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To improve gas turbine performance, it is possible to decrease back flow gases in the high-temperature
combustion region of the turbo machine by reducing the shroud/rotor gap. Thick and porous thermal
barrier coating (TBC) systems and composite CoNiCrAlY/Al,O; coatings made by air plasma spray and
composite NiCrAlY/graphite coatings made by laser cladding were studied as possible high-temperature
abradable seal on shroud. Oxidation and thermal fatigue resistance of the coatings were assessed by
means of isothermal and cyclic oxidation tests. Tested CoNiCrAlY/Al,O; and NiCrAlY/graphite coat-
ings after 1000 h at 1100 °C do not show noticeable microstructural modification. The oxidation resis-
tance of the new composite coatings satisfied original equipment manufacturer (OEM) specifications.
Thick and porous TBC systems passed the thermal fatigue test according to the considered OEM
procedures. According to the OEM specifications for abradable coatings, the hardness evaluation sug-
gests that these kinds of coatings must be used with abrasive-tipped blades. Thick and porous TBC

coating has shown good abradability using tipped blades.

Keywords abradable coatings, air plasma spray, laser clad-
ding

1. Introduction

New generation of gas turbine engines concentrate on
performance gains, in particular by developing new
materials that allow operating under much more severe
conditions: superalloys and protective coatings are a
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permanent field of interest for engine designers (Ref 1).
Gas turbine efficiency can be improved by increasing
working temperatures, and also by improving dynamic
sealing between rotating and stationary parts. One type of
improved sealing being incorporated into turbines is
abradable seals, to reduce the blade-tip clearances.
Abradable materials must be able to withstand high-
temperature erosion and oxidation, as well as to provide
easy and controlled abrasion (Ref 2). The locations of
abradable coatings include seals over compressor blades
and seals over unshrouded first stage turbine blades and
shrouded second and third stage turbine blades for
industrial gas turbines (Ref 3). The commercial abradable
coatings for compressor shrouds consist of polymer, AlSi-
Polymer, metal matrix with solid lubricant, and MCrAlY
with polyester, which withstand temperatures lower than
900 °C; abradable coatings for turbine shrouds are pro-
duced by using MCrAlY with polyester and ceramics that
withstand temperatures greater than 900 °C. This kind of
high-temperature abradable coatings must be used with
blades tipped with abrasive coatings (Ref 4).

This work is focused on the development of abradable
coatings to be applied on the first stage of industrial land
base gas turbines where the temperatures are at the
highest (Ref 5) for this type of engine. Composite metal-
ceramic coatings were developed to combine the high-
temperature oxidation (HTO) resistance of ceramic
materials with the good mechanical properties of metal
alloys, which should avoid the problems related to ceramic
brittleness. Composite CoNiCrAlY/Al,O; coatings made
by air plasma spray (APS) and composite NiCrAlY/
Graphite coatings made by laser cladding were produced
and tested as a possible high-temperature abradable seal
on shroud. The ceramic filler particles embedded in the
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metal matrix should improve the abradability due to their
brittleness as it occurs for metal matrix with solid lubricant
(Ref 4). Thick and porous thermal barrier coating (TBC)
systems were also produced by APS without using plastic
filler (Ref 6, 7) in the sprayed powder. The oxidation
resistance of composite coatings and thermal fatigue
resistance of thick and porous TBC systems were assessed
according to original engine manufacturer (OEM) speci-
fications by means of isothermal and cyclic oxidation tests,
and their abradability was evaluated.

2. Experimental

2.1 Materials and Deposition Process

Hastelloy X (HX) samples (Ni-22Cr-19Fe-9Mo-2Co-
1W), in the form of metal squared substrates
(25 x 25 mm; thickness: 3 mm), were coated by APS.
AMDRY 995 (Co-32Ni-21Cr-8Al-0.5Y) and Al,O3 pow-
ders were used. In the first stage, plasma spray parameters
were adapted to the CoNiCrAlY powder through pre-
liminary tests to obtain an average and homogeneous
porosity of the coating of 16%. The resulting coating
hardness was found to be 86.5 & 1.5 HR 15Y. In fact, it is
believed that abradable coatings benefit by a fairly high
porosity, but this point has to be balanced against oxida-
tion resistance (Ref 8). By using these selected spraying
parameters, further spraying tests with both alumina and
CoNiCrAlY powders were carried out. In the first tests,
finer alumina, with an average size of —22+5 um, was
sprayed with a CoNiCrAlY powder in the ratio of 40% by
weight of ceramic (Sample 1). Another set of samples
(Sample 2) was obtained by spraying a coarser alumina
powder, with an average size of —90 +45 pum, again with a
proportion of 40 wt.% of ceramic. In a third set of samples
(Sample 3), a spheroidical ceramic powder, with an aver-
age size of —90+45 pum, in the same ratio, was used in
order to determine whether the powder shape affects the
coating properties.

