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Zirconia-based 8Y2O3-ZrO2 and 22MgO-ZrO2 thick thermal barrier coatings (TTBC, 1000 µm), were stud-
ied with different sealing methods for diesel engine applications. The aim of the sealing procedure was to
improve hot corrosion resistance and mechanical properties of porous TBC coatings. The surface of TTBCs
was sealed with three different methods: (1) impregnation with phosphate-based sealant, (2) surface melting
by laser glazing, and (3) spraying of dense top coating with a detonation gun. The thicknesses of the densified
top layers were 50-400 µm, depending on the sealing procedure. X-ray diffraction (XRD) analysis showed
some minor phase changes and reaction products caused by phosphate-based sealing treatment and some
crystal orientation changes and phase changes in laser-glazed coatings. The porosity of the outer layer of the
sealed coating decreased in all cases, which led to increased microhardness values. The hot corrosion resis-
tance of TTBCs against 60Na2SO4-40V2O5 deposit was determined in isothermal exposure at 650 °C for 200
h. Corrosion products and phase changes were studied with XRD after the test. A short-term engine test was
performed for the reference coatings (8Y2O3-ZrO2 and 22MgO-ZrO2) and for the phosphate-sealed coat-
ings. Engine tests, duration of 3 h, were performed at the maximum load of the engine and were intended to
evaluate the thermal cycling resistance of the sealed coatings. All of the coatings passed the engine test, but
some vertical cracks were detected in the phosphate-sealed coatings.

Keywords diesel engine, hot corrosion, laser glazing, sealing,
thermal barrier coating

1. Introduction

Plasma-sprayed zirconia coatings are widely used as thermal
barrier coatings (TBCs) in gas turbine hot section components
such as burners, transition ducts, and vanes. From the early
1980s, there have been many investigations to apply these coat-
ings also in diesel engines.[1-4] The conditions in diesel engine
combustion chambers differ considerably from those of gas tur-
bine hot sections. Thermal and mechanical loads and hot corro-
sion conditions set very demanding requirements on thermal
barrier coatings in both cases, but long-time durability of the
coating is a more difficult problem in diesel engines. The major
TBC failure mechanism that causes coating spallation in gas tur-
bines is bond coat oxidation, whereas hot corrosion, thermal cy-
cling, and mechanical loading are more expected coating failure
modes in diesel engines. Low- and medium-speed diesel engines
in marine and energy production applications use variable
grades of fuels that may contain impurities such as S, V, and Na.
In medium-speed production engines, the maximum combus-
tion pressure and the mean temperature in the combustion cham-
ber are considerably higher compared to high-speed diesel en-
gines used in the automobile industry.

There have been several attempts to solve these problems by
sealing the zirconia-based thermal barrier coating. Sealing of

open porosity in TBC coating can be accomplished by liquid
metal impregnation,[5] laser glazing,[6] hot isostatic pressing
(HIP),[7] sol-gel processing, or by thin chemical vapor deposi-
tion (CVD) overcoatings.[8-11] Organic sealants are mainly used
for corrosion protection at lower temperatures.[12] Yttria-
stabilized zirconia, 8Y2O3-ZrO2, has been generally used in the
gas turbine industry for years, but for diesel engine applications.
Also, other stabilized zirconia structures have been considered.
Namely, MgO, CeO2, Sc2O3, In2O3, and Yb2O3 stabilized zir-
conia have been studied as more hot corrosion resistant coat-
ings.[13] Other materials such as ZrSiO4, Ca2SiO4, CaTiO3, and
ZrTiO4 have been studied as hot corrosion resistant TBCs.[13]

The thermal properties of these other coating materials are less
favorable than are partially stabilized zirconia coatings because
thermal conductivities are higher and coefficients of thermal ex-
pansion (CTE) are considerably lower. Mullite coatings have
been studied to obtain better resistance against rapid thermal cy-
cling.[3,14]

High expectations have arisen about the benefits of using
TBCs in diesel engines. Some studies have shown that TBCs can
increase the coefficient of thermal efficiency of diesel process
and lower the fuel consumption.[15] Environmental aspects such
as NOx, SOx, CO, CO2, unburned hydrocarbons, and particle
emissions have been studied in engine tests with and without
TBCs.[1,3,15-18] Most of these studies disclose that TBCs de-
crease fuel consumption, but have a minor effect on emissions.
In most cases, the NOx emissions have increased because of
higher combustion temperature, but the other emissions have de-
creased or remained unchanged. Without question the diesel
process has to be adjusted correctly to utilize benefits of the ther-
mal barrier coating. With TBCs the mean combustion tempera-
ture can be increased in the diesel process because of the insu-
lating effect of the zirconia coating. At the same time the heat
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losses to the cooling system decrease. This extra heat can be
recovered in a turbocharger or in a flue gas boiler in a combined
cycle.

