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Abstract

The main goal of this paper was to evaluate the effects of laser glazing on the microstructure and thermal shock resistance of nanostructured
thermal barrier coatings (TBCs). To this end, nanostructured yttria stabilized zirconia (YSZ) top coat and NiCrAlY bond coat were deposited on
Inconel 738LC substrate by air plasma spraying (APS). The Nd:YAG pulsed laser was used for laser treatment of top coat surface. The thermal
shock behavior of plasma-sprayed and laser-glazed coatings was investigated by quenching the samples in cold water from 1000 °C.
The microstructure and phase composition of the coatings were characterized by scanning electron microscopy (SEM) and X-ray diffractometry
(XRD). Energy dispersive spectroscopy (EDS) was used to analyze the interface diffusion behavior of the bond coat elements. The results of
SEM revealed that the laser glazing process reduced the surface roughness, eliminated the porosity of the surface and produced network cracks
perpendicular to the surface. XRD results also indicated that both as-sprayed and laser glazed coatings consisted of non-transformable (T") phase.
Thermal shock test results showed that the lifetimes of the plasma-sprayed TBCs were almost doubled by laser glazing. Continuous network of
segmented cracks perpendicular to the surface produced by laser glazing improved the strain accommodation and recognized it as the main

enhancement mechanism for TBC life extension.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Thermal barrier coatings are highly advanced material
systems usually applied to metallic surface, such as gas turbine
engines which operate at elevated temperatures [1-3]. The
TBC system consists of a ceramic top coat, a metallic bond
coat, and a superalloy substrate [4,5]. The ceramic top coat is
typically composed of yttria stabilized zirconia,which is
desirable for ensuring low thermal conduction and high
thermal expansion coefficient while remaining stable at oxidiz-
ing and combustion atmospheres, which closely match those of
the substrate [6,7]. The bond coat consists of MCrAlY, where
M is a metal such as Co and/or Ni. The bond coat layer
generally ensures the adherence between the ceramic top coat
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and the substrate while improving the oxidation resistance of
the underlying substrate alloy [8,9]. A thermally grown oxide
(TGO) is formed at the interface between the bond coat and
ceramic top coat due to high temperature oxidation of the bond
coat [10,11].

Several techniques have been developed for the deposition
of TBC, including plasma spraying, electron beam physical
vapor deposition (EB-PVD) [12], chemical vapor deposition
(CVD) [13], suspension plasma spraying (SPS) [14], solution
precursor plasma spraying (SPPS) [15], and high velocity
oxygen fuel (HVOF) [16]. The methods of APS and EB-PVD
are now widely used for the deposition of TBCs. APS thermal
barrier coatings have a relatively low application cost, and are
generally less durable than EB-PVD TBCs [17,18].

Previous studies have showed that the growth of thermally
grown oxide and thermal expansion coefficient mismatch
between metallic substrate and ceramic top coat during the
thermal cycling were the two main factors that limited the
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lifetime of thermal barrier coatings [19,20]. Compared to the
conventional TBCs, the nanostructured TBCs possess a
relatively better thermal shock resistance due to bimodal
microstructure container of nano-zones and the existence of
an extra source of porosity associated with the nano-zones
[21,22]. However, the thermal shock resistance of the nanos-
tructured TBCs should be improved extensively in order for
them to be used in industry. Laser glazing is a promising
process for proving the thermal shock resistance of the TBCs
[23,24]. Laser glazing provides remelting and succeeding
solidification of the surface, resulting in a dense top layer
with a network of continuous cracks perpendicular to the
surface [25,26]. Previous studies showed that the segmented
cracks produced by laser glazing were found to improve the
strain accommodation, finally leading to the improvement of
thermal shock lifetime extension of TBCs, in comparison with
plasma-sprayed TBCs [23,24].

