglomerate and blades in 
general through the formation of aluminium oxide on 
the surface. The aluminium oxide is renewed when it is 
damaged and thus the protective properties of the coat-
ing are maintained at a sufficient level during operation. 
The thickness of nitrides due to the danger of strong 
spallation is limited to a few microns, and it is assumed 
that the main part of the coating will have a conglomer-
ate or intermetallic structure.

3. analysis of the factors that determine  
the concept of the physical model of  
the heat-resistant nanocoating 

The design features
As a research object, the titanium alloy OT4-1 compressor 
stator blades of a helicopter engine (Fig. 3) are selected. 
The blades of the last stage compressor stator have partic-
ularly limited thickness; on several engine models max-
imum profile thickness is less than 1  mm. Any change 
in the geometry of the blade profile through the coating 
results in a change in the flow regimes. Change in over-
all engine airflow and compression ratio also affects fuel 
consumption and the efficiency of the engine. The relative 
thickness of the profile is a percentage value, and a 1% 
change leads to producing a new profile with different 
aerodynamic characteristics. For these reasons, coating 
applied to the finished blade without special geometric 
calculations must be within 1% of the thickness of the 
blade. Thus, on a 1-mm-thick blade the amount of coat-
ing for both sides should be less than 10 μm, i.e. 5 μm 
per side, in contrast to most coatings on turbine blades, 
where the thickness of the coating may be up of tens and 
sometimes hundreds of microns. 

fig. 3. The stator of the GTE compressor
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Material science features
The structure of the coating formed must contain a min-
imum amount of droplet phase formed during the ion-
plasma deposition arc sputter (Figs 4–5). Evaporation of 
any metal by a low-pressure arc is accompanied by the 
formation of large droplets of different sizes. 

Some droplets having poor adhesion to the main 
coating may drop from its structure and form significant 
defects as pores (Fig. 4). As a result, there are localised 
areas of low heat resistance. The maximum aluminium 
and titanium droplet size is 0.1–100 µm and 0.2–15 µm, 
respectively. The load of light aluminium ions in combin-
ation with low ionisation does not allow clean sputtering 
and increases the time or makes it virtually impossible to 
heat parts of ion bombardment without material depos-
iting on the surface. 

fig. 4. Coating defects as a result of a large drop (× 5,000)

fig. 5. Formation of needle-shaped titanium oxide on the 
limits of a large drop (× 2,500)

Technological features
To eliminate the influence of the droplet phase on the 
quality of the coating formed, significant modification 
of the NNV-6,6-I1 ion-plasma coating equipment was 
done. The modernised equipment (Fig. 6) has three 
deposition material sources: two arc evaporators and a 
planar DC magnetron sputter (Urbahs et al. 2011a, b, 
2012). 

It was decided to vaporize titanium by arc spray and 
aluminium in a magnetron sputtering source.

The first arc evaporator, L1, is the source of the ma-
terial being deposited, i.e. titanium, and a device for the 
primary ion bombardment. The arc source has a min-
imum current evaporator of 45  A. A special central 
shield is placed before the arc evaporator to provide a 
predetermined ratio of titanium and aluminium and to 
reduce the droplet phase in the coating. 

fig. 6. The scheme of deposition

The second titanium arc evaporator, L2, is used 
without the aforementioned shield and only for heating 
and cleaning blades before deposition. A Magnetron-2 
DC planar magnetron is M. Feed gas is carried out sep-
arately. Argon is supplied to the gap between the cathode 
and the anode, helps in the sputtering of aluminium, and 
regulates the base pressure in the chamber during ion 
cleaning, glow discharge, ion bombardment, and depos-
ition. Nitrogen is separately supplied at two points of the 
chamber. Both gases flow through different inlet valves. 
Argon is supplied via the SNA-2 inlet valve and the flow 
of gas is manually regulated. Nitrogen is fed through the 
inlet valve solenoid with an automatic control.

4. technological realisation of the deposit of 
individual layers of nanostructured coatings

Intermetallic coating
For the intermetallic coating, a specified chemical com-
position scheme is applied (Fig. 7).

fig. 7. Schematic diagram of intermetallic coating
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The evaporator current (50  A) supports the re-
quired amount of titanium on the surface of the blades. 
The stabilising coil current (0.7 A) provides stable and 
uniform titanium cathode evaporation. The focusing coil 
current (0.5 A) accelerates the flow of titanium plasma 
toward parts, increases its density at the central part of 
the evaporator, and sufficiently separates the dripping 
phase. The magnetron current (A) regulates the sput-
tering of aluminium. The voltage on the magnetron 
(400 V) is maintained automatically. Argon pressure of 
6.10-4 mmHg provides adequate sputtering speed of the 
aluminium target.

Rotating the blades on the axis and rotating the 
table ensure alignment of the chemical composition of 
the layer. Due to this, the blades will constantly be in 
areas with different concentrations of elements and a thin 
film of coating of individual atoms of titanium and alu-
minium will be formed. The reference voltage on parts is 
60 V and is the maximum possible to increase the dens-
ity and temperature of deposited material without redu-
cing the thickness of the coating.

