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Abstract

Thick thermal barrier coatings were modified with laser glazing and phosphate based sealing treatments. Surface porosity of the
sealed coatings decreased significantly in all cases. Structural analysis showed a strong preferred crystal orientation of the t'ZrO,
phase in direction [002] in laser-glazed 25Ce0,-2.5Y,03-ZrO, coating. In laser-glazed 22MgO-ZrO, coating the major phase was
rhombohedral Mg,Zrs0,,. In phosphate sealed 8Y,03—ZrO, coating the strengthening mechanism was identified as adhesive
binding without chemical bonding. Coating microstructures were determined by scanning electron microscopy, energy dispersive
spectroscopy, transmission electron microscopy and optical microscopy. Coatings were also characterized by X-ray diffraction,

microhardness and porosity.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Plasma sprayed zirconia coatings are widely used as
thermal barrier coatings (TBC) in gas turbine hot sec-
tion components such as burners, transition ducts,
vanes and blades. Instead their use in diesel engine
combustion chamber components has been quite rare,
because of the long run durability problems in such
conditions. For that reason, there have been many
investigations in developing proper TBCs for diesel
engines.'~7 The conditions in diesel engine combustion
chambers differ considerably from those of gas turbine
hot sections. In diesel engines the mean temperature
levels of TBC surfaces are much lower than in gas tur-
bines, but the number of thermal cycles and shocks are
correspondingly higher. The varying pressure within the
diesel engine cycle causes severe mechanical loads and
stresses to the surfaces of the combustion chamber
component that are not comparable to conditions of gas
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turbines. Low and medium speed diesel engines in mar-
ine and energy production applications use normally
variable grades of liquid fuels that contain impurities
such as S, V and Na. Because of the high amount of
impurities and quite low mean temperature in the com-
bustion chamber of diesel engines, the conditions are
favorable for hot corrosion. For these reasons the major
failure mechanisms that cause TBC spallation in diesel
engines are hot corrosion, thermal cycling and mechan-
ical loading while in gas turbine more presumable coat-
ing failure is caused by coating-substrate interface
stresses induced by bond coat oxidation.®®

Increasing the turbine hot gas inlet temperature (TIT)
is a potential way to improve the efficiency of the gas
turbine driven combined cycle process. At the moment
in land based gas turbines the maximum TIT is around
1500 °C and in aero engines even higher. Since the
structural materials, nickel and cobalt based super-
alloys, can not face temperatures higher than 950 °C,
TBCs with better insulation properties are needed. With
thicker TBCs the mean combustion temperature of the
diesel process can also be increased. The increased tem-
perature does not affect directly the efficiency of the
diesel process, but this extra heat can be recovered in a
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turbocharger or in a flue gas boiler in combined cycle.
Some studies have also shown that TBCs lower the fuel
consumption of the diesel process.!"’

At the moment in most applications the thickness of
TBCs is below 500 um, because of their limited relia-
bility. Normally the increased thickness of TBCs leads
to a reduced coating lifetime. Normally we can say that
the thicker the coating—the higher the temperature
gradient through the coating—the higher the stresses in
the coating. Even if the coefficient of thermal expansion
(CTE) of 8Y,05-ZrO, is close to that of the substrate
material, the CTE difference of the substrate and coat-
ing induces stresses at high temperatures at the coating
interface. The strain tolerance of TTBC has to be man-
aged by controlling the coating microstructure.

Use of thicker coatings generally leads to the higher
coating surface temperatures that can be detrimental, if
a certain limit is exceeded. In the long run, the phase
structure of yttria stabilized zirconia 8Y,03-ZrO, is not
stable above the 1250 °C and can be unstabilized quite
fast at 1400 °C.'° Also the strain tolerance of the coating
can be reduced rapidly by sintering effects, if too high
surface temperatures are allowed.!'! For these reasons
several cooling techniques of the gas turbine component
are used to control the surface temperatures of the TBCs.

