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In the present study, laser cladding of alumina on the top surface of YSZ thermal barrier coatings (TBC)
was conducted via Nd:YAG pulsed laser. The thermal shock behavior of the TBC before and after laser
cladding was modified by heating at 1000 °C for 15 min and quenching in cold water. Phase analysis,
microstructural evaluation and elemental analysis were performed using x-ray diffractometry, scanning
electron microscopy (SEM), and energy-dispersive spectroscopy. The results of thermal shock tests indi-
cated that the failure in the conventional YSZ (not laser clad) and the laser clad coatings happened after 200
and 270 cycles, respectively. The SEM images of the samples showed that delamination and spallation
occurred in both coatings as the main mechanism of failure. Formation of TGO was also observed in the
fractured cross section of the samples, which is also a main reason for degradation. Thermal shock
resistance in the laser clad coatings improved about 35% after cladding. The improvement is due to the
presence of continuous network cracks perpendicular to the surface in the clad layer and also the thermal

stability and high melting point of alumina in Al,O5/ZrO, composite.

Keywords air plasma spray, laser clad, thermal barrier coating,
thermal shock test, YSZ

1. Introduction

The durability and energy efficiency of any fuel-burning
engine such as gas turbines is directly proportional to its
operating temperature and oxidation resistance. In order to
improve these two factors in gas turbine engines, thermal
barrier coatings (TBCs) have been developed to apply on the
hot sections component such as nozzle gas vanes, blades and
combustors (Ref 1-5).

TBCs are advanced materials systems, mostly consisting of
two layers: a metallic bond coat and a heat insulating ceramic
top coat. The bond coat is an oxidation resistant metal, usually
made of NiCrAlY or NiCoCrAlY alloys, which increases the
bond strength between the substrate and the ceramic top coat.
The most widely used ceramic top coat in TBCs is yttria-
stabilized zirconia (YSZ) which exhibits excellent performance
in applications such as gas turbines, and satisfies basic
requirements, such as low thermal conductivity, excellent
phase stability at high temperature and high thermal expansion
coefficient (Ref 6-8).

The metallic bond coat is responsible for generating a third
coating layer, named as thermally grown oxide (TGO), which
occurs when the coating is subjected to high temperatures. The
formation of TGO is due to the oxidation of the bond coat at
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elevated temperatures, and it is mainly made of Al,O; (Ref 9,
10).

A variety of methods have been utilized to deposit TBCs on
the superalloy substrates such as air plasma spraying (APS),
electron-beam physical vapor deposition (EB-PVD), low-
pressure plasma spraying, high-velocity oxy-fuel (HVOF),
chemical vapor deposition and flame spraying (Ref 5, 11-13).
Among all the mentioned methods, APS has found widespread
attention due to high deposition efficiency and lower cost and
consequently is the most extensively used method (Ref 6, 14-
16).

Although all the progress made in the improvement of
TBCs, their thermal shock resistance is still considered
unsatisfactory (Ref 17). TBCs failure occurs through spallation
at elevated temperatures and causes the metal substrate to come
in contact with high temperature gases. It has been reported that
the mismatch stresses of different layers, formation of TGO in
the bond coat/top coat interface and structural transformation of
zirconia from tetragonal to monoclinic are the main reasons for
TBCs failure during heating cycles (Ref 18-21). Meanwhile, it
has been shown the temperature gradient across YSZ coating
also affects the lifetime of TBCs. In order to overcome the
mentioned problem, various investigations have been con-
ducted. Using nanostructured TBCs showed better thermal
shock resistance compared to the conventional ones, because of
their higher bonding strength, lower thermal conductivity and
more prolonged thermal cycling lifetime (Ref 6). Laser glazing
is also another promising method to increase the thermal shock
resistance of TBCs, which provides a dense layer containing
continuous segmented cracks perpendicular to the surface (Ref
7, 17). Previous studies showed that these segmented cracks
increase the thermal shock resistance and are expected to be
beneficial for accommodating the oxidation and mismatch
stresses (Ref 22). Depositing an Al,O; overlay on the top
surface of YSZ also enhances the hot corrosion and thermal
shock resistance of TBCs (Ref 23). However, due to the misfit
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of thermal expansion between alumina and YSZ, spallation
failure occurs during the cycling process (Ref 4).