This study examined thermal and mechanical properties of
sealed TTBCs. The goal was to find methods to produce a dense
top layer on a thick thermal barrier coating (TTBC) without los-
ing the beneficial properties of the coating. Our earlier studies
showed that an aluminum phosphate sealing treatment improved
considerably the mechanical properties of thermally sprayed ox-
ide coatings.[19-23] In this paper we compare three separate seal-
ing methods and discuss their respective advantages and draw-
backs.

2. Experimental Procedure

2.1 Sample Preparation

Coatings of 8Y2O3-ZrO2 and 22MgO-ZrO2 were air plasma
sprayed (APS) with plasma spray equipment (Plasma-Technik
A3000S, Sulzer Metco AG, Wohlen, Switzerland). Agglomer-
ated and sintered (A/S) powder, ZRO 113/114 (Praxair, India-
napolis, IN), was the feedstock material for 8Y2O3-ZrO2 coat-
ings and fused and crushed (F/C) ZRO 103 powder was the feed-
stock for the 22MgO-ZrO2 coatings. Atomized AMDRY 962
MCrAlY powder was used as a bond coat material. The thick-
ness of the bond coat was ∼100 µm and top coat layers were
∼1000 µm. The main spray parameters are presented in Table 1.
Alloy 600 (74Ni16Cr8Fe1Mn0.5Cu0.5Si) was used as a sub-
strate material for specimens in the hot corrosion test, whereas
other coating specimens were prepared on AISI 4142 steel sub-
strates. Substrates were buttons with height of 5 mm and diam-
eter of 25 mm. All substrates were grit blasted just before spray-
ing using 60 grit alumina and 4 bar air pressure. The back of the
rotating specimen holder was air cooled during spraying. Abbre-
viations for all coating systems used in this study are presented in
Table 2.

2.2 Laser Glazing

Coatings 8Y and 22M were laser glazed using a 4 kW con-
tinuous-wave, fiber-coupled model HL4006D lamp-pumped
Nd:YAG laser (HAAS-Laser GmbH, Schramberg, Germany).
In the glazing experiments the laser was equipped with an
integrated water-cooled copper mirror with an effective focal
length of 100 mm. The optimized continuous laser power in

glazing processing was 3.5 kW and coating surface speed
was 4500 mm/min. The width of the laser beam was 10 mm
at the focused area, which was at a distance of 80 mm from
the mirror. The specific energy density of the laser beam with
the above-mentioned parameters is 4.7 J/mm2. Two parallel
10 mm wide tracks, with 1 mm overlapping, were used to pro-
duce a 19 mm wide glazed zone. Before the final preparation of
the studied coatings, laser-glazing parameters were optimized
by comparing coating microstructures with different specific la-
ser energy densities using continuous and pulsed laser beams. In
the optimization stage of the laser glazing, the predetermined
melting depth of the coating surface was reached, without caus-
ing coating spallation. In addition, introduction of vertical
cracks, which pass through the thickness of the coating, was
avoided.

2.3 Aluminum Phosphate Sealing Treatment

The 8Y coating was sealed with an Al(OH)3-(85%) H3PO4

solution diluted with 20 wt.% of deionized water. The ratio of
Al(OH)3 to (85%) H3PO4 was 1:4.2 by weight, which corre-
sponds to the molar ratio P/Al of about 3. The solution was
slightly heated and mixed with a magnetic stirrer until it became
clear. The 22M coating was sealed with orthophosphoric acid
(85%) H3PO4. Basic sealing tests showed that impregnation of
the (85%) H3PO4 sealant is more effective than the Al(OH)3-
(85%) H3PO4 solution in the case of the 22M coating. Compared
to aluminum phosphate sealant, orthophosphoric acid is more
reactive and has lower viscosity, so it penetrates into the dense
coatings more easily. Porosity of the magnesia-stabilized
coating in the as-sprayed state was lower than in the yttria-