There have been several attempts to enhance the
properties of the plasma sprayed TTBCs by various
sealing and modification processes. Sealing treatments
have been used mainly for improving the hot corrosion
properties and erosion resistance of the coatings by
closing the open pores on the coating surface. The
modification of the open porosity in TBCs has been
approached by liquid metal impregnation,'? laser-
glazing,'3~17 hybrid spray processing!® solar furnace
heat treatment,'® hot isostatic pressing (HIP) 202! sol-
gel processing,?>~2* phosphate impregnation,>>~27 or by
thin CVD overlay coatings.”® Organic sealants are
mainly used for corrosion protection at lower tempera-
tures.”?® The other modification processes are mainly
focused to increase the strain tolerance of TTBCs by
lowering the stiffness of the coating. Lots of studies
have been related to reducing Young’s modulus and
residual stresses of the thick TBCs.3%—33 In practice these
can be achieved by controlling the spray parameters,
but also controlling the substrate and coating tempera-
ture during the coating deposition. If the system heats
too much in spraying, compressive stresses are formed
into the ceramic coating. For that reason active sub-
strate and surface cooling is normally used during
spraying. Spray parameters can also be fixed to obtain
desired level of porosity and microcracks. Vertical seg-
mentation cracks, which can go through the whole
coating, can be produced by introducing rather thick
spray passes in coating deposition.3® Segmentation
cracks are very effective in lowering the Young’s mod-
ulus of the TTBCs. For that reason they can increase

the lifetime of the coating in thermal cycling sig-
nificantly.?' In addition to strain tolerance, pores and
especially the horizontal cracks are naturally advanta-
geous in lowering the thermal conductivity of the coat-
ing. Extremely high porosity values (up to 25 vol.%) of
TBCs have been obtained by spraying polymers toge-
ther with zirconia.??> However, when spraying very por-
ous and thick coatings the deposition efficiency (DE)
decreases, but also mechanical properties, such as ero-
sion resistance, decreases. When modifying the TBC
structures one should remember that the coating pri-
mary functions, such as thermal insulation and strain
tolerance, should not be deteriorated.

In this study the microstructures of modified 8Y,0;—
7rO,, 25Ce0,2.5Y,05ZrO, and 22MgO-ZrO,
TTBCs were characterized. The goal was to find a
method to produce a dense top layer to TTBC with
possibly better mechanical properties and hot corrosion
resistance. On the other hand we tried to tailor the ver-
tical crack network by laser-glazing in order to seek a
microstructure for better strain tolerance. In this paper
we introduce laser-glazing and phosphate based sealing
treatment procedures, characterize the modified coating
structures and discuss their respective structural advan-
tages and drawbacks.

2. Experimental
2.1. Sample preparation

Coatings were air plasma sprayed with plasma spray
equipment (Plasma-Technik A3000S, Sulzer Metco AG,
Wohlen, Switzerland) using the spray parameters
presented in Table 1. 8Y,03-ZrO, and 25CeO,—
2.5Y,03-ZrO, powders were from Sulzer Metco (Woh-
len, Switzerland) and 22.5MgO-ZrO, powder from
Praxair (Indianapolis, IN, USA). Coatings were sprayed
on the cleaned and grit blasted AISI4142 steel substrates
(@ =25 mm, h=15). Surface roughness (R,) after the grit
blasting (corundum, 40 grit) was at the range of 67 um.
Substrate temperature was measured during the spraying
and it was kept below 200 °C by pressurized air-cooling.
Targeted coating thickness was 1000 um. Free-standing
coating specimens for mercury porosimetry (MP) stud-
ies were etched from substrates using 50HCI/50H,0
solution.