With the above background, a variety of techniques have
been applied to improve the thermal shock resistance of TBC.
However, laser cladding of alumina has not been studied yet.
Therefore, in the present study, the authors tried to increase
the thermal shock resistance of TBCs through the laser
cladding of alumina over the YSZ coating, producing an
in situ YSZ/Al,03 composite. The thermal shock behavior of
the laser clad TBCs was then studied and compared to that of
the conventional YSZ

2. Materials and Methods

2.1 Materials and Coating Deposition Methods

Nickel-based  super alloy Inconel 738  plates
(® =254 mmx6 mm) were used as substrates. Air plasma
spraying (APS) (Sulzer Metco AG, Winterthur, Switzerland)
was carried out to deposit a metallic bond coat and a ceramic
top coat on the substrate surface. The bond and top coats are
commercial NiCoCrAlY powder in a spherical shape (22 SN
6883, S.N.M.L.-Avignon, particle size 38-75 pm) and YSZ
powder (7wt.% Y,03-ZrO,, Metco 204B-NS, particle size 11-
125 pm), respectively. The morphology of the initial powders
is shown in Fig. 1.

For laser cladding, a feed powder device was utilized. The
alumina powder with the particle size of 40-100 pm (Fig. 1c)
was injected directly on the top surface of coating by feeder,
and the Nd:YAG pulsed laser simultaneously scanned the entire
surface. APS and laser clad parameters are presented in
Table 1.

2.2 Thermal Shock Test

The thermal shock tests for the coating samples were
performed by the following steps:

1. Heating in the electrical furnace at 1000 for 15 min.
2. Quenching in the water, drying and putting it back to the
furnace again.

3. Weighting the samples every 6 cycles and observing the
surface changes of the coatings (the precision of weight-
ing was 0.0001 g)

4. Stopping the test, when the spallation occurred approxi-
mately in 25% of the surface.

2.3 Characterization

The microstructure and morphology of the powders were
characterized by a field emission scanning electron microscope
(FESEM; S-4160, Hitachi, Japan). For identifying the elements,
energy-dispersive spectroscopy (EDS; SAMX, VEGA\\ TES-
CAN, Czech Republic) was used. The surface roughness (Ra)
of the coatings was measured by a roughness tester (Mitu-
toyoSJ-201P, Japan).

The elastic modulus (E) of laser clad coating before and after
thermal cycling was determined via Knoop indentation method.
Knoop indentation tests were performed on the polished cross
sections of specimens using a microhardness tester (Clemex, HT-
2001, Canada). The load used was 1.96 N (200 gf), and the dwell
time was 17 s. Based on Eq 1, elastic modulus was estimated by
measuring the elastic recovery of the residual surface impression
of the indentation diagonals as follows (Ref 6):

—O(Hk
E=5—

a a

(Eq 1)

where H) denotes the Knoop microhardness (Pa), bld refers to
the ratio of the short to long indention diagonals after elastic
recovery, b/a is the ratio of the known Knoop indenter dimensions
or geometry (1/7.11), and « is a constant having a value of 0.45.

Table 1 Laser cladding parameters

Parameter

Average power (W) 60
Pulse frequency (Hz) 30
Scanning speed (mm/s) 5
Argon flow rate (SLPMn) 10
Powder carried gas flow rate(l/min) 20

Powder feeding rate (g/min) 0.35

o S B O
MIRA3 TESCAI SEM HV: 15.0 kV WD: 9.86 mm

200 ym View field: 1.04 mm Det: SE

SEM MAG: 200 x__ Dato(midly): 0119/15

Fig. 1 FESEM micrographs NiCoCrAlY (a), conventional YSZ (b) and of Al,O3(c) spray powders
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3. Results and Discussion

3.1 Characterization of the APS Coatings Before Thermal
Cycling

The structure and composition of the interlayered APS
coatings are shown in Fig. 2(a), (b), (c¢) and (d). The different
layers of the TBC coatings are shown in Fig. 2(a). As
observed, the NiCrAlY bond coat deposited on the substrate

135mm

bond coat

SEM MAG: 200 x SEM HV: 15.0 kV

WD: 15.98 mm Det: SE 200 pm
pPate(m/dly): 06/13/16 | View field: 722 pm
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RAZI FOUNDATION

SEM HV: 15.0 kV
500 pm

Fig. 2 FESEM micrograph of (a) the top rough surface of the sprayed
in the YSZ ceramic top coat. (d) The XRD pattern of the YSZ top coat

