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Abstract: Protective and Thermal Barrier Coatings (TBC) applied on gas-turbine blades gradually
degrade due to oxidation, aluminum depletion and impacts of environmental particles. Among
various non-destructive coating testing methods (NDT), visual inspection can be undertaken regularly
in service, but it provides little quantitative information, and only surface defects can be detected. This
work aims at in-service monitoring of turbine blades with multilayer coatings applied by atmospheric
plasma spraying (APS) in a few variants. They were validated during a series of accelerated mission
tests of a retired military turbofan engine in a test cell together with five other technologies. The
fifty-hour rainbow test focused on assessing coating durability. Between engine runs, 12 borescope
inspections were conducted to monitor the health of the blades. Finally, the blades were disassembled
and examined using computed tomography (CT) and metallographic methods. Throughout the
testing, 31 newly-coated blades (66%) withstood the tests, producing results comparable to the
reference blades. However, 16 blades suffered intolerable failures observed as increased roughness,
gradual loss of the topcoat, spallation and minor foreign object damage. Visual inspection results
were generally in agreement with subsequent laboratory tests.

Keywords: military turbofan; turbine blade; protective coatings; thermal barrier coating; thermal
spraying; non-destructive testing; visual inspection; maintenance, repair and overhaul (MRO)

1. Introduction

Fuel efficiency is essential for airline competitiveness, while military engine perfor-
mance determines air superiority. Engine efficiency is directly related to its cycle tem-
perature, which can be increased by using Thermal and Environmental Barrier Coatings,
advanced cooling systems and high temperature materials in the hot section. Furthermore,
the effectiveness and durability of used coatings determine engine life, availability and
maintenance cost.

Gas turbine blades are exposed to high-temperature corrosion and cyclical thermal
loads, which lead to surface damage and thermomechanical fatigue [1,2]. The turbine com-
ponents of the previous engine generations were protected against oxidation by diffusion
aluminizing [3–5] and overlay metallic coatings [6,7]. Modern engines use multilayer Ther-
mal Barrier Coatings (TBC), consisting of a metallic bondcoat and a ceramic thermal barrier,
most commonly yttria-stabilized zirconia (YSZ). It reduces the operating temperature of the
base material (superalloy) by several dozen degrees and thus makes it possible to increase
the engine operating temperature and its cycle efficiency. However, when the ceramic layer
is damaged, the thermal barrier does not work [8].

Electron Beam Physical Vapor Deposition (EB-PVD) [9,10] was confirmed to be the
most effective technology for coating turbine blades as well as the most expensive one.
Consequently, manufacturing and repairing coated blades significantly affect the operating
cost of the jet engine. Alternatively, cold spraying [11] or thermal spraying methods such
as atmospheric plasma spraying (APS) [12,13] can be used. APS is a method that utilizes
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a high-energy heat source to melt and accelerate fine particles onto a prepared surface.
Metal or ceramic powders can be used in this process to produce protective or thermal
barrier layers.

Initially, thermal spray coatings were applied on stationary components (combustion
chambers, vanes) [14], whereas PVD methods were used to make coatings on rotating
components such as turbine blades. This was due to their higher adhesion and more
uniform structure when compared to APS layers. However, coating a blade with APS costs
a fraction of a corresponding PVD process since less advanced equipment is necessary
and the material is used more effectively. A well-optimized APS process can deliver blade
coating that meets the durability requirements. This way, it contributes to reducing the
manufacturing cost of turbine blades and also the total cost of the ownership.

To optimize maintenance costs, the user chooses one of the available engine versions,
repair contractors and spare parts suppliers. The regeneration of the turbine blades [13,15],
including the replacement of the coatings, can be entrusted to one of several contractors
who implement their application process. The manufacturing quality, durability and other
parameters of blade coatings from different series may differ significantly. It is important
to obtain the appropriate thickness, microstructure and layer adhesion. Several well-
established methods such as the cyclic oxidation test [9,16], burner-rig test [17] and rainbow
test [18,19] are used to evaluate coating durability. Despite advances in the finite element
method (FEM) simulation and laboratory tests of blade coatings, aviation regulations still
require their final validation in full-scale engine tests.