2.2. Laser glazing

Coatings were laser-glazed using a 4 kW continuous
wave fiber coupled HAAS HL4006D lamp-pumped Nd-
YAG laser (HAAS-laser GmbH, Schramberg, Ger-
many). In the glazing experiments the laser was equipped
with an integrated water-cooled copper mirror with an
effective focal length of 100 mm. The width of the laser
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Table 1
Plasma spray parameters and coating abbreviations
8Y203*ZI'OZ 25C602*2.5Y203*Zr02 225Mg072r02
Coating abbreviation 8Y 25C 22M
Trade name Metco 204 NS Metco 205 NS Praxair ZRO 103
Powder type HOSP? HOSP F/CP
Particle size (um) —125+11 —-90+16 =75+10
Current (A) 600 600 600
Voltage (U) 71.0 70.0 70.3
Argon flow rate (I/min) 35 35 35
Hydrogen flow rate (I/min) 12 12 12
Carrier gas (Ar) flow rate (I/min) 2.6 2.6 2.4
Injector @ (mm) 1.8 1.8 1.8
Injector angle (°) 90 90 90
Axial powder feed distance (mm) 6 6 6

2 HOSP =hollow spherical powder.
b F/C=fused and crushed powder.

beam was 10 mm at the focused area, which was at the
distance of 80 mm from the mirror. Three parallel 10
mm wide tracks, with 2 mm overlapping, were used to
glaze the whole specimen surface. Before the final pre-
paration of the studied coatings, laser glazing para-
meters were optimized by comparing coating
microstructures with different specific laser energy den-
sities using continuous and pulsed laser beams. In the
optimization stage of the laser glazing the pre-
determined melting depth of the coating surface was
reached, without causing coating spallation. Also for-
mation of too long vertical cracks, which pass through
the thickness of the coating, was avoided. Laser glazing
parameters and coating abbreviations are presented in
Table 2.

2.3. Aluminum phosphate impregnation

8Y and 25C coatings were sealed with Al(OH)s;—
(85%)H3POy, solution diluted with 20 wt.% of deionized
water. The ratio of AI(OH);:(85%)H;PO,4 was 1:4.2 by
weight which corresponds to the molar ratio P/Al of
about 3. The solution was mixed and slightly heated
with magnetic stirrer until it became clear. The 22M
coating was sealed with orthophosphoric acid
(85%)H3POy4. The sealant was spread on to the surface
just before the heat treatment. The free standing coat-
ings for mercury porosimetry studies were sealed from

Table 2
Laser glazing parameters and coating abbreviations

both sides after the etching. Heat treatment was per-
formed at 300 °C for 4 h. The names of the aluminum
phosphate sealed 8Y and 25C coatings were abbreviated
as 8YAP and 25CAP, respectively and orthophosphoric
acid sealed 22M coating as 22MOPA.

2.4. Characterization

Polished microsections and fracture planes were pre-
pared for microscopy analysis. The coating micro-
structure was determined by optical microscopy (Leitz,
Wetzlar, Germany), scanning electron microscopy
(SEM, Model XL-30, Philips, Eindhoven, Netherlands)
and transmission electron microscopy (TEM, Model
JEM 2010, Jeol, Tokyo, Japan). In TEM studies selec-
ted area electron diffraction (SAED) was used to study
the crystal structures. Coating phase structure was
characterized by image plate X-ray diffractometer
(XRD, Italstructures, Riva del Garda, Italy) using fil-
tered Cuk,, radiation operated at 40 kV and 30 mA. The
used exposure time was 2 h and the analyzed spectra
taken from 26 range of 20-120°. The incident angle (£2)
between the X-ray source and specimen surface was 15°.
XRD analysis for the phosphate sealed coatings were
made after grinding approximately 50 um layer from the
surface, because reaction products on the coating sur-
face normally differ considerably from those below the
surface. Structural quantitative analyses from XRD

8Y,03-Zr0, 25Ce0,-2.5Y,03-Zr0O, 22.5Mg0O-ZrO,
Coating abbreviation 8YL 25CL 22ML
Laser power (kW) 4.0 3.0 3.5
Surface speed (mm/min) 3500 4000 4500
Surface distance from the mirror (mm) 80 80 80
Laser beam specific energy density (J/mm?) 6.9 4.5 4.7
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patterns were made by the Rietveld method?* using
MAUD software (Material Analysis Using Diffraction,
version 1.87 (Luca Lutterotti, University of Trento,
Italy). MAUD software was used also in determining
the texture of laser-glazed coatings. Total porosity was
evaluated by image analysis using optical microscope
(Carl Zeiss Axiophot, Germany) and image acquisition
and analysis software (QWin, Leica Microsystems,
Switzerland). The results and their deviations are
presented as a mean value of five separate analyses
from each type of coating. Open porosity was measured
with mercury porosimetry (models Pascal 140 and
Porosimeter 2000, CE-instruments, Milan, Italy) over
the pressure range of 0.1 kPa—200 MPa.