Table 1 The Main Spray Parameters Used in the Air Plasma Spray (APS) Process

Praxair ZRO 113/114, A/S Praxair ZRO 103, F/C AMDRY 962

Composition 8Y2O3-ZrO2 22MgO-ZrO2 Ni22Cr10A11Y
Particle size [µm] −125 to +11 −75 to +10 −106 to +56
Argon flow rate [L/min] 35 35 55
Hydrogen flow rate [L/min] 12 2 9.5
Current [A] 600 600 600
Voltage [U] 71.0 70.3 70.5
Nozzle/electrode � [mm] 6 6 6
Injector � [mm] 1.8 1.8 1.8
Injector angle [°] 90 90 90
Axial powder feed distance [mm] 6 6 6
Spray distance [mm] 120 120 120
Powder feed rate [g/min] 48 28 75
Powder gas Ar flow rate [l/min] 2.6 2.4 4.1

Table 2 Abbreviations for the Studied Coating Systems

Coating System Code

APS-sprayed 8Y2O3-ZrO2 8Y
APS-sprayed 22MgO-ZrO2 22M
Laser-glazed 8Y2O3-ZrO2 8YL
Laser-glazed 22MgO-ZrO2 22ML
Aluminum phosphate-sealed 8Y2O3-ZrO2 8Y AP
Orthophosphoric acid-sealed 22MgO-ZrO2 22M OPA
8Y + D-Gun-sprayed 35SiO2-65ZrO2 8Y DZrSiO4

8Y + D-Gun-sprayed 8Y2O3-ZrO2 8Y D8Y
8Y + D-Gun-sprayed Cr2O3 8Y DC2O3
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stabilized coating. This difference in porosity was probably a
consequence of the dense and fine F/C feedstock powder. With
both coatings the sealant was spread onto the surface just before
the heat treatment. Heat treatment was performed at 300°C for
4 h in air.

2.4 Detonation Gun-Sprayed Dense Top
Coatings.

The 8Y2O3-ZrO2, Cr2O3 and ZrSiO4 layers were sprayed
onto the thick 8Y coatings with detonation gun equipment (Pe-
run-P, Paton Electric Welding Institute, Kiev, Ukraine) in order
to get as dense a top coating as possible. Finer powder (com-
pared to APS) was used in the detonation spray process because
of the lower heating power. The thickness of the top layer was 70-
400 µm. In this paper only the microstructural properties of deto-
nation gun-sprayed top coats are compared with other sealed
coatings. Spray parameters and powder information are listed in
Table 3.

2.5 Characterization

The coating microstructure was determined by optical mi-
croscopy (OM, model Versamet 3, Union Co., Japan) and scan-
ning electron microscopy (SEM) (model XL-30, Philips, Eind-
hoven, Netherlands). Energy dispersive spectrometry (EDS)
(model DX-4, EDAX International, Mahwah, NJ) was used in
elemental analysis in SEM studies. Polished microsections
and fracture planes were prepared for microscopy studies. Coat-
ing phase structure was characterized by x-ray diffractometry
(XRD), (Siemens D500, Karlsruhe, Germany) using Cu-K�
radiation (scan step 0.02°, step time 1.2 s). XRD analysis for
the sealed coatings was made after grinding a 50 µm layer
from the surface, because reaction products on the coating
surface normally differ considerably from those below the sur-
face. Coating microhardness (HV0.3) profiles were determined
by microhardness tester (Shimadzu, Kioto, Japan) from the coat-
ing cross section at 150-200 µm intervals. Results are presented
as mean values of the three separate measurements at each
depth.

2.6 Engine Tests

Engine tests were performed using a four-cylinder Valmet
411 DSJ high-speed (2400 rpm), diesel engine (Sisu Diesel Inc.,
Linnavuori, Finland). One cylinder of the test engine was modi-
fied for the data collection and coating testing. A specially de-

signed piston head for thick coating was used in these tests (Fig.
1). Piston heads were plasma sprayed manually to the targeted
TBC coating thickness of 1000 µm. Targeted bond coat thick-
ness was 100 µm. As a result of the geometry of the piston head,
some variation in coating thickness was observed.