Conglomerate coating
For a conglomerate coating, it is essential to ensure 
the simultaneous presence of nitrides and intermetallic 
compounds of titanium and aluminium. The sputtering 
scheme is therefore changed (Fig. 8). The main differ-
ence from the sputtering of the intermetallic compound 
is that nitrogen spraying into the chamber is added to 
the reaction. The gas is supplied from two sides of the 
chamber. When moving from the cathode to the sur-
face of the blades, the vaporised material consisting of 
neutral atoms, ions and drops undergoes collisions with 
atoms and ions of gases.

fig. 8. Schematic diagram of obtaining conglomerate 
deposition

Argon is supplied to the magnetron on the mag-
netron target surface in an amount required to form 
a certain thickness of the buffer zone, which partially 
prevents the penetration of nitrogen. To facilitate the 
control of sputtering, the pressure of argon up to 3×10-
3 mmHg is increased. The flow of nitrogen is controlled 
by an automatic system, and its partial pressure within 
the range of 0.4×10-3 mmHg is provided. The total pres-

sure in the chamber is 3.4×10-3 mmHg. Basic paramet-
ers for deposition are the following: titanium evaporator 
current – 50 A, stabilising coil current – 0.7 A, focusing 
coil current – 0.5 A, magnetron current – 7 A, and the 
reference voltage on the parts – 80 V.

The voltage on the magnetron (280 V) is reduced by 
the effect of ‘poisoning’ the cathode with nitrogen.

Nitride coating
To obtain the nitride coating (Fig. 9), it is necessary for 
a sufficient part of the metallic plasma to react with the 
nitrogen to form a nitride. This can be achieved by in-
creasing the partial pressure of the nitrogen to 1.4×10-
3 mmHg where the electron mean free path without col-
lision with atoms of nitrogen is less than 3–5 cm. Total 
pressure was maintained at 4.4×10-3 mmHg.

fig. 9. Schematic diagram of the preparation of the nitride 
coating

Basic parameters for deposition are the following: 
titanium evaporator current – 50 A, stabilizing coil cur-
rent – 0.7 A, focusing coil current – 0.5 A, magnetron cur-
rent – 7 A, and the reference voltage on the parts – 80 V.

The voltage on the magnetron (220 V) is reduced by 
the effect of ‘poisoning’ the cathode with nitrogen.

5. investigation of service properties of coating

For the case of sputtering of a multi-component coat-
ing by arc evaporation with ion bombardment, two 
aluminium evaporators and one titanic evaporator were 
used. The first sub-layer was sputtered in a composition 
adjustable argon environment, the second one in the 
mixture of argon and nitrogen (2N-Ar), and the third 
one in a rarefied atmosphere of pure nitrogen. As a res-
ult, three-layer nanostructured coatings, the internal 
sub-layer of which consists of intermetals AlxTiy with 
fine-grained conglomerate-type structure, were ob-
tained. Its main purpose is to provide a diffusion bond 
with the basic material of a part. The centre conglomer-
ate barrier layer has high hardness and sufficient viscos-
ity. The outer ceramic layer with high recrystallization 
temperature has good anti-oxidation properties.

The multilayer coatings obtained had a smooth sur-
face with a blue blade pressure side and a grey-blue back. 
The general thickness of the coating was about 20–40 µm. 
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During the investigation of the characteristics of 
the coatings obtained, several tasks were carried out:

 – evaluation of thermal stresses;
 – measurement and analysis of microhardness dis-
tribution in the coating section;

 – heat resistance tests;
 – analysis of coating microstructure.

The evaluation of thermal stresses was performed 
visually on the basis of the value of deformation of thin 
samples (with thickness up to 1–2 mm) and on the basis 
of breaking off and flaking off of coatings from thick 
samples. It should be noted that, in particular, on the 
basis of these conditions, i.e. the absence of deformation 
and flaking after sputtering and after heating, the selec-
tion of sputtering modes was carried out.

Microhardness (Hμ, MPa) in the section of the 
multiphase coating was measured by means of a PMT-3 
device according to the standard methodology, which is 
a variety of Vickers hardness test (HV) and differs from 
it only by the use of smaller loads and, correspondingly, 
by the smaller size of indentation. 

Correct tetrahedral diamond pyramid with an 
apex angle of 136° was used as the indenter, which was 
gently pressed into the sample under load 0.05–5 N. Mi-
crohardness of the outer layer of the coating was evalu-
ated from the surface and exceeded 10,000 MPa, which 
provided the coating good erosion resistance.