3. Results and discussion
3.1. As-sprayed coatings

The optical micrographs of the as-sprayed coatings
are presented in Fig. 1. In all coatings the typical
microstructure of the plasma sprayed TBCs can be seen
with pores, lamellae boundaries and microcracks. Total
porosity of the coatings was evaluated by image analysis
from the polished coating cross sections and the values
were in the range of 12.1-20.7%. The open porosities,
measured by mercury porosimetry, varied between 9.3
and 10.4%. The pore size distribution of open porosity
varied in the range of 0.006-10 pm, and the major frac-
tion of the pores was found at 0.1-0.5 pm. The results of
total porosity determination by image analysis were
very sensitive to the specimen preparation. Usually the
evaluated total porosity values are too high because in
specimen preparation procedure some defects, namely
pull-outs, can be introduced and identified as pores. So
for that reason the real total porosity could be expected
to be something between the evaluated total porosity
and measured open porosity. The Vickers HV 3 micro-
hardnesses varied from 607 of the 22M coating up to
713 of the 8Y coating. The porosity and microhardness
values of the as-sprayed coatings are presented in
Table 3.

The results of the quantitative XRD phase structure
analysis for the powders and as-sprayed coatings are
presented in Table 4. The 8Y,03;-ZrO, powder (Metco
204 NS) consisted mostly of the nontransformable

Table 3
Microhardness and porosity results of the as-sprayed coatings

Coating Microhardness Total porosity Open porosity (%)

HV,; (%) (image analysis) (mercury porosimetry)
8Y 713 20.7+1.8 9.3+1.0
25C 689 18.4+3.3 10.4+1.0
22M 607 12.1£2.2 9.5+1.0

tetragonal zirconia (t'-ZrO,), but monoclinic zirconia
(m—ZrO,) was also detected. XRD analysis did not show
the presence of the cubic zirconia (c-ZrO,). However,
Ilavsky et al. 33 showed by neutron diffraction analysis
that in the equivalent 8Y,05-ZrO, HOSP powder there
was a notable fraction of ¢c-ZrO,. By neutron diffraction
they obtained the data from the total volume of the
powder while our results are mainly from the surface of
the individual powder particles. The properties of the

Fig. 1. Optical micrographs of the as-sprayed coatings: (a) 8Y, (b) 25C
and (c) 22M.
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surface and core of the HOSP powder differ a lot due to
the plasma densification process of the particles. So for
that reason the difference of the results can be explained
by the different penetration depth of the neutrons and
X-rays, and also by the nature of the HOSP powder.
After plasma spraying the 8Y structure was stabilized
almost completely and only a minor amount of m-ZrO,
was identified. The small fraction of m-ZrO, originates
likely from the unmelted portion of the feedstock pow-
der. The major stabilized phase was t'-ZrO,, in addition
to some per cents of c-ZrO,. The phase structure of the
25Ce0,-2.5Y,03—Zr0, powder (Metco 205 NS) was
more complex and was composed nearly equal parts of
m-ZrO,, t'-ZrO, and ¢-ZrO,. A small amount of cubic
cerianite (c-CeQ,) was also detected. The small amount
of cerianite was also identified from the as-sprayed 25C
coating together with stabilized zirconia phases t'-ZrO,
and c-ZrO,. In SEM studies, the free c-CeO, was
detected by EDS point analysis and seen randomly in
backscattered electron images as lighter lamellae. The
22MgO-ZrO, spray powder (ZRO-103) consisted of c-
ZrO, and cubic magnesia (c-MgO, periclase structure)
phases. After plasma spraying there still was a notable
volume fraction, 26%, of free MgO in structure, in
addition to c-ZrO, and t'ZrO, phases. The inhomo-
geneity of the 22M coating microstructure were
observed as a different gray levels of lamellae from
optical and SEM micrographs, also seen in Fig. 1c.

