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Photoluminescence piezospectroscopy (PLPS) was used as a non-destructive technique for the measurement of
residual stresses within the thermally grown oxide (TGO) layer beneath plasma-spray thermal barrier coatings
(TBC). The technique has proved to be very effective for such measurements in YSZ thermal barrier coatings ap-
plied by EB-PVD but its application to thermal sprayed coatings has been hindered by optical scattering in plasma
sprayed coatings of usual thicknesses. PLPS experiments were performed on TBCs with cold sprayed bond coat-
ings and several different ceramic layer thicknesses after thermal cycling. The results are discussed as a function
of the coating characteristics like bond coat spraying process, thickness of both bond and top coat, microstructur-
al features, and damage accumulation.
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1. Introduction

Thermal barrier coatings (TBC) are the best way to protect compo-
nents of gas turbine engines and the demand for such coatings is be-
coming more important as higher temperature engines are being
developed [1–3]. A TBC system generally consists of a ceramic top coat
as a thermal insulator and a metallic bond coat (BC) on the underlying
high-temperature alloy component [4,5]. The ceramic layer is normally
7–8% yttria partially stabilized zirconia (YSZ) [5–8] applied by atmo-
spheric plasma spray (APS) or electron bean assisted physical vapor de-
position (EB-PVD) [3,8]. The bond coat usually consists of either
platinum modified nickel aluminide (Ni, Pt)Al (applied by
electroplating and chemical vapor deposition – CVD) or a MCrAlY
alloy, where M stands for Ni, Fe, Co or some combination of them. The
alloys also usually include Hf, Ta or Re [8,10]. The main functions of
the bond-coat alloy are to ensure good bonding between the high-tem-
perature alloy component and the top coat as well as providing some
oxidation and hot corrosion protection [4,5]. In use, a thin aluminum
oxide scale forms on the bond-coat at its interface with the top-coat.
The TBC lifetime often depends on the growth and internal stresses of
this thermally grown oxide (TGO). Cracks nucleate at the thermally
grown oxide and grow over the lifetime of the coating, eventually lead-
ing to the coating failure [8–11]. Actually, the failure of a TBC is a com-
plex phenomenon that has instigated several research works. It has
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been accepted that cracks can start both in the TGO and in the YSZ
close to the rough TGO mainly due to the complex stress state close to
the rough YSZ/TGO/bond coat interface [12–14].

The formation of a dense and uniformα-Al2O3 scale is desirable due
to its low oxygen diffusivity and low growth rate compared to other ox-
ides. Other oxides, such as Cr and Ni oxides as well as spinels are unde-
sirable due to their volume changes as they grow, and in the worst case
can create protrusions contributing to the increase in local stresses and
consequent failure [5,9]. Themorphology, adherence and stresses in the
TGO are very important issues in TBC evaluation and for life prediction.
It has been observed that in EB-PVD TBC coatings, after a certain period
of service life, the failure cracks typically follow the top coat/TGO inter-
face. In a less extension, cracks can form at the “ridges” present on the
bond coat surface before top-coat deposition [15]. For plasma sprayed
TBC coatings, failure cracks propagate partly within the top coat (close
to the TGO interface). It should be noted that even after coating general
failure some adherent ceramic residues can be found [4,5,16–18].

Air plasma spray (APS), vacuum plasma spraying (VPS) and low-
pressure plasma spray (LPPS) are the main techniques to apply bond
coat onto superalloys [3,19]. These techniques provide fast manufactur-
ing and a strong bonding with the part; but themain drawback is relat-
ed to high temperatures that inevitably modify the coating
microstructure by forming oxides. The oxide content is the principal
problem for the aluminum depletion. It hinders the aluminum diffusion
to the top of the BC, triggering the formation of Ni/Cr oxides and spinels
in the TGO that are undesirable because of their volume change during
formation. This volume change creates protrusions contributing to the
increase of stresses and consequent failure. HVOF spraying has been
tp://dx.doi.org/10.1016/j.surfcoat.2016.07.084
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Fig. 1. Scheme of the test specimen.

Fig. 2. SEM images of the new CoNiCrAlY powder.

2 C.R.C. Lima et al. / Surface & Coatings Technology xxx (2016) xxx–xxx
more recently used as an alternative deposition method because of its
low cost and high quality deposits, which have oxidation rates at high
temperature at the same level or even lower than those of similar VPS
or LPPS coatings [11,17,18]. With this low oxidation perspective, some
recent studies have investigated metallic bond coats formed by cold
gas spray (CGS) [19,20].