The common mechanisms of blade coating degradation and failure are: formation of a
thermally grown oxides (TGO) on the protective MCrAlY layer [20], initiation and growth
of cracks, topcoat thinning and delamination. The topcoat can be spalled due to thermal
expansion mismatch, extensive TGO growth or weakening of the binding layer. Each failure
mechanism is individual for the type of coating and engine [21–23], and it is essential to
understand it to successfully implement a new coating [24,25]. Various non-destructive
testing (NDT) [26] methods are used in addition to metallographic examination for quality
control in blade production or regeneration. With 3D scanning systems, it is possible to
measure the geometry of the uncoated and coated component. After comparing these
two datasets numerically, coating thickness can be calculated and visualized [27]. For
used blades, the results of their inspection determine the possibility of their reuse. The
component regeneration process [28] requires effective methods of assessing the health of
the blades and their coatings. Finally, the engine overhaul shop verifies new or refurbished
blades usually by visual and fluorescent penetrant inspection (FPI) before they are fitted
into the turbine. Only surface defects can be detected visually, whereas FPI can expose
most blade cracks [29].

Most classic NDT methods, e.g., eddy current (EC), ultrasonic or even computed
tomography (CT), fail to distinguish the base material and MCrAlY (Ni, Co, Cr, Al, Y)
coating due to the similarity of materials. EC performs better at measuring the thickness of
ceramic layers because they are non-conductive. To test metallic coatings, high-frequency
eddy currents of several MHz [30] must be used. Similarly, crack detection and layer
thickness measurements can be undertaken with high-frequency 5–25 MHz ultrasound
waves [31,32]. Due to complex airfoil geometry (e.g., at LE), the measurements of blade
coatings are less accurate than ones on flat surfaces.

CT is an effective tool for the inspection of blades that can be used to measure wall
thickness and detect cracks and voids [33,34]. In the case of blade coatings, the CT capabili-
ties are very limited. Contrasting images of coatings can be produced by microtomography,
in which a portion of a cooled blade (selected wall, e.g., LE) is scanned close to the detec-
tor [35]. One can then roughly measure the thickness of the layer and detect cracks and
larger voids [36]. However, it is often necessary to cut this section of the airfoil to expose
the coating properly.

Thermophysical properties such as expansion, conductivity and thermal diffusivity
determine the durability and technical condition of blade coatings [37,38]. Thus, various
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variants of thermography are used to inspect the coatings, such as flash pulsed thermogra-
phy (PT) [39–42], induction thermography [43] and laser scanning thermography [44,45].
Teraherz waves can also be used to inspect and measure the thickness of coatings [46,47].
For example, Unnikrishnakurup et al. [48] used both PT and Terahertz-Time Domain Spec-
troscopy (THz-TDS) techniques to determine coating thickness and evaluate the degree of
degradation of the thin Air Plasma Sprayed (APS) TBCs.

To reduce maintenance costs, inspections should be conducted near the engine, with-
out removing blades from the disc. Marinetti et al. [49] presented an in situ PT inspection
of a power turbine. Although most of the NDT methods must be used outside the engine,
thanks to the miniaturization of the probes, it is sometimes possible to inspect blades
mounted on the disk with inductive thermography or eddy currents [50]. Some other
methods such as fringe projection [50,51] can be used for dimensional control and geometry
measurement via the turbine inspection slot. There are some emerging methods to monitor
TBC health and measure the component surface temperature in the test cell. It is achieved
by embedding thin film thermocouples [52] or doping the coating with thermographic
phosphors, which remember the maximum temperature that the material has experienced.
This temperature is read by analyzing the laser-excited phosphor emission spectrum [53,54].
However, borescope inspection is still one of a few NDT methods that can be used in service
for monitoring coating deterioration, but its results depend on operator performance [55].