3.2. Laser-glazed coatings

The optical micrographs of the laser-glazed coatings
are presented in Fig. 2. Laser-glazed coatings were
highly densified within the melted surface layer, with
the exception of some closed pores and vertical cracks
that were formed in glazing process. The thickness of
the melted zone varied locally between 50 and 150 um
and depended on the coating material. Two types of
vertical cracks were detected from the all laser-glazed
coatings. Within the melted layer there were some
microcracks, with length shorter than the layer
thickness. There were also some longer macrocracks,
200-500 um in length, which went through the glazed
layer and further. In 8YL coating the macrocracks
were rather straight lined in vertical direction. Instead
of that some of the macrocracks in 25CL coating were
branched out below the melted layer and shifted from
the vertical direction. In 22ML coatings the vertical
cracks were more irregular and in some cases they coa-
lesced below the melted layer and caused partial peeling
of the glazed zone. The straight vertically lined cracks
could be more preferential if the strain tolerance prop-
erties of the coating are considered. All the macrocracks
in the laser-glazed coatings were counted from the spe-
cimen cross sections and macrocrack density is pre-
sented in Table 5.

Total porosity values of the laser-glazed layers varied
in 2.8-4.9%, when not taking into account the macro-
cracks. Most of the pores were spherical and located at
the lower region of the melted layer. The rest of the
porosity was in the form of vertical microcracks. Reli-
able mercury porosimetry could not be applied to the
laser-glazed coatings, because it was impossible to
prepare proper specimens of the melted top layers.
And if it was measured over the total coating thick-
ness, the interpretation of the results was impossible.

Fig. 2. Optical micrographs of the laser-glazed coatings: (a) 8YL,
(b) 25CL and (c) 22ML.
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Table 4
The phase composition of the as-sprayed coatings and powders

Coating/powder m-ZrO, t'-ZrO, c¢-ZrO, Other phases

(vol.%) (vol.%) (vol.%) (vol.%)

8Y powder Metco 204 NS 20 80 - -

8Y 3 92 5 -

25C powder Metco 205 NS 29 36 31 CeO,=4
25C - 72 25 Ce0,=3
22M powder ZRO-103 - - 65 MgO=35
22M - 19 55 MgO =26

Microhardness of the coating top layers increased from
the base level of 600-700 HV,; up to 1100-1250 HV 5.
The porosity and microhardness results of the laser-
glazed coatings are presented in Table 5.

The optical microscopy study showed that the glazing
had occurred at quite smoothly in 8YL and 25CL coat-
ings, but in magnesia stabilized coating the thickness of
the melted layer varied quite much. The high amount of
free MgO in 22M coating structure had possibly caused
the irregular melting of the surface. The vapor pressure
of the MgO is much lower than that of ZrO, and for
that reason the strong evaporation of MgO had prob-
ably caused some of these irregularities in melted layer.
The coatings were laser-glazed in as-sprayed state and
their original surface roughness (R,) was quite equal
and around 5 pm, so that did not cause the differences.
8YL coatings had transparent and glassy-like surface
due to the appropriate laser beam absorption and suffi-
cient melting. The surface topography of the 25CL
coating was also rather smooth, but some craters, 200—
500 um in diameter, were opened to the surface. The
craters were likely generated when the entrapped gas,
from the coating porosity, was escaping from the melt
pool during the glazing process. Respectively, the sur-
face of the 22ML coating was quite coarse with lots of
craters. The color of the yttria stabilized zirconia coat-
ings changed from light grey to transparent white due to
the laser glazing procedure. In our earlier study, the
color of the laser-glazed 8Y,03-ZrO, coating was closer
to transparent yellow instead of white 2° In that case the
spray powder was different and the powder and coating
contained more monoclinic zirconia. The color shade

differences in plasma sprayed and laser-glazed coatings
were due to the different stoichiometry of the coatings.
This behavior was detected also with the 25C coating
when the light gray color of the powder changed in
plasma spraying to light green/yellow and then to black
in laser-glazing. The reversibility of the color change
was demonstrated with 25CL coating by performing a
simple heat treatment in air at 1250 °C for 5 h, when the
color was changed back close to the original color of the
feedstock powder. The white color of the 22M did not
change in laser treatment.