Squared substrates (25 x 25 mm; thickness: 3 mm) of
HX were also coated with a mixture of NiCrAlY and
Ni/Graphite powders by laser cladding. Gas atomized
AMDRY 9625 (Ni-22Cr-10A1-1.0Y) powder was used
with a grain size distribution of —75+45 um. The grain
size distribution of the Ni/Graphite (60/40) powder
(Durabrade™ 2200) was —115 +45 um. The powders were
mixed inline with an Y-connecter (Sample 4). The laser
cladded surface was generated using a solid-state Nd:Yag
laser “Trumpf HL 4006 D’ with a maximum output power
of 4 kW. Powder was applied by a pneumatic powder
feeding device in combination with an off axial nozzle.
The laser power was 1200 W and the scan velocity was
1.2 m/min. The powder feed rate was 18 g/min for the
MCrALlY and 2 g/min for the Ni/Graphite. The track offset
was found to be optimal at 0.3 mm to realize the most
constant clad height and a homogeneous dilution at the
interface. The specimen (25 x 25 x 3 mm) was clad all
over the upper (25 x 25 mm) surface.
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A new APS process for making thick and porous TBC
systems with a total thickness of up to 2 mm and a
porosity level of the top coat of up to 30% without using
plastic filler in the sprayed powder was developed (Ref 6).
Three different kinds of TBC systems were coated by APS
on circular substrates (diameter: 25 mm; thickness: 3 mm)
of HX with the same bond coat of AMDRY 995 (average
thickness of 250 um) and with a top coat of yttria partially
stabilized zirconia powder (Amperit 827.7 produced by
H.C. Starck) (average thickness of about 1.8 mm) and low
(17 £ 1%) (Sample 5), medium (21 £ 1%) (Sample 6),
and high (29 £ 1%) (Sample 7) porosity levels of the top
coat as described in previous papers [6, 7].

2.2 High-Temperature Oxidation Test and Furnace
Cycling Test

The HTO tests were carried out in a Carbolite furnace
(model CWF 13/5) with a maximum operating tempera-
ture of 1300 °C and a heating rate of 15 °C/min. Isother-
mal oxidation tests were performed at 1100 °C for 300 and
1000 h. Furnace cycle tests (FCTs) were performed using
a test equipment consisting of an isothermal static air
furnace (type: 3 zone split tube; Tpa,: 1300 °C), a speci-
men tray in Hastelloy X positioned on a vertical elevator,
and a circular tube for the forced cooling of specimens
when the elevator is lowered. Each thermal cycle in the
FCT consisted of a 5-min heat up to the steady-state
temperature, a 45-min soak at the steady-state tempera-
ture, and a 10-min forced air cool down. According to the
OEM specifications, the chosen steady-state temperature
was 1150 °C (Ref 5), and the minimum requested number
of thermal cycles to pass the thermal cycling fatigue test
was 250.

2.3 Microstructural and Phase Analysis

Samples before and after the oxidation tests were
prepared for micrographic investigations by vacuum
impregnation with epoxy, and then sectioned, ground, and
finely polished (Ref 9). Microscopy analysis was per-
formed by means of a metallographic optical microscope
Zeiss Axiovert 100A with an image analyzer based on
gray contrast, to determine powder morphology, coating
microstructure, coating thickness, and coating porosity.
Micrographic examinations and microprobe analysis were
performed by ESEM QUANTA 200 FEI with EDAX-
ZAF Quantification (Standardless).

X-ray diffraction analysis was performed by means of a
Philips PW1050/37 diffractometer in Bragg-Brentano
configuration (Cu Ko radiation generated at 40 kV and
25 mA). Diffraction patterns were analyzed by means of
the program MAUD using the Rietveld method (Ref 10).