This work aims at monitoring gradual coating degradation and detecting blade dam-
age in a rainbow field test by visual inspection. It was part of a large project which had
a general goal to develop, validate and implement cost-efficient blade coating technolo-
gies for the military turbofan. In this paper, the average mission profile was used to
design the accelerated engine test. Coated turbine blades were visually inspected before
installing them in the turbine, and twelve times during the test program, before each test
day. Collected borescope images were processed to describe and analyze progressing
coating damage.

2. Materials and Methods
2.1. Engine

A pair of RD-33 engines is used to propel the Mig-29 fighter, which was designed in the
late 1970s and is still operated by the Polish Air Force. Klimov RD-33 is a fourth-generation,
twin-rotor turbofan with a bypass ratio of 0.49, an overall pressure ratio of 21:1 and an
adjustable supersonic nozzle. Its maximum thrust is 50 kN dry and 81 kN afterburning. It
consists of: a supersonic inlet; four-stage axial fan; nine-stage axial compressor; annular
combustor; two single-stage axial turbines—high-pressure turbine (HPT) and low-pressure
turbine (LPT); mixing chamber; afterburner; and variable-geometry exhaust nozzle.

In the RD-33 engine, the afterburner is not ignited with plugs located behind the
turbines. Instead, there is a pilot jet nozzle in the main combustor used only to activate the
afterburner. It produces a flame that spreads for six seconds from the combustor along the
gas path through both turbines. This solution is called the fire track (‘ognevaya dorozhka’
in Russian). It ensures reliable ignition at high altitudes in an oxygen-poor atmosphere but
also causes intensive overheating of turbine components [56].

The RD-33 engine selected for the rainbow test was produced in 1992 in the Russian
Federation with a total service life of 1600 flight hours (FH) and a time between overhaul
(TBO) of 350 FH. In 2012, its fourth major overhaul was completed. It had been used by
the Air Force until 2018, when LE cracks were found in two HPT blades. Until then, it had
completed 1421.3 FH in total and was started 1893 times.

In late 2019, the engine was sent to a repair shop to be modified and reassembled,
where all 84 HPT blades were replaced with new ones. It was decided that 37 installed
blades were standard, while the remaining 47 blades had newly designed coatings applied
by local contractors after removing their original coating. The other modules of the engine
were not repaired, so several minor flaws remained in the compressing section and combus-
tor. Then, the engine was assembled and tested twice in the test cell for 1 h and 22 min in
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total (Figure 1). It turned out that, throughout the test, the unrepaired compressing section
and combustor produced particles which impacted some newly coated turbine blades.

Figure 1. Tested RD-33 engine viewed from the right side.

2.2. HPT Blade

The HP turbine is a single-stage axial turbine that drives the HP compressor. It
includes a row of 27 guide vanes, the HPT disc with 84 unshrouded blades (Figure 2) and
the bearing system. The design point Turbine Outlet Temperature (TOT) at standard sea-
level conditions is 785 ± 5 °C. The corresponding Maximum Turbine Inlet Temperature (TIT)
is 1530 K (1257 °C). HPT blades have an internal cooling system without film cooling. They
are made of ZhS26 or ZhS32 nickel-based alloys with directional solidification [29,57,58].

The HPT blade’s coating is originally made using a MAR-1 or MAR-2 device in a
so-called ion-plasma process, which is an implementation of Cathodic arc deposition
(Arc-PVD) [59–61]. This is a protective coating only, without a thermal barrier. The airfoil
is coated with SDP-2 alloy (Ni-20Cr-12Al-0.5Y), whereas LE has an extra layer of VSDP-16
(Ni-Al-Cr-Y). The overall coating thickness at LE is 75–95 µm. In our previous paper [56],
HPT blade health was monitored in service via borescope inspection, and the gradual
degradation of the original coating caused by overheating, oxidation and corrosion was
presented in macroscale. Bogdan et al. studied the microstucture of five blades with varying
degrees of wear [42,57]. They observed coating wear and its gradual degradation. Over
time, due to operation at elevated temperatures, aluminum is gradually consumed and
thermally grown oxides (TGO) are formed on the outer layer. Its roughness increases since
pits, voids and microcracks develop, initiated by corrosion, particle impacts and dynamic
stress. Therefore, the TGO layer is prone to progressive spallation and consequently the
coating becomes thinner. It gradually loses its protecting properties, and the structure of
the base material is eventually weakened. The described degradation process is common
for MCrAlY coatings [62–64], but it advances very quickly in this military turbofan due to
high thermal stress.
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(a) (a)