In contrast to the more traditional coating methods, cold gas spray
(CGS) utilizes the kinetic energy of the particles in a supersonic flow
to deposit an adherent coating as a result of the severe plastic deforma-
tion produced when the particles impact the surface. The main advan-
tages of CGS over conventional thermal spray techniques are related
to the absence of thermal energy so there is no grain growth and no par-
ticle surface oxidation. As a result, a coating almost free of any oxides is
obtained, allowing more free aluminum for diffusion to the surface to
form the protectiveα-Al2O3 TGO layer on subsequent high-temperature
exposure. As a result, CGS is increasingly being recognized as an alterna-
tive for the manufacturing of bond coats for thermal barrier coatings
[20,21].

In the search of better understanding and control of the residual
stresses leading to the failure of a TBC, severalmeasurement techniques
have been adopted. These include X-ray diffraction (XRD) and layer re-
moval methods, among others [22–25]. Photoluminescence
piezospectroscopy (PLPS) is a non-destructive technique for the mea-
surement of residual stresses within the thermally grown oxide
(TGO), including when formed underneath a ceramic top-coat (TBC)
[26]. The technique has proven to be very effective for such measure-
ments in YSZ thermal barrier coatings applied by EB-PVD [26–28]. Its
application for thermal sprayed coatings is still not solved since the
resulting lamellar structure is said to spread the laser beam then weak-
ening the resulting photoluminescence signals [29]. The
piezospectroscopic technique is an optical method that utilizes the lu-
minescence from trace Cr3+ dopants incorporated into the aluminum
oxide formed by oxidation. The spectrum of aluminum oxide consists
of two characteristic R-lines, R1 and R2, due to electronic transitions
in Cr impurities. The luminescence is excited by a laser beam with an
energy selected to penetrate through the zirconia TBC and still bewithin
the optical absorption band of chromium-doped aluminum oxide [30].
If the oxide is stressed, the frequency of the Cr3+ luminescence shifts
from its stress-free value, the piezospectroscopic effect. The frequency
shift is related to the stress by a general equation and measuring this
shift the biaxial stresses can be obtained after some calculation [30].

The objective of this work was to assess residual stresses in TGOs
formed on thermally sprayed TBCs with cold sprayed bond coats by
PLPS experiments. Optimization of the PLPS data collection parameters
was employed to overcome limitation reported in previousworks relat-
ed to scattering issues in plasma sprayed TBC. The results are discussed
as a function of the PLPS process parameters, coating thickness and
number of thermal cycles.

2. Experimental procedure

Themetallic coatingswere applied onto Inconel 625Ni-based super-
alloy (25 × 20 × 5mm) specimens. One half of the surface area (25 × 10
mm)was coated with the YSZ coating and the other half was left with-
out any YSZ coating as shown in Fig. 1. Metallic plates were used to pro-
tect the substrate (half part) for ceramic spraying. The feedstock bond
coat powder was an experimental gas atomized NiCrAlY powder
(AE10086, Oerlikon Metco) with composition Co32Ni21Cr8Al0.5Y, a
spherical morphology, and a particle size of 35 + 11 μm. The ceramic
powder was a commercial YSZ (203 NS - Oerlikon Metco) spray-dried,
with spherical morphology, and a particle size of −125 + 11 μm.

Before spraying, all alloy substrates were degreased with acetone
and grit blasted with white corundum, using a pressure of 5.6 bar, 45°
incidence angle, and blasting distance of 250 mm. The grit blasted sur-
face roughness was 4.5 μm (Ra). The samples were placed in a circular
sample holder and were simultaneously sprayed for every material
Please cite this article as: C.R.C. Lima, et al., Surf. Coat. Technol. (2016), ht
(bond and top coat) with a rotational speed of 500 mm/s at the sub-
strate surface. Cooling with air jet to sample back side was applied dur-
ing ceramic deposition.

Themorphology of themetallic powders used to form the bond coat
is shown in Fig. 2. The chemical compositions of themetallic and ceram-
ic powders are shown in Table 1.

The bond coats were deposited using a Kinetiks® 4000 cold gas
spray system (CGT GmbH), with a maximum operating pressure of
40 bar and nitrogen as the propellant gas. A F4-MB plasma spray gun
(Plasma Technik, Sulzer Metco, Westbury, USA) was used to apply the
ceramic top coats. The thermal spraying parameters used for metallic
and ceramic coatings application are shown in Table 2. The bond coat
was 150 μm thick whereas four different ceramic top coating thick-
nesses were prepared: 50, 100, 150 and 250 μm.