SEM studies showed the columnar/dendritic structure
of the laser-glazed layers in all coatings, see Fig. 3.
However, the uppermost layer of the 8YL coating was
formed of pentagon and hexagon shaped plates and the
underneath layer of columnar/dendritic grains; see the
marked layers in Fig. 4. In some places the thickness of
the plate-like layer reached 40 pum, but the plate-like
structure did not cover the entire surface. Some voids
could be detected at the lower region of the melted zone,
marked with an arrow in Fig. 4. Large voids were
probably developed with the same mechanism like the
craters at the coating surface.

The quantitative XRD analysis results of the laser-
glazed coatings are presented in Table 6. In the laser-
glazing of the 8Y and 25C coatings the zirconia phase
structure was totally stabilized to t'-ZrO,. In both coat-
ings the structure was identified to be pure t'-ZrO, with
no cubic phase present. The discrete lines and spots in
the image plate spectrum of the 8YL coating showed the
large grain size of the plate-like surface layer. In 25CL
coating there still was some free CeO» like there was in
the spray powder and in the as-sprayed coating. The
pure t'-ZrO, structure indicated the complete melting of
the surface layer in laser-glazing process and very rapid
solidification and cooling of the crystals at the surface.
In the 22ML coating the rhombohedral Mg,ZrsO;,
was the dominating phase after the laser-glazing, but c-
ZrO, and c-MgO were also present. No tetragonal
phase was identified. EDS analysis showed approxi-
mately 8 wt.% of the MgO within the dendrite struc-
ture, and respectively 17 wt.% between the dendrites.
This indicated that the dendrites were composed of
Mg,Zrs04, crystals of and the rest of the structure of
c-Zr0O, and c-MgO.

Table 5

Microhardness and porosity results of the laser-glazed coatings

Coating Thickness of Macrocrack density® Microhardness® Total porosity* (%)
the sealed layer (um) (1/mm) HVq3 (image analysis)

8YL 100-150 1.5 1240 2.84+2.6

25CL 50-100 1.4 1189 49+2.1

22ML 50-100 1.9 1119 33+1.6

4 Average value from the total cross section (¢ =25 mm) was counted visually by using optical microscope.

® Measured only from the melted zone.
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Fig. 3. Columnar and dendritic structures of the laser-glazed coatings: (a) dense plate-like top layer and vertically oriented columnar grains in the
fracture surface of the 8YL coating, (b) vertically orientated grains in the polished cross section of the 25CL coating and (c) dendrite arm structure

in the fracture surface of the 22ML coating.

50 um

Fig. 4. The fracture surface of the 8YL coating: (1) pentagon/hexagon
shaped plates in top layer (2) vertically orientated grains (3) a closed
pore within the lower region of the melted layer.

The texture analysis, performed with MAUD soft-
ware and using the XRD data, showed the preferred
crystal orientation of the laser-glazed coatings, espe-
cially in 25CL coating. In 25CL coating the texture was
very strong and the preferred orientation was deter-
mined in [002] direction. The XRD spectra of the 25C
and 25CL coatings are compared in Fig. 5. The pre-
ferred crystal orientation of the t'-ZrO, phase in 25CL