Figure 2. HPT blade No 3 coated with APS + VPA. (a) Convex side, (b) concave side.

2.3. Coatings

APS consists in throwing the molten powder onto the target surface. After hitting the
substrate, the molten particle flattens and solidifies very quickly. In this project, Sulzer
Metco coating system and AMDRY 386-4 alloy (Table 1) were used. The APS process was
optimized to produce MCrAlY and ceramic layers for the HPT turbine blade. The prepara-
tion details and microstructure of coated blades were published by Ułanowicz et al. [65].
To obtain the assumed thickness and microstructure of the coating, process parameters
such as spraying distance, hydrogen flow, argon flow and the number of the torch passes
were modified. The structure, durability and thermal properties of produced specimens
were lab-tested to narrow down the number of variants. The development process was
then continued for the most promising coating types.

Table 1. Chemical composition of the alloy used in the APS process.

Material
Mass Fraction %

Cobalt
(Co)

Chrome
(Cr)

Aluminum
(Al)

Yttrium
(Y)

Hafnium
(Hf)

Silicon
(Si)

Nickel
(Ni)

AMDRY 386-4 22 17 12 0.5 0.5 0.4 Base

The selected layers were applied on blades after removing their original coatings in a
chemical process [66]. The surface before the spraying was prepared by abrasive blasting
with electrocorundum of 60 mesh, at a pressure of 4 bar, from the distance 100–120 mm.
Only airfoils were coated, excluding the blade root. After application, the thermal annealing
in 1050 °C for 4 h was carried out in vacuum to improve adhesion by diffusion. The target
number of coated blades was eight per each technology, but a selected piece was used to
create metallographic specimens and further validate the process. Finally, the manufactured
blades were inspected visually and installed in the turbine disc following the standard
process used for overhauling the engine. Blade selection and placement were performed
according to their mass to allow for disc balancing, and consequently, a varying number of
blades of each coating type were used.

The experiment in which blades made in several different technologies are fitted on
the same disc is often called a rainbow test. Out of ten validated coatings, five types with
diffusion, MCrAlY and ceramic layers are presented here (Table 2). Due to confidentiality
issues, the other five types are not revealed, but they are listed as ‘Other’. Two presented
coatings are single layer: CVD (Chemical Vapor Deposition) (B) and APS (E), while the
others are double layer. For two-layer coatings, the APS-made MCrAlY bondcoat is
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responsible for protection against oxidation and corrosion. The topcoat is either thermal
barrier ZrO2 • Y2O3 (G) or a NiAl layer with extra aluminum reserve made in one of the
diffusion processes: VPA (Vapor phase aluminide) (C) or SLURRY (F).

The thickness of diffusion layers was 40–70 µm, whereas that of APS-made layers was
60–160 µm. The overall coating thickness was below 160 µm. The coating thickness was
controlled by 3D optical scanning and comparing the geometry of the uncoated and coated
component [27]. For metallographic specimens, it was measured with Scanning Electron
Microscopy (SEM).

Table 2. Number of HPT blades coated with the tested technologies.

Id Coating Type Blades Damaged

A SDP-2 + VSDP-16 37 0
B CVD 5 5
C APS + VPA 8 1
D Other 4 0
E APS 6 3
F APS + SLURRY 5 5
G APS + TBC 3 2
H Other 5 0
J Other 5 0
K Other 4 0
L Other 2 0

Total 84 16

2.4. Engine Testing

Accelerated Mission Testing (AMT), consisting of multiple speed and thermal load
cycles, is a known method to reduce the cost and duration of engine durability and en-
durance testing. In this work, the test program of 50 h was proposed. During the testing,
the engine was subjected to dynamic and thermal loads that corresponded to 200 FH. The
test profile was designed to represent as far as possible operating modes and maneuvers
carried out in normal operation.

