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Abstract

In this study, Inconel 738 LC superalloy coupons were first sprayed with a NiCoCrAlY bond coat and then with a ceria and yttria
stabilized zirconia (CYSZ) top coat by air plasma spraying (APS). After that, the plasma sprayed CYSZ thermal barrier coatings
(TBCs) were treated using a Nd:YAG pulsed laser. The effect of laser glazing on the microstructure of the coatings was investigated. The
microstructures and surface topographies of both as-sprayed and laser glazed samples were investigated using field emission scanning
electron microscope (FESEM) and atomic force microscope (AFM). The phases of the coatings were analyzed with X-ray
diffractometry (XRD). The microstructural analysis results revealed that laser surface glazing of ceramic top coat reduced the surface
roughness considerably, eliminated the surface porosities and produced a network of continuous cracks perpendicular to the surface.
XRD patterns also showed that both as-sprayed and laser glazed top coats consisted of nonequibrium tetragonal (T’) phase.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Thermal barrier coatings (TBCs) have been widely used
for the protection of gas turbine and diesel engines by
reducing heat transfer from combustion gas to the engine
components [1,2]. TBCs are powerful tools to enhance
engine efficiency and performance [3—5], in terms of higher
operating temperatures [6] or lower cooling air flow, as
well as lower emissions and lower fuel consumption [4].

A typical TBC system includes MCrAlY (M=Co and/or
Ni) metallic bond coat as the oxidation resistant layer and
ceramic top coat as the thermal insulation layer [7,8]. The
ceramic top coat has a significantly low thermal conductiv-
ity, reducing the temperature of the underlying superalloy in
relation to the gas path temperature [9,10]. The metallic
bond coat is deposited between the metallic substrate and
the ceramic top coat to protect the underlying metal from
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oxidation and high temperature corrosion and enhance the
adherence between the dissimilar substrate and the top coat
[11-13]. Nowadays, TBCs are usually produced by either air
plasma spraying (APS) or electron beam-physical vapor
deposition (EB-PVD) [14-16]. However, due to the com-
paratively cost-effective deposition conditions and high
deposition efficiency, plasma spraying technology has found
wide acceptance till date [17,18].

The selection of TBC materials is restricted by some basic
requirements such as high melting point, no phase trans-
formation between room temperature and operating tem-
perature, low thermal conductivity, chemical inertness,
thermal expansion match with metallic substrate, good
adherence to metallic substrate and low sintering rate of
porous microstructure. Therefore, the number of materials
that can be used as TBCs materials is very limited [5]. Yttria
stabilized zirconia (YSZ) has been usually chosen for the
top coat material because of its high coefficient of thermal
expansion (CTE), which closely matches that of the sub-
strate, and low thermal conductivity [19-23]. However,
when applied in more demanding environments such as
higher temperatures, corrosion and stress were scrutinized
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and the ZrO,-CeO,-Y,0; (CYSZ) coating appeared to be
promising [24,25]. In addition, it has been indicated that the
CYSZ coating was superior to the YSZ coating due to its
phase stability at high temperature [1,24,25], improved
thermal insulation, higher CTE [22,24], good corrosion
and thermal shock resistance [24,26].

According to Tsai et al. [27,28], there are two main
factors limiting the life of thermal barrier coatings: the
oxidation of the bond coat and the thermal mismatch
stress. Erosion and corrosion are factors that contribute to
the degradation of TBCs and become more important in
the presence of high heat flux and a corrosive environment.

Laser treatment is currently recognized as a promising
technique for the improvement of plasma sprayed TBCs
performance and extension of their lifetime [29-33]. Laser
surface modification of YSZ TBCs is associated with
reducing surface roughness, sealing open porosity [34,35]
and generating a controlled segmented crack network
perpendicular to the surface [36,37].