2.4 Hardness and Abradability Tests

Coating hardness was measured on a HR 15Y scale with
a 12.5 mm steel ball and 15 kg major load. Before per-
forming the tests, the coatings were carefully hand sanded
with 60-grit SiC paper. According to the OEM specifica-
tions for abradable coatings, the recommended hardness
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must be about 55-65 HR 15Y (for use with untipped
blades) and 90-95 HR 15Y (for use with abrasive-tipped
blades).

AISI 304 stainless steel samples (35 x 100 x 4 mm)
were coated with the studied systems all over one
35 x 100 mm surface to be used as samples for abrada-
bility rig testing. In the function of the incursion rate, the
test can last between 0.5 s and 10 min. So, it is possible to
use stainless steel samples instead of nickel superalloy
because this does not affect the test results (Ref 11). The
tests were performed according to Sulzer Metco specifi-
cations. The rig consisted of a rotor, a movable specimen
stage, and a heating device as shown in Fig. 1.

The infrastructure of the test equipment is similar to a
large turbine balancing facility. For the high-temperature
blade tests, a nickel superalloy disc was employed. The
disc had 60 blade slots, 4 of which were furnished with a
special attachment for dummy blades. Tipped c-BN and
untipped dummy blades were used for the tests. The blade
mass determines the maximum attainable blade tip
velocity. Blade tip velocities up to 420 m/s were possible
with Sulzer dummy blades. The blade tip velocities used
were 250, 350, and 410 m/s (Ref 5, 11). All tests were
conducted with an incursion rate in a range of 5-500 um/s
(Ref 5, 11).

The shroud specimen surfaces were heated by means of
a high-velocity burner. A thermal gradient similar to that
present in an engine was attained. The test temperature
was about 1100 °C. The abradable specimen has fine
thermocouples immediately below the surface to ensure
that abradable surface temperature, and not flame radia-
tion effects, is recorded. The thermocouples lie on the
center line forming a cross. The blade height change was
measured using a jig, which allowed the measurement of
the blade height from a reference point. The jig was rigged
with a digital micrometer. The setup was calibrated with a

é

premeasured calibration blade prior to each measurement
series. The measurement error was lower than 2 um. The
blade wear was evaluated as a percentage of a total
incursion. Positive values describe wear of the blade
whereas negative ones show transfer from the shroud.
Therefore, a value of 100 exhibits no incursion into the
coating and the total blade wear; on the other hand, a
value of O indicates 100% incursion into the coating
without any blade wear. The test conditions are reported
in Table 1 for each kind of analyzed sample.

3. Results and Discussion

3.1 Coatings Characterization

Figure 2(a) shows the optical micrographs of a
CoNiCrAlY coating sprayed with coarser alumina pow-
ders (Sample 1). Alumina is embedded in the metal matrix
(30 £ 3% as evaluated by image analysis) as an inter-
rupted layer. The alumina deposit between the passages of
the torch is evident (dark lines). The different densities
of the materials probably result in different behaviors
during the flight in the plasma jet. Figure 2(b) shows the
optical micrograph of a CoNiCrAlY coating sprayed with
a finer alumina powder injected separately (Sample 2).
These samples show a good homogeneity in the alumina
distribution in the metal matrix in comparison to other
samples. The alumina amount is lower in comparison with
the other samples (22 + 3%). Figure 2(c) shows the
optical micrograph of a CoNiCrAlY coating sprayed with
a spheroidical alumina powder (Sample 3). In this coating,
alumina is grouped into clusters (30 £ 3%) and not
uniformly dispersed in the metal matrix. Hardness values
for all the samples are in a range of 84-98 HR 15Y.
The presence of alumina resulted in a light increase of the
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Fig. 1 Schematic of the test rig for abradability testing
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Fig. 2 Optical images of CoNiCrAlY coatings produced with
coarser alumina (Sample 1, (a)), with finer alumina (Sample 2,
(b)), and with spheroidical alumina powder (Sample 3, (c))

coated on the Hastelloy X substrates by APS
metal matrix. Image analysis indicates that the porosity

hardness, due to the embedding of the alumina in the
level is not higher than in the CoNiCrAlY coating without
alumina. The average thickness of the manufactured
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Fig. 3 Sample 4 (AMDRY 9625/graphite) as-coated: (1) Metal
matrix, (2) graphite nodules, and (3) brittle phases (source BIAS)