__500

has a thickness of about 135 pm and the thickness of YSZ
ceramic top coat is 360 pm. The high magnification image of
the APS YSZ (Fig. 2b) revealed the columnar grains
formation due to directional solidification. The microstruc-
ture of the YSZ shows some typical defects such as voids and
cracks. The porosity ratio was measured to be about 11%. It
can be seen from Fig. 2(c) that the top surface of YSZ is very
rough and has a roughness (R,) of about 9 pm. The
roughness profile of APS coating is represented in Fig. 3.
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Fig. 3 Roughness profile of the conventional YSZ
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The non-transformable tetragonal zirconia (t’-ZrO,) is the
only phase appearing in the YSZ coating (Fig. 2d).

3.2 Characterization of the Laser Clad Coating Before
Thermal Cycling

After laser cladding of alumina on the top surface of YSZ,
a dense and smooth layer with 45 pm thickness formed on the
TBC coating. Figure 4 shows the schematic cross section of
the laser clad coating. As shown in the figure, the clad

clad

by

substrate

Fig. 4 Typical single-track cross-sectional morphology of the clad
(Ref 25)

—

N 5 E— g 2
D4 48pm 5 clad laye

135um

SEM MAG: 200 x
WD: 15.91 mm Det: SE
Date(m/dly): 06/13/16 | View field: 722 pm

200 pm
RAZI FOUNDATION

bond coat

SEM HV: 15.0 kV. MIRA3 TESCAN

consists of two regions: the ceramic clad zone and the dilution
zone. When dilution occurs, it means not only the alumina
particles melted, but also a partial melting occurred in the
YSZ layer. Calculating dilution (d = b/b + h) is essential to
have a good understanding about the phase composition (Ref
24). In this equation, /4 is clad height, and b is clad depth. In
the present study, the dilution ratio was calculated to be about
40%. Therefore, the molten pool comprises of both the molten
alumina and the t’-ZrO,. Since alumina is not soluble in
zirconia, it forms a rigid matrix around the zirconia during the
rapid solidification and prevents the phase transformation of
the t’-ZrO, to the monoclinic structure (m- ZrO,) during the
heat cycle treatment (Ref 25).

The XRD pattern of the dense layer confirms the existence
of both Al,O3 and ZrO, in the clad layer. Due to the nature of
laser cladding, residual stresses were generated because of fast
cooling and localized temperature gradients, which conse-
quently led to the formation of a continuous network of
segmented cracks on the clad layer and perpendicular to the
surface (Figure 5a and b) (Ref 17, 26). The in situ dense
Al,053-YSZ composite layer has a lower roughness (7 pum)
and a lower porosity ratio (4%) compared to the conventional
APS YSZ. The roughness profile of laser clad coating is
shown in Fig. 6.

SEMMAG: 100X | SEMH\:15.0kV ' MIRA3 TESCAN
WD: 16.03 mm Det: BSE 200 pm

Date(m/dly): 06/13/16 | View field: 1.44 mm | RAZI FOUNDATION
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Fig. 5 FESEM image of (a) the top surface and (b) the cross section of the laser clad coating. (¢) The XRD pattern of the top dense layer
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Fig. 6 Roughness profile of the laser clad sample
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Fig. 7 Photographs of (a) the conventional YSZ and (b) the laser clad coating subjected to thermal shock tests

3.3 Thermal Shock Behavior of TBCs Before and After Laser
Cladding

Figure 7 shows the pictures of the top surface of the
conventional YSZ and the laser clad coating during thermal
shock testing at different cycles. The figure reveals that in
both the conventional YSZ (Fig. 7a) and laser clad coating
(Fig. 7b), the failure started from the edges of the samples.
Contradicted with the previous studies (Ref 6, 7), no
propagation of cracks toward the inner side of the samples
was observed and the failure at higher cycles continues at the
outer side of the samples. Therefore, it could be alleged that
“the edge effect” plays a key role in initiating the failure in
the conventional YSZ and the laser clad coatings, because of
the thermal stresses and fast heating and cooling condition at
the edges of the samples (Ref 17). The thermal shock life of
the conventional YSZ and the laser clad coatings was 200 and
270 cycles, respectively.