In recent years, much research has been conducted on laser
glazing of YSZ thermal barrier coatings; however, the as-
sprayed YSZ thermal barrier coatings used for laser glazing
were mainly prepared using conventional YSZ starting pow-
der. Therefore, the interest is in laser glazing of the YSZ
thermal barrier coatings by using the nanostructured YSZ
agglomerated powders to effectively improve the performance
of the TBCs.

2. Materials and methods
2.1. Materials

A well-polished and cleaned Inconel 738LC Ni-based
superalloy was used as the substrate material. An Ni-22Cr—
10A1-1.0Y (wt%) type metallic powder (AMDRY 962, Sulzer
Metco Inc., USA) was used for spraying the bond coat of
TBCs. The spherical powders were gas atomized and the
particles size was 56—106 pm, as shown in Fig. 1(a). Commer-
cially obtained spray-dried yttria stabilized zirconia powders
(ZrOr=7 wt% Y,03, Nanox S4007, Inframet Corp., Farm-
ington, CT) containing nanoscale submicrostructure were used
as feedstock to deposit the top coat. Fig. 1(b) shows the
FESEM image of the nanostructured YSZ agglomerated
powders. It can be seen that the powders were spherical and
the size distribution of particles was mainly in the range of 15—
150 pm. The transmission electron microscopy (TEM) mor-
phology of the grains in the nanostructured YSZ powder is
shown in Fig. 1(c). X-ray diffraction results (Fig. 2) showed
that the nanostructured YSZ agglomerated powder mainly
consisted of only non-transformable tetragonal phase. From the
broadening of the X-ray peaks, the average crystallite size was
calculated using the Scherrer equation. The average crystallite
size estimated from Scherrer equation was 34 nm. As such it
was in excellent agreement with TEM results (Fig. 1(c)).

2.2. Air plasma spraying

The thermal barrier coatings, composed of a bond coat
(180 £+ 25 um thick) and a top coat (265 + 25 um), were

g

70nm

Fig. 1. FESEM micrographs of starting powder: (a) NiCrAlY powder, (b)
agglomerated nanostructured YSZ powder and (C) the TEM grain morphology
of the nanostructured YSZ powder.

fabricated by a Metco A3000S air plasma spray system using
Sulzer-Metco F4-MB plasma gun (Sulzer Metco AG, Switzerland).
The feedstock powders were fed with Twin-system 10-C.
Before the deposition of the bond coat layer, the substrate
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surface was grit-blasted with alumina abrasive powder of
24 mesh, at 5 bar, 90° blasting incidence angle and a blasting
distance of 10 cm. After grit-blasting, surface roughness was
approximately 7.13 um. During spraying, the substrate and
coatings were cooled using the compressed air. Spray condi-
tions of the bond coat and the ceramic layer are listed in
Table 1.

2.3. Laser glazing

After APS process, YSZ top coat was post-treated by an Nd:
YAG pulsed laser model PIM3475, with the wavelength of
1.064 pm, mean power of 750 W and standard square shaped
pulses. The laser was operated in multimode laser oscillation.
It could be pulsed at repetition rates ranging from 1 Hz up to
250 Hz. Before performing the laser treatment, power was
measured by a powermeter (500 W-Lp Ophir). The system was
also equipped with an XY table for accurate movement of the
specimens. In order to cover the coating surface completely,
the specimens were subjected to multiple scans with an overlap
of 20% between consecutive tracks, always in the same
direction. Laser glazing processing parameters are illustrated
in detail in Table 2.
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Fig. 2. XRD patterns of agglomerated nanostructured YSZ powder.
Table 1

Parameters of plasma spraying.

2.4. Thermal shock test

The thermal shock test of both plasma-sprayed and laser-
glazed coatings was carried out by heating and water quenching
method. Each cycle consisted of 15 min holding specimens in
the furnace at 1000 °C, followed by direct quenching into water.
When a TBC spallation area reached to about 20% of the
surface of the top coat, the test was stopped and the number of
thermal shock cycles for each specimen was recorded. After
every five cycles, the weights of the specimens were measured.
Three specimens were tested to obtain the average value of
thermal shock lifetime of the coating.