Tests were carried out at the maximum load of the engine,
because the aim was to increase the mean temperature of the
combustion chamber as high as possible. The major objective of
these engine tests was to examine the resistance of the phos-
phate-sealed TTBC against mechanical and thermal load. The
duration of each test run was 3 h and coated piston heads were
tested in separate runs. Measurements and calculations made
from the data collected from the test runs showed that the mean
surface temperature on the piston head was 560 °C and maxi-
mum pressure in the combustion chamber was 130 bar. The peak
surface temperature during the engine cycle was estimated to be
300-400 °C higher than the mean temperature. Tested coatings
were inspected visually and by microscopic studies of the mi-
crosections. The engine was also instrumented to study the en-
gine’s basic performance characteristics with coated and un-
coated pistons. A finite element model (FEM) was used to
simulate the surface temperatures of the coatings during the test.
These basic engine performance results and FEM calculations
will be published elsewhere.

2.7 Hot Corrosion Test

As-sprayed, phosphate-sealed, and laser-glazed coatings
were exposed to 65Na2SO4-35V2O5 (mol.%) deposit in air at
650 °C for 200 h. This composition was chosen to simulate
the real deposits that build up in diesel engine combustion
chamber walls in service. Mixed starting materials, Na2SO4

and V2O5, were melted in an alumina crucible at 800 °C for 2 h.
The phase diagram of the Na2SO4-V2O5 system[24] is presented
in Fig. 2. The solidified deposit was crushed manually after
the heat treatment. The phase composition of the deposit after
the melting was quite complex and XRD analysis showed traces
of NaV6O15, NaV3O8, and Na2SO4. This composition, particu-
larly the residual Na2SO4, indicates that homogenization of the
starting materials was inadequate. The precipitation of the
NaV6O15 and NaV3O8 phases probably took place during the
slow cooling of the deposit. NaV6O15 was not presented in the
Na2SO4-V2O5 system in Fig. 2, but the chemical composition of

Table 3 The Main Spray Parameters Used in the
D-Gun Process

HC Starck
A706.072,

A/S

HC Starck
A727.054,

A/S

HC Starck
A840.1,

F/C

Composition Cr2O3 8Y2O3-ZrO2 65ZrO2-35SiO2

Phase structure �-Cr2O3 t� + m-ZrO2 t-ZrSiO4

Particle size (µm) −38 to +10 −45 to +10 −62 to +16
Acetylene flow rate (L/min) 22 22 22
Oxygen flow rate (L/min) 60 50 50
Air flow rate (L/min) 20 20 20
Spray distance (mm) 125 125 125

Fig. 1 Cross-sectional illustration of the piston head designed for the
test engine: (1-3) sites for temperature probes (Templugs) and (4) ma-
chined chase for TTBC coating
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that phase is quite close to that of Na2V12O31. Before the hot
corrosion test, 10 mg of this solid deposit was placed on each
specimen.

Specimens were inspected visually after the hot corrosion ex-
posure and residues of the Na2SO4-V2O5 deposits were removed
by light grinding. Microstructural changes of the coatings and
reaction products caused by the deposit were determined by
XRD. Tested coatings were also characterized by OM.

3. Results and Discussion

3.1 Coating Characterization

First, the sealing effect of different methods on coating mi-
crostructure was studied by examination of the coating cross
sections with an optical microscope. Optical micrographs of 8Y,
8Y AP, and 8YL coatings are presented in Fig. 3(a-c). The thick-
ness approximation for the sealed layer is presented with a dot-
ted white line in each optical micrograph. Corresponding micro-
graphs of the 22M coatings are presented in Fig. 4(a-c). As can
be seen from Fig. 3(b) and 4(b), the phosphate-based sealants
have penetrated into the coatings approximately 300-400 µm
and decreased the coating porosity to some degree. In laser glaz-
ing, the melted zone in the both coatings was thinner, about 50-
150 µm. Thicknesses of the detonation gun-sprayed D8Y,
DCr2O3, and DZrSiO4 top layers on 8Y coating were 70, 80, and
200 µm, respectively. For the detonation gun-sprayed coatings,
the thickness was a function of the spray passes. The 8Y D8Y
coating is presented in Fig. 5.