Figure 8 represents the weight changes versus cycle number
(as a main factor of failure) for the conventional YSZ and the
laser clad coating. As observed in the figure, the trend of weight
loss in both coatings is the same, which means that both

1894—Volume 26(4) April 2017

coatings have a similar failure mechanism. However, the laser
cladding of alumina on the top surface of the YSZ has
postponed the coating failure. Slight weight gain at initial
cycles is due to the oxidation of the free substrate. Both
diagrams show gradual and sudden weight losses. The gradual
weight loss has occurred due to delamination, while the
spallation is the reason for the sudden weight changes (Ref 7).
Thus, two mechanisms of delamination and spallation are the
main factors of TBC failure in both coatings after thermal
shock tests.

3.3.1 Mechanisms of Thermal Shock Failure in the
Coatings. In order to specify the failure mechanism of the
YSZ coatings, the FESEM micrographs of the samples
during gradual weight loss (after 100 cycle) and after the
thermal shock test were investigated. Figure 9(a) belongs to
the YSZ sample after 100 cycles. A horizontal crack parallel
to the surface is observed in the YSZ top coat. The
formation of the cracks inside the top layer confirms the
delamination mechanism during the gradual weight loss of
the sample in the thermal shock test. Structural defects such
as voids and inter-splat cracks are the main sources for the

Journal of Materials Engineering and Performance
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Fig. 8 Weight change as a function of cycle number for the plas-
ma-sprayed and the laser clad coating

formation of cracks and delamination in the YSZ top coat.
Figure 9(b) shows the fractured cross section of the plasma-
sprayed coatings after thermal shock tests. The formation of
a crack in the YSZ top coat near the top coat/bond coat
interface and TGO layer in coat/bond coat interface is
obvious in this figure. Figure 10(a) and (b) illustrates the
fractured cross section of the laser clad coating after the
thermal shock test. The formation of cracks in the clad/YSZ
and the YSZ/bond coat interface and TGO layer in coat/bond
coat interface is clear in this figure, which is the reason for
spallation and failure. Figure 10(c) shows the EDS analysis
of the region A shown in the figure.

3.3.1.1 Effect of the Coefficients of Thermal Expansion in
Thermal Shock Failure. As mentioned in section 3.3.1, based
on Fig. 9(b), the formation of cracks is the reason for spallation
(sudden weight loss in Fig. 8), which was created by thermal
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stresses arising from the thermal expansion mismatch between
the ceramic top coat and the metallic bond coat. During the
cyclic shock test, the thermal stresses generated the thermal
expansion coefficient (TEC) mismatch of the coating layers.
The thermal stress, oc, in the coating during cooling can be
expressed by Eq 2 (Ref 27):

_ —Ec(oc — o) AT

- (Eq 2)

ac
where E. is the elastic modulus, o, and a,, are the linear ther-
mal expansion coefficients for the coatings, and AT is the
change in temperature. It is reported that the average TECs
for alumina, 8wt.% YSZ and NiCoCrAlY around 1000 °C are
9.6x107°% 10.7x10°° and 17.5x 107 °°C™", respectively
(Ref 28). Generally, there is little difference between thermal
expansion of Al,Oj3 laser clad and YSZ layer. In contrast, the
mismatch between YSZ and bond coat is high which leads to
thermal stress and eventually causes the spallation. From the
expression, it could be found that the stress has a linear rela-
tionship with temperature change and TEC. Therefore, in a
constant temperature, the thermal stresses in YSZ/NiCoCrAlY
interface are much higher than the thermal stress in YSZ-laser
clad interface, leading to the formation of cracks in YSZ/Ni-
CoCrAlY.

3.3.1.2 Effect of the Formation of TGO Layer. Figure 9(b)
and 10(b) prove that a TGO layer was formed on the bond coat.
The EDS analysis (Fig. 9c and 10c) showed that region A
contains only Al and O, which confirms the formation of TGO
as a result of oxidation of the bond coat. According to the
FESEM micrograph and the EDS analysis, the TGO (the Al
rich area) was formed in the both coatings.

The formation of the TGO at the interface between the top
coat and the bond coat caused the localized expansion, which
exerted additional tension on the YSZ surrounding the TGO,
intensifying the crack growth and failure (Ref 10, 20). With
increasing the intensity of the additional tension and exceeding
from the amount of cohesive strength of the YSZ lamellar, there
is the possibility of the propagation of cracks into the YSZ
coating.