2.5. Specimens characterization

The morphology of the nanostructured YSZ powder was
investigated by transmission electron microscopy (TEM; CM
200 FEG, Philips, Netherlands). Morphology powder and
coating microstructures were characterized by scanning elec-
tron microscopy (SEM; VEGAW TESCAN, Czech Republic)
and field emission electron microscopy (FESEM; S-4160,
Hitachi, Japan). Energy dispersive spectroscopy (EDS; SAMX,
VEGA\\ TESCAN, Czech Republic) was used in elemental
analysis in SEM studies. Phase identification of powders
and coatings was carried out by an X-ray diffraction XRD
(D8 ADVANCE, Bruker, Germany) using Cu ko radiation
(4=0.15406 nm) produced at 40 kV and 40 mA. The analyzed
range of the diffraction angle 20 was between 20° and 90°, by
step width of 0.03°, and a time per step equal to 1s. The
surface roughness (Ra) of YSZ coating was measured by a
Mitutoyo Surftest profilometer (Mitutoyo SJ-201 P, Japan)
with a cut-off length of 800 um and a measurement length
of 4 mm. The roughness reported was the average of five
values scanned from different areas on the coating surface.

3. Results and discussion
3.1. Coatings feature

Fig. 3(a) shows the surface morphology of as-sprayed
coating. Initial assessment of the image reveals that the coating
consists of two kinds of microstructures. One is the smooth
and dense phase that results from the well-molten state of

Parameter NiCrAlY Nanostructured YSZ
Current (A) 600 600

Voltage (V) 75 72

Primary gas, Ar (SLPM") 65 35

Secondary gas, H, (SLPM) 14 10

Carrier gas, Ar (SLPM) 2.3 3.5

Powder feed rate (g/min) 40 18

Spray distance (mm) 120 120

“Standard liter per minute.
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Table 2
Laser glazing parameters.

Parameter Value
Average working power (W) 82
Pulsed frequency (Hz) 38
Pulse width (ms) 1.2
Scanning speed (mm/s) 10
Overlap (mm) 0.2
Distance (mm) 10

particles, while the other one contains porous and rough
phases, indicating non-molten or semi-molten state of particles
[27,28]. The surface of coating was very rough and its surface
roughness (Ra) was about 9.20 um, due to partially molten
particles involved in lower deformation impact of the surface
as compared to fully molten particles. In addition, as shown in
Fig. 3(a), microcrack was formed after the relaxation of the
residual stresses when the coating was cooled. It relates to the
increase of the roughness of the as-sprayed coating [29,30].
Fig. 3(b) shows the non-melted and partially molten zone of
Fig. 3(a) at a higher magnification. After laser glazing, surface
of coating showed a complete resolidification; network
segmented cracks perpendicular to the surface can also be
seen from Fig. 3(c). These remelting and resolidification
phenomena resulted in the reduction of surface roughness
(Ra=2.58 um) [31,32]. Cracking is due to shrinkage and
thermal stresses produced during rapid solidification [33,34].

Fig. 4(a) shows the fracture surface of as-sprayed nanostruc-
tured coating. These images show that microstructure features of
nanostructured as-sprayed coating consist of nanosized zone that
resulted from non-molten and partially molten part of starting
powder, and microcolumnar grains formed from the resolidifi-
cation of the molten part, pores and cracks due to the residual
stresses during the deposition process [28,35,36]. Fig. 4(b)
shows the initial nanostructure of powder retains in the coating.
Fig. 4(c) shows the fracture cross section of the laser glazed
coating. Measured thickness of the glazed layer was 23-28 um
and segmented crack extended throughout the remelted layer
thickness. The principal features in the plasma-sprayed nano-
structured coating were all vanished after lase glazing. It can be
seen from Fig. 4(c) that the microstructure of laser-glazed
coating can be altered from single columnar grains to a
combination of equiaxed grains on the surface and columnar
grains in the fracture cross section [26,37].