samples is about 940 £ 45 um. Figure 3 shows the back
scattered electron (BSE) image of NiCrAlY with added
graphite after the laser cladding deposition process
(Sample 4). The coating shows a multiphase structure.
X-ray diffraction analysis shows the presence of a y-Ni
(c.f.c.) solid solution, a nickel-aluminum intermetallic
phase, ¥-NizAl (c.f.c.), and graphite (hex.); small amounts
of nickel, NizC (rhomb.), and chromium, Cr;C, (orth.) and
Cr;C; (orth.), carbides are also detected. Very small
amounts of oxides, a-Al,O3 (alumina type; rhomb.), Y,O;
(cubic), Cr,O3 (rhomb.), and Ni(Cr, Al),O4 (cubic), are
also observed, probably due to surface oxidation. The
SEM/EDAX analysis (Fig. 3) suggests the presence of a
metallic matrix (the lighter phase, Fig. 3(1)) with embed-
ded graphite nodules (the black ones, Fig. 3(2)) and pre-
cipitates rich in chromium (the gray ones, Fig. 3(3)), which
being brittle phases should improve the abradability of the
metal matrix. The thickness of the coating is about
1000 + 40 um. The resulting hardness value is about
86 + 5 HR 15Y.

TBC systems with different top coat porosity show an
average thickness of about 1800 um for all the sprayed
coatings. As shown in some previous papers, three kinds
of samples were made with different top coat porosity
levels (Ref 6, 7). Hardness (HR 15Y) values were found to
be 87 £ 4 for Sample 5, 84 £ 2 for Sample 6, and 83 + 4
for Sample 7.

3.2 High-Temperature Oxidation and Thermal
Fatigue Behavior

According to OEM specifications, composite coatings
must support HTO tests while TBCs must withstand
FCT. Samples 1, 2, and 3 coated with CoNiCrAlY and
alumina showed a similar behavior when oxidized at high
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Fig. 4 Sample 2 after 1100 °C for 1000 h: 3000x BSE microg-
raphy of sample in section shows: (1) Al,O3 protective layer, (2)
Metal matrix of CoNiCrAlY depleted in Al, and (3) Metal matrix

temperatures. A micrograph of the cross section of
Sample 2 near the surface after 1000 h at 1100 °C is
shown in Fig. 4.

After the oxidation a continuous dark layer formed as
shown in Fig. 4. EDAX analysis suggests the formation of
an AL, O3 layer (Fig. 4(1)). It is also possible to observe the
presence of a beta phase at the bottom of the micrograph
(Fig. 4(3)) and the presence of a beta phase-depleted zone
(Fig. 4(2)) between the zone rich in aluminum and the
alumina layer as EDAX analysis confirmed. CoNiCrAlY
coatings typically exhibit a two-phase microstructure 3 +v.
The presence of vy increases the ductility of the coating
thereby improving the thermal fatigue resistance. As for
B-NiAl coatings, high-temperature exposure resulted in a
depletion of Al in the zones near the interface of both the
TGO (thermally grown oxide) and the substrate by
interdiffusion. As the amount of Al decreases, the -phase
tends to dissolve. For this reason, this phase is often
described as an aluminum reservoir, and the coating life is
often measured in terms of f§ depletion (Ref 12). The large
amount of Al in the AMDRY 995 metal matrix allowed
the formation of a protective alumina layer, which slowed
down the diffusion of the oxygen through the coating.
Figure 5 shows the back scattered electron (BSE) micro-
graph of the cross sections of the AMDRY 9625 cladded
with graphite after 1100 °C for 1000 h. Figure 5 shows the
presence of two layers (a lighter one, Fig. 5(1) and a
darker one Fig. 5(2)) at the top of the coating. X-ray
diffraction analysis suggests that the oxide layers consist
essentially of aluminum oxide, a-Al,O3, and spinel type
oxide, Ni(Cr,Al),Oy4; very small amounts of Cr,O3; and
Y,0; were also observed. It has to be pointed out that
graphite was not detected in the depth explored by
the x-ray beam, while the other matrix phases were
still observable. Figure 5 also shows the presence of
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chromium-rich phases and also the absence of the graphite
nodules as observed by x-ray diffraction analysis. No rel-
evant variation in the microstructure after oxidation was
observed in comparison with the as-coated samples. As
mentioned previously, according to the applied OEM
specifications, the minimum requested number of thermal
cycles to pass the thermal cycling fatigue test is 250 cycles.
All the tested samples passed the FCTs despite the dif-
ferent levels of the top coat porosity (Ref 6, 7).