There is no counter for LCF engine cycles in Mig-29 because flight hours are the
primary measure of engine usage. However, mission data from flight data recorders
(FDR) are systematically processed by Polish Air Force to count engine starts, afterburner
activations and time of operation at the maximum speed referred to as military power
(MIL). These values were aggregated for the whole fleet and averaged to create a mean
mission profile. It was found that engine cycles, military power usage and afterburner
activations in RD-33 turbofan increase linearly with flight hours with little spread [56]. This
is due to a similar mission profile of Polish Mig-29 aircraft and the short TBO of RD-33
engines. Throughout 350 FH, the engine was started 437 times on average, it entered MIL
mode 4998 times for 45 FH in total, and it activated the afterburner 773 times (Table 3). Our
endurance test was designed to maintain these usage coefficients and reduce the engine
operating time from 200 to 50 h. It was achieved by avoiding dwelling at idle or cruise.

The executed test program included 250 test cycles shown in Figure 3. Each engine test-
run (equivalent to one test cycle) included 11 thermal cycles at MIL plus two afterburner
activations. The bottom part of Table 3 presents planned engine operating time, military
power usage and afterburner activations for 1, 5 and 250 cycles.
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Table 3. Flight hours versus engine cycles, military power usage and afterburner activations for
average engine (row 1–2) and accelerated mission test (row 3–5).

FH Cycles AB MIL MIL (FH) MIL (min)

1 350 437 773 4998 45 2700
2 200 253 440 2818 26 1560

3 50 250 500 2750 25.0 1500
4 1 5 10 55 0.5 30
5 0.2 1 2 11 0.1 6

 
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Time (s) 

MIL 

Idle 

60 60 40 6 120  40 6 40 

720 
min 

AB 

R
P

M
 

Figure 3. Test cycle proposed for accelerated mission testing.

2.5. Inspection

Both piece-part inspection and borescope inspection were used in this project to
check HPT blades. In piece-part inspection, a trained technician checked both sides of the
component on the table in the repair shop (Figure 2) before installing it in the turbine disc.
He used a magnifying glass and a digital camera to document the inspection. FPI was
carried out for the blades for which potential crack symptoms were visible. Two blades
with new coatings did not pass the test.

Borescope inspection is periodically carried out in RD-33 turbofans [56], according to
technical order 612 [67]. ITWL operates Mentor Visual iQ HD VideoProbe system [68,69]
with probes 6.1 mm in diameter, Color SUPER HAD CCD camera of 1.2-megapixel HD
image resolution and white LED lighting. In this project, XL4TM61105FG foward view lens
was used, with 8-250 mm depth of field and 105 degree field of view.

There are borescope slots in the hot section (Figure 4), two for inspecting the combustor
and two others for the turbine. However, there is no direct access to the LE of HPT blades,
and the fiber has to enter through the combustor and get closer to the turbine. Individual
blades are inspected by manually moving the rotor without changing the position of the
fiber, but its head can be flexed if necessary. The example result is presented in Figure 5.
In practice, it is hard to obtain a better shot because the view is restricted by the engine
design and overlapping adjacent blades. The typical view of HP turbine includes thus a
few blades, and the inspected LE takes only a fraction of the HD picture. To evaluate blades,
images were rotated and cropped in software to obtain the proper view of LE coating. Due
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to the limited resolution of the CCD camera, some pits and minor flaws had dimensions of
a few pixels only, so digital magnification was not very useful.

Figure 4. Slots for visual inspections: C—combustor, T—turbine.

Figure 5. C-coated blade 27 viewed through the borescope at the 12th inspection.