3.4 Comparison of Thermal Shock Resistance of the
Plasma-Sprayed and the Laser Clad Coatings

The comparison of thermal cycling lifetimes of the plasma-
sprayed and the laser clad coatings is presented in Fig. 11. As
can be seen, the laser clad coating shows an excellent resistance
to thermal cycling. Generally, the thermal shock resistance of
the plasma-sprayed YSZ TBCs was enhanced about 35% by
alumina laser cladding. Even though the failure mechanism in
the conventional YSZ and the laser clad coating is the same,
i.e., both caused by delamination and spallation, an improve-
ment in thermal shock resistance is clear in the laser clad
coating. Creation of a dense and impermeable layer containing
continuous segmented cracks on the YSZ top coat by laser
cladding decreased oxygen diffusion. Therefore, the oxidation
of the bond coat and the formation of the TGO happened with a
delay compared to the conventional YSZ. On the other hand,
the formation of Al,Os-YSZ composite reduced the thermal

Volume 26(4) April 2017—1895
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Fig. 9 FESEM micrograph of the conventional YSZ (a) after 100 cycles, (b) after failure and (c) the EDS analysis of the region A

mismatch between different layers. The existence of the
segmented cracks, as mentioned earlier, accommodated thermal
stresses formed due the thermal expansion mismatch between
different layers (Ref 22). The high thermal stability and melting
point of alumina also has a great effect on the improvement of
the thermal shock resistance of the laser clad coatings.

Figure 12 presents the XRD patterns of the failed conven-
tional YSZ and the laser clad coatings. The patterns indicate
that both coatings were consisted of t’-ZrO,, which means no
structural transformation from tetragonal to monoclinic zirconia
(m-ZrO,) occurred during the thermal shock test. The t* — m
transformation is accompanied by a large destructive volume
change of about 6%. The stress resulting from the volume
change causes delamination and spallation of the coatings.
Fortunately, in this work, no phase transformation was
observed during the thermal shock test.

Fracture toughness was evaluated with Eq 3 (Ref 29). The
fracture toughness can be obtained by examining the surface
radial cracks created during indentation, described by the
equation:

1896—Volume 26(4) April 2017

EN'? P
Kic = 5<17v> on (Eq 3)
where ¢ is a geometric factor (6 = 0.016), Kjc denotes the
fracture toughness (MPa m'?), Hy is the Vickers hardness
(GPa), E is the elastic modulus obtained from Eq 1 (GPa), P
is the peak indentation (kgf), and ¢ = (¢; + ¢)/2 is the aver-
age length of two radial cracks (mm).

It can be seen from Eq 3 that elastic modulus and fracture
toughness have direct relationship. The hardness, elastic
modulus and fracture toughness of the samples are given in
Table 2. As indicated in the table, the hardness, young modulus
and fracture toughness decreased after thermal cycling, which
is due to the formation of a defective structure with porosity
and cracks (Ref 30, 31). Therefore, the reduction in modulus
after thermal cycling resulted in a decrease in fracture
toughness. Also, the reduction in fracture toughness could be
attributed to the lack of residual stress release in the coating
after thermal cycling. It has been reported that the release of
residual stresses enhances the coatings fracture toughness and
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leads to the improvement of the coatings’ performance (Ref 31,
32). Therefore, it can be said that K¢ and residual stress have Fig. 12 XRD pattern of (a) the conventional YSZ and (b) the laser
inverse relationship. clad coating after the thermal shock test
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Table 2 Hardness, young modulus

and fracture toughness of laser clad coating before and after thermal shock cycles

Samples H,, Gpa E, Gpa K;c, Mpa /m™!
Laser clad before thermal cycling 1018 8633.40 236.65
Laser clad after thermal cycling 284.34 1146.15 220.51

4, Conclusion

Alumina laser cladding of air plasma-sprayed YSZ on the

In738LC was successfully performed in the current investiga-
tion. The thermal shock behavior of the coatings before and
after laser cladding was studied. The following conclusions
may be drawn from the investigation:

1.

A dense, smooth and impermeable layer with the thick-
ness of about 45 pum, containing continuous segmented
cracks formed on the top surface of the YSZ after laser
clad coating.

Thermal shock resistance of the laser clad coating had a
35% increase compared with the conventional YSZ.

The failure mechanism of the TBCs before and after laser
cladding was the same and was created by delamination
and spallation.

The oxidation of the bond coat and the formation of the
TGO was observed in the bond coat/top coat interface in
both the conventional YSZ and the laser clad coatings.
Hardness, Young Modulus and fracture toughness of laser
clad coating after thermal shock cycles significantly re-
duced.
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