Studies conducted by Tsai and Tsai [38] reported that
the use of a pulsed laser prevented defect formation in
plasma sprayed ZrO,-20 wt%Y,03/MCrAlY coatings,
which occurred easily with a continuous wave laser. Batista
et al. [34] used both Nd:YAG and CO, lasers for glazing of
8YSZ coatings. Their results indicated that the crack
density was similar in both cases; however, the width of
the cracks was substantially smaller in those treated with
Nd:YAG laser. Also, voids were found on the surface of
the CO, laser glazed coatings, while no such case was
noticed in those treated with the Nd:YAG laser. Thus, it
seems that the pulsed Nd:YAG laser is better for the
glazing of zirconia based TBCs than other lasers.

Despite the high potential of laser technology, a few
studies have examined the use of laser modification
technique in the improvement of plasma sprayed TBCs
properties. On the other hand, in this field, up to now,
most researches have been conducted on the laser glazing
of YSZ coatings. It seems that the evaluation of micro-
structural changes of CYSZ coatings after laser glazing is a
new research area. Therefore, in order to methodically
explain the performance of laser glazed CYSZ thermal
barrier coatings under various conditions, detailed studies
on the microstructure of as-sprayed and laser glazed CYSZ
TBCs seem necessary. Hence, this work aims at obtaining
the optimum parameters for laser glazing of CYSZ TBCs
by using pulsed Nd:YAG laser and characterizing them by
comparing them with the as-sprayed ones. This was to

Table 1
Laser glazing parameters.
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acquire a better understanding of the microstructural
change produced in CYSZ TBCs by laser surface modi-
fication process.

2. Experimental procedures
2.1. Material

Inconel 738 LC superalloy was used as the substrate
with the dimension of 16 mm x 16 mm x 10 mm. The ceramic
powder of ZrO,-25 wt%CeO,-2.5 wt%Y,0;3 (CYSZ; 205-
NS, Sulzer Metco, Westbury, NY, 16-90 um) as a feedstock
for top coat and commercially Ni-23Co-18Cr—6Al-1Y
(Wt%) metallic powder (22 SN 6883, S.N.M.I.-Avignon,
38-75 um) as a feedstock for bond coat were air plasma
sprayed.

2.2. Air plasma spraying

The thermal barrier coatings, composed of a bond coat
(125 £ 25 pm thick) and a top coat (265 + 25 um thick),
were deposited by air plasma spraying (APS) system. Air
plasma spraying was carried out by the Plasma-Technik
A3000S system (Sulzer Metco, Wohlen, Switzerland) with
a F4-MB plasma gun (Sulzer Metco AG, Winterthur,
Switzerland). The substrates were grit blasted, degreased
and cleaned with acetone and preheated with plasma gun
prior to spraying. The measured surface roughness (R,) of
substrates was 9.20 um. During the spraying process, a
cooling system (air blowing) was applied to reduce the
coatings temperature. In the authors’ previous study [39],
desirable CYSZ TBCs were obtained and appropriate
spraying parameters were suggested.

2.3. Laser treatment

The coated samples surfaces were laser treated by a
Nd:YAG pulsed laser, model IQL-10 with mean power of
400 W and standard square shaped pulses. After determin-
ing optimum parameters, the final samples were placed on
the x—y table and the laser beam was scanned over the
specimen surfaces, generating multiple parallel tracks of
controlled overlapping to treat the whole surface area of
the coatings.

Since the microstructure and quality of the glazed layer
play an important role in the performance of TBCs, it is
very important to select suitable laser parameters. In order

Parameter Series 1 Series 2 Series 3 Series 4 Series 5
Average power (W) 200 160 120 120 80
Pulse frequency (Hz) 40 40 30 30 20
Scanning speed (mm/s) 6.67 10 20 20 20
Argon flow rate (SLPM™) 10 10 10 10 10

*Standard Liter Per Minute.
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Fig. 1. Schematic illustration of thermal insulation capability test.

to determine optimum parameters, several series of para-
meters were used. These parameters are summarized in
Table 1. Optimum parameters were sclected based on
melted depth and surface quality of the glazed layer.