A borescope can be modeled as a pinhole camera with a single small aperture. Light
rays pass through the aperture and project an inverted image on the camera sensor. Small
dimensions of the optical system and limitations in the optimal placing of the sensing head
cause significant image distortion. In our previous work [57], MATLAB Computer Vision
Toolbox was used to calibrate the borescope system. The determined parameters of the
optical system were used for correcting lens distortion, centering the view and automatic
image processing. Here, due to limited resolution of the LE representation, we decided to
avoid image transformations and let the expert directly analyze the cropped pictures.

In HPT blade evaluation, the applicable requirements were followed. The critical area
of the airfoil is the midspan section of LE where no damage except coating discoloration is



Coatings 2022, 12, 624 9 of 19

allowed by the manufacturer. According to Table 604 in the engine manual [67] (Standard
for HPT and LPT turbine damage in point 2-HPT blades), visible erosion, corrosion, melting
and delamination of airfoil coatings are not allowed. However, the darkening (discoloration,
stains) of the blade airfoils does not indicate failure (point 2.6).

After the engine had performed five test cycles on the first test day, it was inspected the
next morning (Table 4). The testing program was completed after 12 test days. During this
period, the engine performed 250 test cycles which took 50 h 52 min. In total, it operated
for about 52 h and 14 min in the test cell.

Table 4. Daily inspections and engine testing progress.

Test Day Total Test Hours Total Test Cycles

1 0 0
2 1 h 52′ 5
3 5 h 52′ 28
4 11 h 23′ 52
5 15 h 01′ 72
6 20 h 36′ 98
7 26 h 18′ 128
8 31 h 44′ 155
9 37 h 09′ 182
10 41 h 59′ 206
11 46 h 38′ 229
12 50 h 52’ 250

3. Results

This section presents and analyzes the gradual degradation of five new coatings
throughout the engine test program. Table 5 includes the failures of coated blades detected
at successive inspections. The blades with coating B and G suffered critical damage during
a short engine run before the main test cycle and the first inspection, and this is why their
operating time to failure is zero.

Table 5. Blade failures—engine operating time and blades in which critical damage was found.

Coating Blade Operating Time Cycles

B 1 0 0
B 7 0 0
B 43 0 0
B 45 0 0
B 47 0 0
C 27 5 h 52′ 28
E 11 11 h 23′ 52
E 65 11 h 23′ 52
E 71 11 h 23′ 52
F 13 26 h 18′ 128
F 55 15 h 01′ 72
F 57 15 h 01′ 72
F 61 15 h 01′ 72
F 79 26 h 18′ 128
G 15 0 0
G 21 0 0

Five damaged blades representing five unsuccessful coatings are presented in Figures 6–10
There are twelve images per figure, showing the results of daily blade inspections with
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progressing damage. We present the magnified LE, since it suffers the highest thermal
stress and most coating failures start there.

3.1. CVD

Coating B (CVD) was applied to 5 blades (No 1, 7, 43, 45 and 47). The first, noticeable
flaws were found during the first inspection (Figure 6). The flaws developed during the
initial engine run, before the main test program. During the subsequent test cycles, the
destruction of the coating was found to progress in a characteristic way in relation to other
tested coatings. The damage was observed on LE along the entire height of the airfoil and
on the concave side, especially along the tip and in the trailing edge zone.

    

    

    

 

1 4 3 2 

8 

7 6 5 

12 10 11 9 

Figure 6. Deterioration of blade 43 observed at successive inspections (1-12).

3.2. APS + VPA

Coating C (APS + VPA) was applied to eight blades, but only blade 27 did not pass
the test (Figure 7). During the third inspection, local chipping of the coating from LE was
detected. The total area of this defect increased with the number of test cycles so that
during the 12th and last inspection, the damage was observed along approximately 60% of
the total height of the airfoil. Other C-coated blades were healthy, so it may, for example,
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indicate that before the destruction of the LE coating started, blade 27 could have been hit
(or rubbed) by a foreign object.

    

    

    

 

1 2 

5 6

 
 1 

9 10 11 12 

7 8 

3 4 

Figure 7. Deterioration of blade 27 observed at successive inspections (1-12).