Microhardness profiles show the hardness increase in the

sealed top layer of the coatings (Fig. 6). Hardness in the top layer
of the laser-glazed coating was 1100-1250 HV0.3, whereas in the
phosphate sealed coating it was about 950 HV0.3. Hardnesses of
the D8Y, DCr2O3, and DZrSiO4 coatings were 1010, 1180, and
800 HV0.3, respectively. The microhardnesses of the as-sprayed
coatings varied between 450 and 700 HV0.3.

The laser-melted region was highly densified in 8YL and
22ML coatings, but some vertical cracks were detected, espe-
cially from the melted zone. Melting had occurred at a quite
uniform layer in 8YL coating, but in magnesia-stabilized coat-
ing, the thickness of the melted layer varied by a fair amount.
This difference probably results from the unequal laser beam
absorption of these two coating materials. The 8YL coatings had
a transparent and glass-like surface because of the better laser
beam absorption and melting. In contrast, the surface of the
22ML coating was quite rough and inhomogeneous. It seemed
that the surface of the 22ML coating had melted only locally.
The color of the yttria-stabilized zirconia coatings changed from
light gray to transparent yellow because of the laser-glazing pro-
cess. The white color of the 22M did not change in the laser
treatment. Close-up photographs and SEM top-view images of
the glazed TTBC coatings are presented in Fig. 7.

SEM studies showed the columnar/dendritic structure of the
laser-glazed zone. The structure of the 8YL coating is presented
in Fig. 8. From the fracture surface of the coating, some voids
could be detected at the lower region of the melted zone. Voids
are marked with white arrows in Fig. 8. Columnar structure of
the 22ML coating was not possible to detect from the fracture
surface specimen, but backscattered electron images taken from
the polished microsection showed the columnar/dendritic nature
of the properly glazed zone (Fig. 9). Some small sized pores
could be found from the glazed zone, but the pore size distribu-
tion was smaller if compared to 8YL coating.

The microstructural change in the phosphate-sealed coatings
can be clearly seen in optical micrographs in Fig. 3(b) and 4(b).
The sealed zone is denser in 22M OPA coating if compared to
the 8Y AP coating, but also the porosity of the magnesia-
stabilized coating was lower in the as-sprayed state. Phosphate
phases were difficult to observe in SEM/EDS studies, but our
earlier study,[23] showed the presence of the aluminum-rich
bonding phase in the 8Y AP coating structure. The bonding ef-
fect of the sealant can be seen in the SEM micrograph shown in
Fig. 10, taken from the fracture surface of the sealed top layer of
the 8Y AP coating. Typically, the fracture surface of the zirconia
coating is coarse, and lamellar structure and individual lamellae
are easily detected. In the denser regions of the phosphate-sealed
coating, marked with arrows, the fracture surface is quite plain
and just some of the splat boundaries could be detected.

XRD phase diagrams for the coating surfaces of the yttria-
stabilized zirconia coatings are presented in Fig. 11(a-d). The
8Y2O3-ZrO2 spray powder (A/S) consists of tetragonal (t-ZrO2),
cubic (c-ZrO2), and monoclinic (m-ZrO2) zirconia. In the as-
sprayed coating, the metastable t�-ZrO2 was the major phase, but
some minor traces of the c-ZrO2 and m-ZrO2 still appeared. In
the 8Y AP coating the amount of m-ZrO2 was slightly increased
compared to the as-sprayed coating. Any reaction products
caused by phosphate-sealing treatment could not be found by
XRD. This may be the consequence of the low concentration of
the bonding phases or their amorphous microstructure. In the
laser-glazed coating, the phase structure was purely t�-ZrO2. The

Fig. 2 Na2SO4-V2O5 phase diagram[24]
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relative intensity of the individual diffraction peaks was changed
greatly; this is due to the columnar grain orientation, caused by
laser-glazing process. Detailed XRD studies from the 2�-region

of 72-76° showed that the lattice parameters of the glazed coat-
ing differ in some degree if compared to as-sprayed coating (Fig.
12). There is a wider gap between the peaks t� (400) and t� (004)

Fig. 3 Optical micrographs of the 8Y2O3-ZrO2 coatings: (a) 8Y, (b) 8Y AP, and (c) 8YL

Fig. 4 Optical micrographs of the 22MgO-ZrO2 coatings: (a) 22M, (b) 22M OPA, and (c) 22ML coating
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in the laser-glazed coating. This is an indication of the slightly
lower concentration of the Y2O3 in ZrO2 structure.[25] Yttria
may have locally redistributed in zirconia structure during so-
lidification after the glazing process.