Laser Scattering (Microtrac SRA150), Scanning Electron Microscopy
(SEM: JEOL JXA840) and flow rate test (ASTM B-213-90) were used
for powder particle size distribution and for general powder character-
ization. XRD (Siemens D-500, Cu Kα=1.5418 Å, 40KV, 30mA)was ap-
plied to reveal phase content of the starting powder. As sprayed
coatings characterization included cross-sectional Optical Microscopy
(OM-Leica DMI5000 M) and Scanning Electron Microscopy (JEOL -
JXA840), as well as phase analysis by Energy Dispersive Spectroscopy-
EDS (Quantum, Kevex). For TGO and thermal cycled coatingmicrostruc-
ture analysis, a ZEISS - ULTRA 55 scanning electron microscope was
employed. Coating surface roughness was measured in an Olympus
tp://dx.doi.org/10.1016/j.surfcoat.2016.07.084

http://dx.doi.org/10.1016/j.surfcoat.2016.07.084


Table 1
Chemical composition of the materials used in the experiments (wt%).

Material Co Ni Cr Al Y Mo Fe (max) Nb + Ta ZrO2 Y2O3 Other (max)

Inconel 625 – Bal. 20–23 – – 8–10 5–11 3.1–4.1 – – –
CoNiCrAlY Bal. 29–35 18–24 5–11 0.1–0.8 – – – – – 1.0
YSZ 203 NS – – – – – – – – 92 8 –

Table 2
General thermal spraying parameters.

CGS p (bar) T (°C) Nozzle type v (mm/s) Powder Feed Rate (Kg/h) Passes Pass Spacing (mm) SOD (mm)

CoNiCrAlY 50 1000 24 WC 550 2 1 1 20

APS Ar Flow Rate
(l/min)

H2 Flow Rate
(l/min)

Amperage (A) Voltage
(V)

Powder Feed Rate
(Kg/h)

Passes Pass Spacing
(mm)

SOD (mm)

ZrO2-8%Y2O3 40 12 630 68 0,9 20 5 120

SOD = Standoff Distance; v = Particle Velocity
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LEXT Confocal Microscope - OLS 4000. Values quoted for roughness are
an average of 20 measurements for each coating.

Thermal Cycling was accomplished in an automatic system, con-
trolled using LabView software (National Instruments), using a Ther-
mo-Scientific Lindberg Blue M tube furnace. The thermal cycling is
shown in Fig. 3. The thermal cycles consisted of a 15 min period at
1121 °C in air environment, followed by cooling to 200 °C in ambient
air. Sets of samples were systematically extracted from the holder for
PLPS experiments after 50, 100, 200, 300, 400, 500 cycles as well as
after the end of life, determined as the time at which the spalled area
reached 40% of the total coated area. After residual stress measure-
ments, some selected samples were metalographically prepared to be
observed by SEM. The thermal grown oxide (TGO) layer was thenmea-
sured and analyzed regarding to exposition times and ceramic coating
thickness.

The measurements of residual stresses were carried out by Cr3+

photoluminescence piezospectroscopy (PLPS) using a Horiba LabRAM
ARAMIS system. The excitation source was a green Ar ion laser with a
photon wavelength of 514 nm and nominal power of 30mW. The spec-
tra were typically obtained using a 10% power (Filter D-1) and making
ten successive spectral acquisition times of 5 s each. The laser beam
was focused perpendicular to the surface of the coating, and mapping
a crossing line of at least 400 μm long on the specimen surface. The
Fig. 3. Thermal cycling equipment d
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confocal hole aperture was 400 μm and the slit aperture width was
20 μm. A 10× objective lens collected the light scattered from the spec-
imen and was analyzed using a 1800 lines per mm grating. The R2 peak
shift, relative to a ruby standard, was used for stress calculation. Air con-
ditioning unit was used to maintain the room temperature at 22 °C for
all the PLPS measurements because of the temperature dependence of
frequency of the R1 and R2 peaks. Peak fitting and deconvolution was
performedwith NGS LabSpec 5 software. A total of at least 40 individual
measurements were averaged for residual stress level computation. Re-
sidual stress calculation followed the equation for biaxial stresses given
by:

Δv ¼ 2
3
∏ii σ ð1Þ

where the piezospectroscopic tensor ∏ii is 7.60 cm−1/GPa [27].

3. Results and discussion

3.1. Coatings structural characterization

Representative images of the TBC coating systems are shown in Fig. 4
for the different coating thicknesses. The general microstructure of the
eveloped at Harvard University.
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Fig. 4. Optical cross sectional images of a) the bond coat without top coat, and a TBC coating system with b) 50, c) 100, and d) 150 μm thick ceramic over a 150 μm bond coat.
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coatings was practically identical for all the systems. Further and com-
plementary data on the general characteristics of the YSZ TBC with a
cold sprayed bond coat using the new CoNiCrAlY powder (AE10086)
can be found elsewhere [31].