3.3. APS

Coating E (APS) was put onto six blades, and three of them did not pass the test.
Throughout the testing, it was found that the surface roughness increased compared to
the standard blades (Figure 8). The leading edges of blades 11, 65 and 71 were damaged.
However, the initial deterioration symptoms were found on the LE of the remaining three
blades, which were similar to the previous ones. The lack of clear-cut damage symptoms
for these three blades may indicate that the applied coating may be, for example, thicker
than those on the other three.

The increase in the porosity of the coating at LE observed in subsequent inspections
is due to the gradual oxidation of the coating material. This is one of the characteristic
symptoms of failure in this type of coating. During the eighth inspection (Figure 8), the
appearance of a bond coat at LE (in the midspan of the airfoil) was found. It has also
been noticed that the damaged area increases along the height of the blade due to gradual
chipping and further oxidation of the material. Thus, this coating is gradually depleted
by the hot gas flow. For example, during the last, twelfth inspection, locations at the LE of
blade 65 were found which would indicate a complete loss of coating.
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  1   4 2 

8 
7 6 5 

 12 10 11 9 

3 

Figure 8. Deterioration of blade 65 observed at successive inspections (1-12).

3.4. APS + SLURRY

Five blades (No 13, 55, 57, 61 and 79) were coated with F coating (APS + SLURRY), and
all of them were damaged prior to carrying out 128 of the 250 planned test cycles. During
the seventh inspection (after the 128th cycle), local chipping of the LE coating was found
in the midspan of blade 13 (Figure 9). Throughout subsequent inspections, an increase in
the total area of the wound (along the height of the airfoil) was observed as a result of the
gradual chipping of the material.

What is characteristic of this type of coating is that it is damaged locally via the
formation of several LE flaws, which are separated (blade 13) or gradually merge, after
some test cycles (other F-coated blades). Another characteristic feature of this damage is
the fact that the first noticeable flaws occur at the LE arc where the concave side starts. The
LE flaws observed later at the point of transition to the convex side are located slightly
above those previously identified.
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  1 

6 5 

4   3 

 11 10   9 

8   7 

12 

2 

Figure 9. Deterioration of blade 13 (APS + SLURRY) observed at successive inspections (1-12).

3.5. APS + TBC

Coating G (APS + TBC) was applied to three blades (15, 17 and 21), and two did not
pass the test. During the verification of the blades before their installation in the disc, minor
flaws of the ceramic topcoat were found in blades 17 and 21 at their LEs, in the near-edge
zone, both on the concave and convex side. The second inspection revealed an increase
in the total area of coating damage in blade 15 along its height (Figure 10). This process
accelerated, as during the fourth inspection, the LE of this blade was found to have no
coating along the entire height of the blade.

The LE coating of blade 21 declined slightly differently, because apart from an increase
in its surface porosity, no other changes were observed until the 11th inspection. Then, a
local loss of coating was found in the lower part of the airfoil. The flaw area gradually
increased during the 12th (final) test cycle.
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Figure 10. Deterioration of blade 15 (APS + TBC) observed at successive inspections (1-12).

4. Discussion

In this work, the methods for engine testing and visual inspection of coated blades are
presented. We confirmed that a borescope system is an effective tool for evaluating coating
health at the macroscale. It outperforms a naked eye, magnifying glass and consumer
digital camera, since its optical zoom is comparable to simple microscopes. However, it has
significant limitations related to restricted access to the component, image distortion and the
limited resolution of the CCD camera. Moreover, some images may be difficult to interpret
as the lighting provided by the integrated LED diode was absorbed differently by individual
coatings [55]. Despite these difficulties, we detected increased roughness, corrosion pits,
cracks, gradual loss of the topcoat, spallation and foreign object damage (FOD).
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The proposed blade evaluation methodology can be used for standard and newly de-
veloped coatings, but it is effective only in detecting macroscale flaws on the airfoil surface.
Early stages of coating damage are related to microstructural phenomena and thus cannot be
observed with borescope systems or another visual inspection method. However, when the
coating damage advances, its symptoms usually can be detected on the blade surface.