XRD data for the surface of the magnesia-stabilized zirconia
coatings are presented in Fig. 13(a-d). The phase structure of the
22MgO-ZrO2 spray powder (F/C) was mainly cubic (c-ZrO2)

with some free cubic MgO phase (c-MgO, periclase). These
same phases were present in the as-sprayed coating, but quite
intense broadening of the c-ZrO2 peaks could be detected. Peak
broadening of the c-ZrO2 in the as-sprayed 22M coating may be
a consequence of the concentration variations of MgO in the
c-ZrO2 structure. Phosphate-based sealing affected just slightly
the phase structure of the 22M coating when measured after the
50 µm top layer was ground off. Some traces of the reaction
products still caused by the sealant could be detected from the
2�-region at 15-30°. Intensity of these peaks and the peak/
background ratio was too low to use them in identification. If
just the surface roughness of the 22M OPA coating was
smoothed instead of grinding away 50 µm, clear zirconium
phosphate (ZrP2O7) peaks were identified. It seemed to be the
most probable crystalline reaction product between the 22M
coating and orthophosphoric acid.

In the 22ML coating, in addition to the c-ZrO2 structure,
some rhombohedral Mg2Zr5O12 could be detected. EDS analysis
showed that in the lighter region of the melted zone, the con-
centration of the MgO was ∼8 wt.%, and in darker region, the
concentration was ∼17 wt.%. These regions are marked with ar-
rows in Fig. 9. The vapor pressure of MgO, in the molten state
during the laser glazing, is much higher than that of ZrO2. The
decrease of total amount of MgO in the coating structure is a
consequence of its vaporization during the laser-glazing pro-
cess. Peak broadening of the c-ZrO2 phase in the 22ML coating
did not occur as it did in the as-sprayed coating. This is probably
a consequence of the uniform redistribution and lower concen-

Fig. 5 Optical micrographs of the 8Y D8Y coating

Fig. 6 Microhardness profiles for sealed coatings

Journal of Thermal Spray Technology Volume 11(3) September 2002—325

P
eer

R
eview

ed



tration of the magnesia in the c-ZrO2 structure after the glazing
process.

Detonation gun-sprayed D8Y, DCr2O3, and DZrSiO4 coat-
ings showed considerably lower porosities compared to APS-
sprayed 8Y coating. The dense and crack-free structure of the
detonation gun-sprayed coatings indicated sufficient melting
of ceramic powders. The 8Y2O3-ZrO2 feedstock powder
(A727.054) contained a minor fraction of m-ZrO2. XRD studies
showed that the phase structure of the D8Y coating was t�-ZrO2.
This was also an indication of the proper melting of the 8Y2O3-
ZrO2 powder. Cr2O3 powder and the DCr2O3 coating consisted
mostly of the eskolaite type hexagonal �-Cr2O3. Some minor
amounts of Cr, CrO, and Cr3O4 were also detected from the
sprayed coating. These minor phases are probably a conse-
quence of the decomposition of the hexagonal �-Cr2O3 struc-
ture during spraying. DZrSiO4 coating consisted mostly of
the t�-ZrO2 and m-ZrO2 phases. This indicates that ZrSiO4

structure has decomposed during spraying and some amount
of SiO2 has formed a solid solution with ZrO2 and stabilized
the t�-ZrO2 structure. The rest of the SiO2 has obviously form-
ed an amorphous structure during rapid cooling in the spray
process.

3.2 Engine Tests

Visual examination of the coated piston crowns showed
some vertical cracks in phosphate-sealed coatings, but no coat-
ing spallation was observed. In the 22M OPA coating the crack
density was higher as compared to the 8Y AP coating. Damage
in unsealed coatings was not detected visually. Cross-sectional
specimens were cut from the rim region of the piston bowl. Tem-
perature measurements and FEM calculations showed that the
surface temperature was highest in this region. Micrographs of
the engine-tested coatings are presented in Fig. 14. During mi-
crosectional examination, some cracks that were parallel to the
piston surface were found in the 22M OPA coating. Only a few
vertical cracks were detected in the 8Y AP coating. Unsealed
coatings did not show any microstructural changes.