Table 6
The phase composition of the laser-glazed coatings
Coating m-ZrO, t-ZrO, c¢-ZrO, Other phases
(vol.%)  (vol.%) (vol.%) (vol.%)
8YL - 100 - -
25CL - 96 - Ce0O,=4
22ML — — 16 Mg22r5012=66, MgO: 18

coating can be seen quite clearly as a change of the
relative intensities of the diffraction peaks. Recon-
structed pole figs. of the t'-ZrO, phase, in the 25CL
coating, show also the texture principally in [002] direc-
tion, see Fig. 5b. In mrd scale the value 1 represent
random powder orientation. The highest measured
values for 8Y coating were below 1.5. The colors
demonstrate the diffraction peak intensity and the pre-
ferred orientation can be determined by the local color
changes inside the circle. The center of the circle corre-
sponds to the surface normal direction. All the pole fig-
ures are revolution symmetric with the center which
indicates of fiber texture. In the case of 8YL coating the
preferred crystal orientation was not as clear as in the
25CL coating. In the plate-like top layer there was not
clear preferred crystal orientation and the low penetra-
tion depth, 5-10 pm, of the CukK, into the zirconia made
it difficult to analyze the texture of the columnar grains
below the coating surface. XRD measurements and
texture analysis were repeated also after grinding the
plate-like layer off, but due to its unequal thickness and
extremely high hardness, the uniform removal was not
successful. The texture analysis was difficult to perform
for the 22ML coating because of the three present,
partly overlapping, phases in XRD pattern. However,
the typical dendrite growth directions (Mg,ZrsO,
phase) in laser-glazed layer could be seen in micro-
graphs, as in the Fig. 3c.

3.3. Phosphate sealed coatings

Optical microscopy studies showed that the phos-
phate based sealants penetrated approximately 300—
400 um into the coatings, see Fig. 6. Total porosity of
the phosphate sealed coatings was decreased to the level
of 7.5-12.9%, depending on the coating material.
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Fig. 6. Optical micrographs of the phosphate sealed coatings: (a) SYAP,
(b) 25CAP and (c) 22MOPA.

Table 7
Microhardness and porosity results of the phosphate sealed coatings

Respectively the open porosities were lowered to the
level of 5.3-7.3%. So if compared the porosity results to
the as-sprayed coatings the reduction in total porosities
were 30-39% and in open porosities 24-48%. Mercury
porosimetry values represent the mean open porosity of
the entire coating, so that the real open porosities of the
sealed top layers might be even lower. Results of the
porosity measurements are presented in Table 7. Due
to the phosphate sealing the microhardness values
increased from the base level of 600-700 HV, 3 up to
820-880 HV, 3, see Table 7. Approximately the same
penetration depth of the sealant was confirmed in our
earlier study by performing a microhardness profiles
from the coating cross sections 2® The microhardness
increase of the sealed coatings is probably consequence
of the denser structure and better bonding of the lamel-
lae. The higher hardness values also indicated an
increased stiffness of the sealed structures. Earlier we
found 2° that the aluminum phosphate sealing treatment
induces compressive stresses at the surface of 8Y,O;—
ZrO, coatings. The compressive stresses are likely gen-
erated according to the following steps: the sealant is
impregnated in to the coating at room temperature =
the structure is heated up to 300 °C = the sealant binds
the coating structure at 300 °C = the stiffness of the
coating increases = after the treatment the system cools
down to the room temperature = at this stage the stiffer
coating structure tries to return to its original state due
to the metallic substrate = compressive stresses are
induced, because of the mismatch in coefficients of
thermal expansion of metallic substrate and sealed
ceramic coating. The stresses induced by phosphate
sealing are considered more detail in Ref. 36.

TEM studies were performed for the aluminum
phosphate sealed 8Y coating in order to clarify the
bonding and strengthening mechanism related to the
phosphate sealing. In our earlier studies 37-3® we found
that depending on the coating material, the strengthen-
ing is the result of two different mechanisms, namely
chemical bonding or/and adhesive binding. In the first
case there is a chemical reaction and bonding with the
coating material and the sealant and in the latter case the
strengthening is based on formation of the condensed
phosphates in the structural defects of the coating.
Phosphate sealant, penetrated into the interlamellar

Coating Thickness of the Microhardness® Total porosity® Open porosity® (%)
sealed layer (um) HVy; (%) (image analysis) (mercury porosimetry)

8Y AP 300-400 825 12.6+1.9 53+1.0

25C AP 300400 882 129424 54+1.0

22M OPA 300-400 844 7.5+1.6 7.2+1.0

2 From the (sealed) top layer.

® Mean through thickness porosity (when coatings were sealed on both sides).
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crack in 8YAP coating, is presented in TEM micro-
graph in Fig. 7. The high magnification TEM images
showed that there is no visible reaction layer in the
coating/sealant interface, so we can assume that the
bonding is based mainly on latter mechanism. SAED
ring patterns verified the amorphous structure of the
sealant, if compared to the SAED pattern taken from
the coating lamella, see Fig. 8.