The accelerated engine test was designed according to the average mission profile.
The adopted test program could only partially simulate 200 FH, but it was sufficient to
verify coating technologies and observe the gradual degradation of 16 blades with five new
coatings. Numerous transient modes and afterburner activations during the engine test
caused dynamic stress and thermal shocks during which the rate of temperature change is
as high as a few hundred degrees per second. Such conditions most probably generated
microcracks and caused coating delamination.

Preliminary blade testing results are presented here from the perspective of the user
who needs to optimize engine repair costs and has a limited set of NDT methods to monitor
the health of coated blades. The completed engine test was successful since 31 newly-coated
blades (66%) made in eight technologies withstood the tests, producing results compara-
ble to 37 reference blades. The remaining 16 blades made in five technologies suffered
intolerable damage. Among five presented coating types, APS + VPA (C) performed best,
while B demonstrated insufficient maturity because they spalled during the first engine run.
However, more information on the individual technologies is necessary for their detailed
comparison and the further evaluation of their durability.

The capability for detecting surface damage and observing progressing coating degra-
dation was demonstrated. Among others, it was shown that the mechanism and pace of
failure were specific to the type of coating. However, explaining the damage is not possible
without metallographic analysis and studying underlying microstructural phenomena.
Based on prior experience, we can presume that the presented coating failures were caused,
among others, by the incompatibility of thermal expansion coefficients, insufficient adhe-
sion, binding layer oxidation or the impact of airborne particles. The most common coating
defects were found on the leading edge, but no symptom of weakening of the base material
was observed in the post-test CT results. Since coatings and their flaws are hardly visible
on tomograms, they are not included here.

The engine was operated for 52 h and 14 min in the test cell, performing 250 test cycles
in 12 days. The leading edges of 16 blades were found damaged halfway through the
testing as soon as the 128th cycle was completed. Moreover, excessive chipping of the
material was observed along their tips on the concave side and along the trailing edge.
During subsequent test cycles, local coating flaws appeared in the presented blades, and
they gradually grew due to the impact of the varying temperature field and other stress.
The gathered information on coating degradation will be used by coating designers to
improve the deposition process and increase blade durability. It can be also valuable to
maintainers who assess the condition of turbines and make go/no-go decisions.

It was found that five B-coated blades and five F-coated blades degraded gradually
with the number of test cycles performed (Table 5). The same was true for half of the six
blades with coating E. Two of the three G-coated blades were damaged before installing
them in the turbine disk, and during engine testing, they underwent further destruction.
On the other hand, one of the eight blades with a C layer could have been damaged as a
result of an earlier collision with a foreign object, which resulted in the loss of the coat. This
confirms that blade coatings are sensitive to minor impacts and other mechanical damage
that can occur at any stage of blade preparation, i.e., coating application, blade shipment
and their installation in the turbine disc. Therefore, care should be taken to organize the
process in a way that excludes the possibility of initiating damage to the coatings.

5. Conclusions

In this work, selected variants of coating processes were tested in the real engine, and
thus, causing damage to some of the blades was desirable.
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• Despite its limitations, borescope inspection is one of the few tools available for the
in-service monitoring of blade coatings.

• The observed pace and mechanism of degradation were specific to the type of coating.
• APS is a cost-effective technology that can replace PVD methods on turbine blades

when the proper coating structure and adhesion are ensured.
• The presence of damage at this stage of development is not a problem, and it absolutely

does not exclude any of the tested processes.

The collected data on progressing damage along with metallographic analysis of the
blades will help to optimize the deposition process and to select the best technology. The
laboratory tests, microstructure and failure analysis of tested coatings will be presented in
a separate publication. We hope that the coatings developed in this project will be matured
and implemented by the industry. For more effective blade inspection in our future coating
maturation programs, we plan to employ new-generation borescope systems and digital
image processing or other emerging NDT methods.
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