Comparative testing of the heat resistance of the 
different experimental samples was made. During the 
combined deposition, three options of Ti-Al-N compos-
itions were chosen as coatings for the samples (Fig. 10): 
75-intermetallic, 76-conglomerate, and 77-nitride. Coat-
ing thickness in all cases was less than 1–2 microns. A ti-
tanium ti-et sample without coating was used as a stand-
ard for comparison.

fig. 10. Samples before heat resistance tests

The heat resistance tests were conducted in a fur-
nace. When the furnace was heated to the desired tem-
perature, the samples were loaded in the furnace for 1 
hour and afterwards cooled in the air. 

Test temperatures were 500°, 550°, 600°, 650°, 700°, 
725°, 750°, 775°, 800° and 825 °C. The protective prop-
erties of the coating were evaluated by the graphs of 
a sample gain in weight, the values of the true gain in 
weight at certain temperatures, and efficiency ratio Кt°, 
defined as the ratio of the reference sample to the coated 
sample gain in weight at the test temperature.

After each stage of the test, the samples were pho-
tographed and weighed and the colour and condition of 
the surface were analysed. Figure 11 shows the test res-
ults obtained by sample oxidation.

Additionally, for the results of tests under certain 
temperatures when changes in the surface of the samples 
were visually observed, a study was made of the micro-
structure and chemical composition of the coating with 
a Hitachi-S3000N scanning electron microscope and a 
BRUKER X-ray energy dispersive spectrometer.

Studies of the microstructure of coatings (Fig. 12) 
with scanning electron microscopy were used to identify 
the main features of the process of coating damage dur-
ing high temperature oxidation.

fig. 11. Gain in mass depending on temperature (Urbahs et al. 
2011a) 

As a result of the tests, the following features of the 
oxidation process for the different samples were revealed 
(Fig. 11).

For the reference sample (without coating), 
gradual oxidation until 700 °С is detected. The micro-
structure of the surface does not undergo significant 
changes. Further increase in temperature leads to a 
sharp increase in the rate of oxidation, and the surface 
becomes matte (which is characteristic for yellowish ti-
tanium oxides). The original topography is smoothed 
out and the chart of oxidation at about 800 °С shows a 
sharp turnaround.
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а. 600 °С  

b. 825 °С 

c. 775 °С 

d. 825 °С

fig. 12. Changes in topography of samples 75 (a, b) and  
76 (c, d) during heat resistance tests

At a temperature of 825  °С, the strongly oxidized 
layer becomes hilly and begins to crumble (Fig. 13).

fig. 13. Delamination of oxide layer on a reference sample 
(without coating)

The ratio of Al% / Ti% during the tests varies from 
0.04 to 0.07. This may indicate the formation on the sur-
face of the reference sample of a thin film of aluminium 
oxide that is part of the reference sample and the removal 
of the titanium part in the form of its oxide.

For the sample with intermetallic coating (sample 
No. 75), significant oxidation is not observed until 650 C, 
and the colour and texture of the coating is maintained 
in the form of elongated micrograins.

Starting at a temperature of 750  C, the oxidation 
rate increases gradually and areas of needle-like oxide 
are formed on the surface, which, when the temperat-
ure reaches 825 °C cover almost the entire surface of the 
sample (Fig. 2). The efficiency ratio of the coating is 1.33 
at 750 °C. 

The conglomerate coating (sample No. 76) has 
stable heat-resistant properties in a wide range of tem-
peratures. In particular, until a temperature of 800 °C, 
gain in weight of oxides is low, the microstructure of the 
conglomerate surface has a grain size of about 400 nm, 
and small colour changes are constant.

At a temperature of 825 °C there are some areas 
of growth of micro-needle-type oxide. The coating be-
comes matte and grey-blue in colour. The efficiency ratio 
of coatings at 750 °C is 4.0. 

For the nitride coating (sample No. 77), the lowest 
rate of oxidation at temperatures up to 725 °C is shown.

The initial coarse-grained structure, typical for ti-
tanium alloy after ion sputtering, becomes a bit unclear 
due to the formation of a thin oxide layer, and a fairly 
wide range of colour change is shown.

At a temperature of 775 °C, a micro-needle-type 
grid forms at the boundaries of the base grains, and it 
gradually covers the entire surface with an increase in 
temperature up to 825 °C. The efficiency ratio of the 
coating at 750 °C is 8.0.
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7. conclusions

The main results of the research are as follows. Sputter-
ing technology using the ion-plasma method was de-
veloped to create multicomponent nanostructured mul-
tilayer aluminium-titanium coatings for high-pressure 
compressor blades for gas turbine engines.

The internal intermetallic layer of the coating 
provides a diffusion bond with the base parts of the ma-
terial. A centre conglomerate layer is characterised by 
high hardness and adequate viscosity and also has ad-
equate damping and barrier properties.

The outer ceramic layer with high recrystallization 
temperature has good anti-oxidation properties and 
low-resolution ability under high operating temperat-
ures. The heat resistance tests showed that the first signs 
of the destruction of the coated sample surface increases 
2–3 times in comparison with the samples without coat-
ing. These tests have proven that the coatings developed 
can operate at temperatures up to 600–750 °C.
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