The quantitative XRD analyses results of the phos-
phate sealed coatings, after grinding off the 50 um thick
surface layer, are presented in Table 8. The sealant
phases could not be identified by XRD, because of the
low concentration of the bonding phases and their
amorphous microstructure. But if the 22M OPA and
25C AP coatings were just slightly grinded before the
XRD analysis, clear zirconium phosphate (ZrP,0,)
peaks were identified. However, we should consider that
in the coating surface the detectable reaction surface
area for XRD analysis was higher and there were a lot
of sealant available for the reaction. Anyway, the same

Py O £

reaction could be expected to taken place also in cracks
and pores. So on basis of these results it is possible that
the strengthening mechanism of the 22M OPA and 25C
AP differs that from the 8Y AP coating.

4. Conclusion

In this paper we presented microstructural character-
ization results of various modified thick thermal barrier

Table 8
The phase composition of the phosphate sealed coatings

Coating m-ZrO, t-ZrO, c¢-ZrO, Other phases
[vol.%] (vol.%) (vol.%) (vol.%)
8Y AP 3 92 5 -
25C AP - 60 39 CeO, =1, traces of ZrP,0;*
22M OPA - 19 55 MgO =26, traces of ZrP,0;*

L S

Fig. 7. TEM micrographs of interlamellar region of the 8YAP coating filled with the sealant.

" 1010]

(a)

(b)

Fig. 8. SAED patterns of the 8YAP coating: (a) coating lamella and (b) sealant penetrated into the interlamellar region.
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coatings. The microstructures of thick plasma sprayed
8Y203—Zr02, 25C602—2.5Y2O3—Zr02 and 22Mg0—
ZrO, coatings were modified with laser-glazing and
phosphate based sealing treatments. The main results of
this study can be summarized as follows:

e The optimal thickness of the melted layer in laser
glazed TTBCs was 50-150 um. In all cases the
melted zone was significantly densified and ver-
tical macrocrack network was introduced. In the
laser-glazed 8Y,05—ZrO, coating the vertical
cracks were nearly perpendicular to the surface,
but in other coatings the cracks had a tendency
to branch and turn from the vertical direction
below the melted layer. Due to the denser
microstructure, the microhardness of surface
layer in laser-glazed coatings was increased up to
1119-1240 HV, 3. The t'-ZrO, was a dominating
phase of the laser-glazed 8Y,O3;-ZrO, and
25Ce0,-2.5Y,05-Zr0O, coatings whereas the
phase structure of the magnesia stabilized zirco-
nia changed from c-ZrO, +t'ZrO, to the mixture
of rhombohedral Mg,Zrs0;, and c-ZrO,. Tex-
ture analysis showed a strong preferred crystal
orientation in direction [002] of the t'-ZrO, phase
in laser-glazed 25Ce0,-2.5Y,05-ZrO, coating.

e In phosphate sealed coatings the penetration
depth of the sealant was approximately 300—400
pm and microhardness at the range of 825-882
HV, ;. The open porosity of the phosphate sealed
coatings was reduced by 24-48% depending on
the coating material. Traces of the ZrP,O, were
identified at the surfaces of the 22M OPA and
25C AP coatings, but any crystalline phosphate
phases were not detected when 50 pum thick sur-
face layers were grinded off. However, TEM
studies and EDS analysis showed the phosphate
phases in coating structural defects and revealed
their amorphous microstructure. Adhesive binding
was defined as strengthening mechanisms of the
aluminum phosphate sealed 8Y,03;—ZrO, coating.
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