2.4. Thermal insulation capability test

To evaluate thermal insulation value of TBCs, the thermal
insulation capability test was designed and administered. The
schematic illustration of thermal insulation capability test is
shown in Fig. 1. To implement the test, electric furnace door
with a refractory mulite was replaced. The substrate was
coated with TBC so that coated surface inside furnace and
substrate backsides in air, embedded within the refractory
mulite. In order to eliminate the effects of temperature drop by
substrate, cooling the substrate backside by the air and
instrumental errors, a similar substrate without TBC was used
as voucher sample. Open spaces between the refractory/
furnace and refractory/sample were closed using high tem-
perature sealant. Three thermocouples were used as sensors,
one was located in the furnace to measure the furnace
temperatures (7,) and others were sealed on both sample
backsides to monitor the backside temperatures of the coated
sample (7) and voucher sample (75). The thermocouples were
linked to thermometer and then computer to record the
heating temperature curves (7, 7; and 7). After installation,
the electric furnace was heated to 1000 °C with the average
rate of 15 °C/min. To stabilize temperature conditions, the
samples were kept at 1000 °C for 40 min. Ty, 77 and 75 record
from the beginning of the test in one minute time intervals and
=T curves were plotted. Finally, the thermal insulation
capability by the temperature drop across TBC (AT=T,— T)
for twenty-end data was calculated. A test similar to this test
has also been performed by Gong et al. [22].

2.5. Characterization

The microstructural characteristics of as-sprayed and
laser glazed coatings were investigated by a field emission

scanning electron microscope (FESEM; S-4160, Hitachi
Ltd., Japan). Surface topography of as-sprayed and laser
glazed coatings was evaluated by atomic force spectro-
scope (AFM; DME Dualscope DS-95-200-E, Denmark;
0.12nN, 30 pm/s). Phase analysis has been carried out
with the use of X-ray diffractometry (XRD; Bruker-D8
ADVANCE, Germany; 40 kV, 40 mA, Cu-Ka radiation).
The surface roughness (R,) of as-sprayed and laser glazed
coatings was measured by a roughness tester (Mitutoyo SJ-
201P, Japan). The roughness reported was the average of
five values scanned from different areas on coating surface.

3. Results and discussion
3.1. Microstructure of as-sprayed coating

Fig. 2 shows the FESEM micrograph of top surface of
as-sprayed CYSZ coating. It can be seen that top surface
of coating is very rough because it includes splats (molten
particles deformed on impact into a pancake shape) that
are deposited on surface with different felattening para-
meters. Enclosing transverse microcracks are also visible.
Fig. 3 shows the fractured cross section of plasma sprayed
CYSZ coating. The coating exhibited a layered structure
including splats that are placed on each other. As can be
seen, in this figure, the structure within each splat is
crystalline with well-defined columnar grains. Also, the
presence of inter-splat cracks and porosities is evident. The
formation of these defects is attributed to random deposi-
tion, residual stresses during the deposition process, the
lack of complete overlap of adjacent splats and gas
entrapment during the deposition process [40]. This is a
common feature of plasma sprayed ceramic coatings,
reducing thermal conductivity and also affecting mechan-
ical properties of the coatings. However, these pores and
microcracks inevitably provide infiltration paths for molten
salts to attack the coating [41].
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Fig. 2. FESEM micrograph of top surface of as-sprayed CYSZ coating.

Fig. 3. SEM micrograph of fractured cross section of plasma sprayed
ceramic top coat.

3.2. Determination of optimum laser treatment parameters

Optimum parameters of laser surface modification were
determined based on thickness and surface quality of the
glazed layer. Therefore, the average thickness of treated
layer should be as low as possible so that the minimum
microstructural changes occur and only a thin dense layer
is formed on the surface of top coat. Moreover, the crack
network produced by laser processing must be regular.
This is expected to be beneficial for accommodating the
oxidation stress and mismatch stress.