3.3 Abradability Test Results

The abradability test results are summarized in
Table 1. The test on an Inconel 718 bare blade at a low
incursion rate (Test 1) produced a very high blade wear
and transfer of blade material to the shroud. Similar

Fig. 5 Sample 4 (AMDRY 9625/graphite) after 1000 h at
1100 °C: (1) NiALO, layer, (2) ALOs; protective layer, and
(3) Metal matrix with embedded brittle phases

wearmap ASI| 304/10-15 vs. IN 718 cBN-NY 2.0mm
temperature: 1100°C
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results to the MCrAlY/graphite tests were produced
against a c-BN-tipped blade producing partial cutting/
smearing of the shroud in the same condition (Test 2) with
removal of the tip. Transfer of shroud material to the
blade tip, as indicated by a negative overall wear value,
arose at maximum incursion conditions with cutting/
smearing of the shroud (Test 3). Testing at mid-incursion
conditions (50 um/s) produced localized blade wear and
rupture of the shroud (Test 4).

The test against an Inconel 718 bare blade at an
incursion rate of 5 pm/s (Test 5) produced a very high
blade wear and transfer of blade material to the shroud.
By contrast, a c-BN-tipped blade produced -cutting/
smearing of the shroud under the same conditions
(Test 6). At maximum incursion condition, the blade was
bent by the incursion process. Transfer of shroud material
to the blade tip happened at minimum incursion condi-
tions with cutting/smearing of the shroud (Test 6). Testing
at mid-incursion conditions produced localized blade wear
and rupture of the shroud (Test 8).

Abradability tests were also performed on thick and
porous TBC against a c-BN-tipped blade. The sample with
low top coat porosity showed very high blade wear and
transfer of blade material to the shroud (Tests 10 and 12).
For mid-incursion conditions (Test 11), it was possible to
observe a lower blade wear. The samples with medium
and high top coat porosity in the three different test
conditions (Tests 13-18) all show a slight blade wear, with
only little difference between them. Figure 6 shows a
comparison of the rub paths produced in the low and high
porosity thick, porous TBCs.

Composite coatings (Samples 2 and 4) resulted in being
too tough, showing cutting/smearing of the shroud or/and
localized blade wear and rupture of the shroud coating
during the abradability tests. The TBC with a low porosity
level (Sample 5) resulted to be too dense to have
good abradability characteristics. Thick and porous TBC
systems with medium (Sample 6) and high porosity
(Sample 7) levels of the top coat showed a good abrada-
bility against tipped blades. The tests showed a low blade
wear and no shroud coating rupture.

wearmap AS| 304/25-30 vs. IN 718 cBN-NY 2.0mm
temperature: 1100°C

500

50

250 350 410
blade tip velocity (m/s)

ASI 304/25-30 vs. In 718 cBN-NY ANA 22-24

Fig. 6 Appearance of rub paths produced by three different test conditions in low porosity (left) and high porosity (right) thick TBCs
with c-BN-tipped blades. Dark rub path appearance is indicative of blade material transfer to the coating
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4. Conclusions

New composite metal-ceramic coatings were devel-
oped and tested as possible high-temperature resistance
abradable materials for the first stage of industrial gas
turbines. APS deposition process was used to obtain
high-temperature resistant composite CoNiCrAlY/Al,O;
coatings. Composite CoNiCrAlY/Graphite coatings were
produced by laser cladding. The HTO behavior of the
composite coatings was studied. CoNiCrAlY/Al,O; and
CoNiCrAlY/graphite coatings after 1000 h at 1100 °C do
not show relevant microstructural modifications. The
oxidation resistance of the new composite coatings sat-
isfied OEM specifications. The newly developed thick
and porous TBC systems passed the thermal fatigue test
according to the considered OEM procedures, regardless
of the top coat porosity. Hardness Rockwell 15Y mea-
surements suggest that all the produced coatings must be
used with abrasive-tipped blades. MCrAlY/graphite and
MCrAlY/alumina shrouds were generally too resistant to
cutting or resulted in an extensive material transfer to
the c-BN-tipped blades. Thick and porous TBC coat-
ings with top coats having medium and high porosity
levels have shown good abradability behavior against
c-BN-tipped blades.
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