Cracking of the sealed coatings can be explained by the
denser structure of the outer layer of the coating. The capability
of coating surface to adapt to thermal cycling loading had obvi-
ously decreased, because of the lower porosity and lower micro-
crack density of the sealed coating. Because the sealed coatings
did not spall during the test runs, it is difficult to estimate their
service life. The effect of vertical cracks induced by the engine

Fig. 7 Top view of the laser-glazed coatings: (a) close-up photograph of the 8YL coating, (b) SEM micrograph of the 8YL coating, (c) close-up
photograph of the 22ML coating, and (d) SEM micrograph of the 22ML coating
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test could be positive in long-term engine runs when thermal
cycling resistance is considered. In that case, the other beneficial
properties of the sealed coatings, such as better erosion and hot
corrosion resistance, could be utilized.

3.3 Hot Corrosion Test

First, the visual inspection of the exposed specimens showed
that the 22M coatings were in better condition than were the 8Y
coatings. All coatings showed color changes to different shades
of brown, yellow, and green. The 8Y and 8Y AP coatings frac-
tured and spalled during the post-test cooling. Cracking was
very violent and coating fragments bounced off the substrate.
Coating phase changes and reactions with the molten deposit, as
well as solidification of the deposit into the coating defects dur-
ing cooling, probably had caused strong internal stresses within
the coating. The 22M OPA coating also exhibited stress-induced
spalling, but the coating remained in one piece. The 22M coating

Fig. 8 Fracture surface of the 8YL coating

Fig. 9 SEM backscattered electron image of the polished cross section
of the 22ML coating

Fig. 10 Fracture surface of the 8Y AP coating

Fig. 11 XRD diagrams for 8Y2O3-ZrO2 powder and coating surfaces:
m = m-ZrO2, t� = t�-ZrO2, t = t-ZrO2, c = c-ZrO2. (a) Spray powder, (b)
8Y coating, (c) 8Y AP coating, and (d) 8YL coating.
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and both laser-glazed coatings did not spall during or after the
test. Cross-sectional SEM images of the 8YL coating, after the
hot corrosion test, are presented in Fig. 15. A vanadium-rich
deposit was found by EDS analysis from the crack tip 150 µm
below the surface and it is marked with an arrow. This means
that molten corrodant can penetrate under the sealed surface
layer through the typical vertical cracks in laser-glazed coatings.

XRD studies showed the phase changes in zirconia and the
reaction products with the coating and the Na2SO4-V2O5 de-
posit. The studies also revealed the composition of the white-
colored residue deposit on the coatings surface. It consisted
mostly of Na2SO4 and it had obviously solidified during the ex-
posure. The most common phenomenon with all coatings was
the increase of the proportion of the m-ZrO2. In the laser-glazed
coatings, the amount of m-ZrO2 was much lower than in the
other coatings. Zirconia destabilization (phase changes t�-ZrO2
→ c-ZrO2, t-ZrO2, and c-ZrO2, t-ZrO2 → m-ZrO2) had occurred
because of the reactions between the stabilizing oxides Y2O3,
MgO, and the Na2SO4-V2O5 deposit.

XRD diagrams of the 8Y, 8Y AP, and 8YL coatings are pre-
sented in Fig. 16(a-c). In all cases Y2O3 had reacted with vana-
dium and formed YVO4. This reaction (Eq 1) was reported in
several studies[26-28] and it is known to be a problem with yttria-
stabilized zirconia in vanadium-containing environments at a
temperature range of 600-900 °C.

Y2O3 ( in t�-ZrO2 ) + V2O5 ↔ 2YVO4 with formation of m-ZrO2

( Eq 1)

XRD showed some free Na2SO4 for the laser-glazed coating. It
probably exists in the groove between two laser-glazing tracks
and could not be removed by light grinding. The major phase in
the reference and 8Y AP coating was m-ZrO2, whereas the t�-
ZrO2 dominated the structure of the laser-glazed coating. There
are two possible reasons for this: (1) either the transformed t�-
ZrO2 structure in laser-glazed coating was more resistant to re-
action with the deposit, or (2) the specific surface area for the
corrosion reaction was much lower, because of the very dense
glazed layer.