Fig. 4(a) shows the FESEM micrograph of the cross
section of first sample laser treated by first series of
parameters. As shown, the average thickness of molten
layer is 750 um at top coat, while the bond coat and a part
of substrate were melted. Moreover, the surface of glazed
layer was rough, containing an irregular network of
cracks. Therefore, for melt depth reduction, scan speed

and nozzle distance from the surface were increased and
laser power was decreased as compared to first series of
parameters. According to Fig. 4(b), the average thickness
of molten layer was obtained which was around 165 um by
second series of parameters. As can be seen, a large part of
top coat was melted and the crack network produced on
the surface was very irregular. Therefore, these parameters
were not suitable and then the treatment was performed by
third series of parameters. Accordingly, laser power and
pulse frequency were decreased and scan speed and nozzle
distance from the surface were increased more than second
series of parameters. However, the average thickness of the
molten layer was also high and a large part of top coat was
melted. In addition, surface cracks were partly irregular.
This is shown in Fig. 4(c). In the fourth step, only nozzle
distance from the surface was increased more than the
previous parameters. As shown in Fig. 4(d), the average
thickness of molten layer was obtained which was around
58 um. As can be seen, the crack network produced on the
surface was more regular than the previous steps, but
melting depth was higher than the desirable value. Thus, in
order to obtain the suitable molten depth, laser power and
pulse frequency were still less. According to Fig. 4(e), by
using fifth series of parameters, the average thickness of
molten layer was obtained which was around 30 pm and
the crack network was very regular. In addition, there was
no defect on the surface of the sample. Therefore, fifth
series of parameters with 20% overlap were selected as the
operating parameters for laser surface modification of
plasma sprayed CYSZ thermal barrier coatings. The
melting depth for various parameter series is graphically
presented in Fig. 5.

3.3. Microstructure of laser glazed coating

Laser glazing effects on the microstructure of as-sprayed
coatings are described below.

3.3.1. Surface roughness reduction

Fig. 6 shows the top surface of laser glazed coating. It
can be seen that rough and irregular surface of as-sprayed
coating (Fig. 2) was changed to smooth and flat surface
after laser glazing process. Fig. 7 shows the AFM micro-
graphs of as-sprayed and laser glazed coating surfaces. It
confirms considerable reduction of the surface roughness
after laser glazing process. In laser surface modification
process, laser beam was radiated on the surface, remelting
it by high heat creation. When the laser beam passed
through the molten area, this zone was solidified rapidly.
These remelting and resolidification phenomena resulted in
the reduction of surface roughness of plasma sprayed
coating. The measured surface roughness (R,) of laser
glazed coating (2.20 um) and as-sprayed coating (7.58 pm)
also confirms this reduction. According to the previous
studies [35,36], considerable reduction in the surface
roughness leads to the improvement of the erosion. Also,
due to the reduction of specific surface area of the glazed
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Fig. 4. Cross section FESEM micrographs of laser treated sample by (a) first, (b) second, (c) third, (d) fourth and (e) fifth series of parameters.
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Fig. 5. Melting depth for various parameter series.
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Fig. 6. FESEM micrographs of top surface of laser glazed coating.

layer, the corrosion reaction of the molten salts with the
top coat will be reduced as compared with the coatings in
the as-sprayed condition [34].

3.3.2. Segmented cracks generation

Based on Fig. 6, a continuous network of segmented
cracks is visible on the surface. Fig. 8 shows the FESEM
micrograph of fractured cross section of laser glazed
coating. As shown, the glazed layer had segmented cracks
perpendicular to the surface. Accordingly, the thickness of
the glazed layer was 25-30 um and the segmented cracks
would extend throughout the remelted layer thickness. The
formation of segmented cracks is attributed to shrinkage
and relaxation of residual stresses during the rapid and
nonuniform cooling of molten zirconia [36,37] and prob-
ably to the large and localized temperature gradient which
generates residual stresses after the laser has passed [36].
The segment cracks are expected to be beneficial for
accommodating the oxidation stress, mismatch stress,
and the increased thermal shock resistance of TBCs
[24,34].