X-ray analysis of plasma-sprayed and laser-glazed coatings
(Fig. 5) clearly showed that only the non-transformable phase
(T") was present. The formation of this phase is due to the
rapid solidification during the process of APS and laser glazing
[34,38]. The cooling rate of the splats during plasma spraying
and laser glazing was estimated to be 10 °C/s and 10°~10* °C/
s, respectively [24]. It can be seen from Fig. 5 that there are no
new phases in the as-glazed coating as compared to the as-
sprayed coating. Therefore, laser glazing has no effect on
the phase transformation of TBC. The relative intensity of the
individual diffraction peaks was greatly changed due to the
glazing process. This is due to the change of microstructure.

Fig. 3. FESEM micrographs of: (a) top surface of the plasma-sprayed
nanostructured coating (b) partially melted zone of (a) at a higher magnification
and (c) top surface of the laser-glazed coating.

Increasing relative intensity peak in the laser-glazed coating is
due to the columnar grain orientation, which is caused by the
laser glazing process [34,39].

3.2. Thermal shock behavior

Fig. 6 shows the macroscopic image of plasma-sprayed and
laser-glazed coatings during thermal shock test. It can be seen
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Fig. 4. FESEM micrographs of (a) fractured cross-section of the plasma-
sprayed nanostructured coating (b) non-molten nanoparticles within coating at
a high magnification and (c) fractured cross-section of the laser-glazed coating.

that failure in both coatings was initiated from the brim and
then propagated to the adjacent area. Starting failure from the
brim is due to singularity of thermal stresses at the brim. Other
studies [21,23,40] have also pointed the edge effects on failure
during the thermal cycling. So the failure of coatings is
initiated firstly in the relatively high stress area associated
with the geometry of the specimens such as brim of samples.
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Fig. 5. XRD patterns of as-sprayed and laser-glazed nanostructured YSZ
coating.

Fig. 7 shows the weight change versus the number of cycles
during thermal shock test. Both the plasma-sprayed and laser-
glazed coatings initially gained weight due to oxidation of
substrate free surface and bond coat and then lost weight due
to delamination and spallation of the YSZ top coat. Sudden
weight loss of as-sprayed coating expression showed that
coating spallation had occurred, while the gradual weight loss
of as-glazed coating showed that coating delamination had
occurred [21,23].

Fig. 8 shows the fractured cross-section of the plasma-
sprayed and laser-glazed coatings after thermal shock test. The
failure in the YSZ top coat was propagated mainly by
horizontal cracks linked up by propagation through dense
YSZ. From the fracture cross-section micrographs, there
appears to be two different failure mechanisms occurring with
these coatings. The first failure mechanism occurred in the
plasma-sprayed coatings. It is characterized by failure asso-
ciated with cracking and spallation of the TBC well within the
YSZ top coat and away from the interface between the bond
coat and top coat. This is a typical failure mechanism of
plasma-sprayed TBCs caused by thermal stresses arising from
the different thermal expansion between the ceramic top coat
and the metallic bond coat [41,42]. Failure mechanism usually
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Fig. 7. Weight change as a function of cycle number for plasma-sprayed and laser-glazed samples.

leads to failure after a relatively short number of cycles. It is so
short that the effects of bond coat oxidation have not yet
become important (246 cycles). The second failure mechanism
is associated with the laser-glazed coating. Here failure occurs
at or very near the top coat-TGO interface and it is associated
with bond coat oxidation affects. This failure mechanism
occurs after an increased number of cycles (563 cycles),
allowing for bond coat oxidation to occur [43,44].