XRD diagrams of the exposed 22M, 22M OPA, and 22ML
specimens are presented in Fig. 17(a-c). Destabilization of the
c-ZrO2 took place in all coatings. Again, the laser-glazed coating
was the best performing coating in this test. In the laser-glazed
coating, the rhombohedral Mg2Zr5O12 appeared to be a more
stable phase in the test environment compared to c-ZrO2. Some
unidentified diffraction peaks were present in the XRD diagram
for 22M OPA and 22ML coatings. These peaks did not fit ex-
actly to any reaction products expected, but some correlations
were found with MgV2O6. Other expected reaction products ac-
cording to the phase diagram of MgO and V2O5

[29] were
Mg2V2O7, MgV6O17, and Mg3V2O8, but these phases were not
found from exposed 22M coatings. MgO has been reported to
form MgSO4 in the presence of Na2SO4(l) and SO3(g).[30] Mag-
nesium sulfate was not found in XRD studies. In as-sprayed
coatings there was some free c-MgO phase, which completely
disappeared from all coatings during the exposure, according to
XRD studies. Lack of the free c-MgO and destabilization of the
c-ZrO2 in exposed coatings mean that MgO reacted to some ex-
tent with the Na2SO4-V2O5 deposit.

4. Conclusions

Three different sealing procedures of the thick thermal
barrier coating were described: (1) impregnation of phosphate-
based sealant, (2) surface melting by laser glazing, and (3) spray-
ing of dense top coating with detonation gun. Coating micro-
structural properties were characterized and some thermal and
mechanical properties were studied. The most important results
are listed below.

• In laser-glazed TTBCs, the thickness of the melted zone
was 50-150 µm. With phosphate-based sealing treatments it
was possible to apply 300-400 µm thick densified top layers.
Detonation gun-sprayed top layers were 70-200 µm thick.

• Microhardness of the outermost portion in the sealed top
layer in laser-glazed coatings was 1100-1250 HV0.3 and
∼950 HV0.3 in phosphate-sealed coatings. Microhardnesses
of the detonation gun-sprayed coatings varied between 800
and 1180 HV0.3. The microhardnesses of the as-sprayed
coatings varied between 450 and 700 HV0.3.

• Phase structure of the as-sprayed 8Y coating changed in la-
ser glazing from t�-ZrO2, c-ZrO2, and m-ZrO2 to t�-ZrO2.
Lattice parameters of the t�-ZrO2 in the laser-glazed coat-
ings were changed by reduced Y2O3 content in the coating.
Phosphate phases were not possible to detect by XRD from
the 8Y AP coating.

• In the laser-glazing process, the phase structure of the mag-
nesia-stabilized zirconia changed from c-ZrO2 to a mixture
of rhombohedral Mg2Zr5O12 and c-ZrO2. Unidentified dif-
fraction peaks were detected in XRD studies of the 22M
OPA coating. These peaks might belong to the phosphate-
based bonding phase.

• Detonation gun spraying could be used to produce denser
ceramic top layers onto conventionally sprayed TTBCs.

• The 8Y and 22M coatings passed the engine test without
any damage. In phosphate-sealed coatings, some vertical
microcracks were built up during the test run. However, no
spallation was observed in any case.

Fig. 12 XRD diagrams of the 8Y2O3-ZrO2 coating surfaces from the
2�-region 72 to 76°: (a) 8Y coating and (b) 8YL coating
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• Critical phase changes and corrosion reactions were ob-
served in 8Y, 8Y AP, and 8YL coatings after the hot corro-
sion test. The amount of the m-ZrO2 increased greatly and
YVO4 formed in all cases. The laser-glazed coating per-
formed best in the hot corrosion test.

• The 22M, 22M OPA, and 22ML coatings were slightly
more resistant to Na2SO4-V2O5 than were yttria-stabilized
coatings, if coating color changes and cracking are consid-

ered. Coatings also suffered undesired zirconia phase
changes, but in laser-glazed coatings, the Mg2Zr5O12 phase
seemed to be more resistant against hot corrosion than did
c-ZrO2.
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