3.3.3. Sealing open porosity

High magnification micrograph of the glazed layer is
shown in Fig. 9. As can be seen, the laser glazed layer had
a dense microstructure and the as-sprayed structure por-
osities were eliminated due to remelting and resolidifica-
tion. Sealing open porosities and creating dense
microstructure result in the improvement of the hot
corrosion resistance of zirconia based TBCs by preventing
molten salt penetration into the coating. This is in
accordance with the results obtained in the previous works
[27,28,34]. In addition, the microholes formed due to the
gasification and the bubbles formed during the melting are
not evident in the melt region (Fig. 9). This is mainly
because of the low scanning speed of the laser beam;
consequently, bubbles formed during the laser melting
coalesce and escape during melting and voids formed by
the bubbles are filled with liquid due to the surface tension
force [33].
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Fig. 8. FESEM micrograph of fractured cross section of laser glazed
coating.
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Fig. 9. High magnification FESEM micrograph of laser glazed layer.

3.4. Phase analysis of coatings

The XRD patterns of as-sprayed and laser glazed coat-
ings are shown in Fig. 10. As can be seen, both coatings
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Fig. 10. XRD patterns of as-sprayed and laser glazed CYSZ coatings.

consisted of tetragonal (T’) phase. T’ phase is a kind of
non-equilibrium phase formed due to the rapid cooling at
room temperature [42,43]. The cooling rate of the splats
during the plasma spraying process was estimated to be
higher than 10’ °Cs™' and the estimated cooling rate of
the glazed layer is about 10*—10%°Cs~! [24]. Therefore,
the presence of zirconia in the T’ phase after plasma
spraying and laser glazing is a common subject approved
by other researches too [22,41]. The relative peak intensity
of as-sprayed coating is similar to data from JCPDS-00-
017-0923 card whereas the laser glazed coating revealed the
highest (200) peak intensity. This implied that the laser
glazed coating exhibited a preferred orientation of [100]
direction. More discussion on this subject needs further
investigations and is not within the scope of this paper.

3.5. Thermal insulation capability

The main task of the TBCs is to reduce the transfer of
thermal energy to the hot section of metal components.
Therefore, the thermal insulation capability is considered
as one of the most significant factors for evaluating the
performance of TBCs. In this study, the thermal insulation
capability of TBCs was evaluated by the temperature drop
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Fig. 11. Heating temperature curves of furnace and samples: as-sprayed TBC (a) and laser glazed TBC (b).

across TBCs. Based on the results (Fig. 11), thermal
insulation capability for as-sprayed and laser glazed CYSZ
TBCs was found to be 132 °C and 121 °C, respectively.
This demonstrates that the thermal insulation capability of
the laser glazed TBC, as compared to the as-sprayed TBC,
was around 8% lower.

The ability of thermal insulation of plasma sprayed
CYSZ coatings is attributed to the characteristics of crystal
structure and microstructure, which result from the spray-
ing process. Generally, in the ceramic materials, the lattice
vibration controls thermal conductivity by scattering of
phonons and thereby hindering the transportation of
phonons. Adding stabilizers to the crystal structure of
zirconia led to the creation of O®~ vacancies and local
strain fields in the lattice structure. These vacancies and
strain fields directly increase phonon scattering in the
lattice [40]. On the other hand, the microstructure of
plasma sprayed TBCs contains a network of microcracks
and porosities, providing low thermal conductivity
through thickness [42,44].

In laser glazed TBCs, a little part of layered structure of
top coat, including microcracks and porosities, was alter-
nated with the dense structure. Therefore, little reduction
in thermal insulation capability can be attributed to this
microstructural change, which is the most effective reason
for improvement of erosion, corrosion and thermal shock
resistance of TBCs.

4. Conclusion

The CYSZ thermal barrier coatings were produced by
air plasma spraying. Optimum parameters for laser surface
modification of plasma sprayed CYSZ thermal barrier
coatings by pulsed Nd:YAG laser were obtained. The
microscopic observation showed that laser glazing process
reduced the surface roughness considerably, eliminated the
surface porosity and produced a network of continuous
cracks perpendicular to the surface. Both as-sprayed and
laser glazed coatings consisted of tetragonal (T’) phase.
The thermal insulation capability of the laser glazed TBC,

as compared to the as-sprayed TBC, was slightly lower due
to microstructural change in the thin layer of top coat.
However, it is expected that the microstructural changes
resulting from laser surface modification lead to the
improvement of the resistance to erosion, corrosion and
thermal shock of plasma sprayed CYSZ TBCs.
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