Fig. 9 shows a higher magnification of the fracture cross-
section of the laser glazed coating shown in Fig. 8(b). It is
evident that a TGO layer was formed on the bond coat and
some horizontal cracks were developed in the YSZ top coat to
the TGO. Fig. 10 shows the EDS analysis of top coat-bond
coat interface (A and B points in Fig. 8) for both as-sprayed
and laser-glazed samples. According to SEM micrograph and
EDS analysis, TGO (Al reach area) was not formed for
plasma-sprayed coating, while in laser-glazed coating, it was
formed.

The second mechanism, formation of the TGO at the
interface between the top coat and bond coat, caused
the localized expansion which exerted additional tension on
the YSZ surrounding the TGO. When the intensity of the
tension exceeded the cohesive strength of the YSZ lamellar,
the crack was propagated into the YSZ top coat closing the
TGO layer. This may cause the failure of YSZ from the TGO
[42-44].

Fig. 11 presents the XRD patterns of failed plasma-sprayed
and laser-glazed coatings. Results of XRD patterns showed
that the as-sprayed and laser-glazed coatings consisted of non-
transformable tetragonal phase (T’) of zirconia with a very
small amount of calcium zirconium oxide (CaZrOs). The
formation of CaZrO; was due to calcium in the tap water that
reacted with zirconium during the test [45,46]. The XRD
analysis results indicated that the T’ phase was not decom-
posed into monoclinic phase (m) under thermal shock test. The
phase transformation of T” to m is associated with a volume
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Fig. 8. SEM micrographs of cross-section of: (a) plasma-sprayed and (b) laser-glazed coatings after thermal shock testing.
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Fig. 9. SEM micrographs of cross-section of laser-glazed coatings at a high
magnification after thermal shock testing.

Expansion of up to 5%. The volume expansion deteriorates the
integrity of YSZ top coat and causes the failure of TBCs.
Anyway, in this work, no phase transformation was observed
during the thermal shock test. Accordingly, stresses resulting
from phase transformation had no effect on both coatings
failure [3,47].

It can be seen from Fig. 7 that the laser-glazed coating
exhibited 2.5 improvement in lifetimes, relative to the plasma-
sprayed coating. The higher thermal shock resistance of the
laser-glazed coatings, as compared to the plasma-sprayed
coatings, can be attributed to the coating microstructure.
Microstructure of plasma-sprayed coting consisted of rough
surface to form a splat and lamellar microstructure in the
fracture cross-section, while after laser glazing, the surface of
coating showed complete resolidification with network seg-
mented cracks, which were perpendicular to the surface, and
columnar grain in the fracture surface [25,26,28,32]. The
segmented cracks induced by laser glazing accommodated
thermal stress that arose from the mismatch in thermal
expansion between the top cat and the bond coat [23,24,37].
Columnar grain microstructure in the fracture cross-section of
laser-glazed coating allowed the lateral expansion and con-
traction during the heating and cooling process. So this
microstructure had the capacity for a high degree of expansion
and decreased the thermal stress resulting from the mismatch
in the thermal expansion coefficient between the ceramic top
coat and the metallic substrate [37,48].

4. Conclusion

In this study, microstructure and thermal shock behavior of
plasma-sprayed and laser-glazed TBC were investigated; some
important results can be summarized as follows:

(1) The nanostructured as-sprayed coting possessed a lamellar
structure consisting of nanosized particles and microcolumnar
grains, while laser-glazed coating contained a columnar grain
in the fracture and an equiaxed grain on the surface.
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Fig. 11. XRD patterns of: (a) plasma-sprayed and (b) laser-glazed coatings
after thermal shock testing.

(2) Both as-sprayed and laser-glazed coatings consisted of
tetragonal phase (T’) and failure of these coatings after
thermal shock test did not cause phase instability of YSZ
top coat.

(3) Laser-glazed TBCs had a thermal shock resistance higher
than that of plasma-sprayed TBCs due to change of
microstructure.

(4) The network segmented cracks perpendicular to the surface
and columnar grain in the fracture surface were all helpful
in accommodating thermal stress of as-glazed coating.
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