The roughness of the as sprayed bond coat was measured as 3.8 μm
(Ra). The grit blasted substrate had a roughness of 4.5 μm, indicating
just a slight reduction in surface roughness after bond coating, probably
related to surface smoothing by filling the concave regions. A more in-
tense decreasing in roughness was observed for the roughness of the
thermal cycled TBC coating surfaces that varied from 3.7 μm for the as
Fig. 5. Compressive residual stresses measur

Please cite this article as: C.R.C. Lima, et al., Surf. Coat. Technol. (2016), ht
sprayed TBC with 50 μm ceramic top coat to 2.0 μm for the same TBC
after 200 thermal cycles. In this case, the decreasing in roughness is
probably due to surface degradation by removal of debonded particles.
The morphology and residual stress in the TGO scale may vary depend-
ing on the roughness of the bond coat surface prior to oxidation. Rough
surfaces result in lower R2 frequency shifts due to tensile contributions
of the stress over convex prominences of the surface. Since the bond
coatwas the same for all TBC coatings, and did not vary after the ceramic
top coat application, no further roughness influence in the comparative
residual stress measurement was taken into account.
ed after 50 through 500 thermal cycles.

tp://dx.doi.org/10.1016/j.surfcoat.2016.07.084
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Fig. 6. Residual stresses for the different thicknesses of ceramic coatings after thermal cycling at 1121 °C. The last results in each graphic correspond to the failure of the coating. The lines
through the data points represent a general tendency of residual stress with increasing number of cycles using a polynomial fitting. The values shown are the average of measurements
recorded at 40 different locations.
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3.2. Residual stress measurements

The PLPS measurements were initially carried out on the as-sprayed
TBCs. No luminescence signals were observedmeaning that no alumina
was detectable before thermal cycling. After thermal cycling, strong R1
and R2 peaks characteristic of alumina were detectable. Furthermore,
the frequencies of the R2 lines were dependent on the number of cycles
and the different coating thicknesses. These findings, plotted in terms of
the compressive residual stresses in the TGO are presented in Fig. 5 after
50 through 500 thermal cycles.
Fig. 7.Average residual stresses for a) the bond coatswith no top coat, and b) the different thickn
individual measurements in different locations.

Please cite this article as: C.R.C. Lima, et al., Surf. Coat. Technol. (2016), ht
It is worth to mention that in the present experiments with the ap-
propriate equipment calibration and set-up itwaspossible to get correct
luminescence signal regardless of the ceramic coating thickness, then
allowing the residual stress calculation. The main parameters to be ad-
justed are the laser power and the combination of exposure time and
accumulation number. The intensity of the resulting signal varies but
this fact by no means compromises the peak shift evaluation. All data-
acquisition conditions were maintained constant for all specimens.

Except for the TBCs with the thinnest, 50 μm, ceramic top-coat,
which shows an increase of the compressive stresses until 400 cycles,
esses of ceramic coatings after thermal cycling at 1121 °C. Data points are the average of 40

tp://dx.doi.org/10.1016/j.surfcoat.2016.07.084
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Fig. 8. SEM cross sections of the coatings after 50 thermal cycles.
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there is a general tendency of the compressive stress to decrease with
increasing number of thermal cycles until 500 cycles. The TBC with a
100 μm ceramic coatings showed the highest scattering of results. The
highest stresses are for the TBC with a ceramic thickness of 50 μm that
reaches 3.64 GPa after 400 cycles. For the TBCs with a ceramic thickness
of 150 and 250 μm, a much lower level of residual stress is shown until
500 cycles, between 0 and 1 GPa, including some tensile stresses after
200 cycles. The scattering of results is mainly attributed to the influence
of TGO roughness since the highly undulating nature of TGO/BC inter-
face gives rise to out of plane tension.

For the thicker TBCs, increasing thermal cycling, after 500 cycles,
there is a change in the decrease trend then showing an increase pro-
pensity to higher compressive stresses for the thicker coatings until
the coating failure. The coating failure was defined as the spalling or de-
tachment of more than 40% of the coated area. These general trends of
the residual stresses for the four different TBC coatings are shown in
the graphs of Fig. 6.

The mentioned trend was not observed only for the thinner coating
(50 μm) that, after an initial increasing below 400 cycles, has shown a
Fig. 9. SEM cross section of the 100

Please cite this article as: C.R.C. Lima, et al., Surf. Coat. Technol. (2016), ht
general tendency of reduction in the residual stresses until complete
failure after 1100 cycles. For the 250 μm ceramic coated TBC the prema-
ture failure just after 300 cycles did not allow to evaluate that trend. But
according to the results for TBC 100 and TBC 150 μm, the same tendency
could be foreseen. Fig. 7 shows the average general behavior for the evo-
lution of residual stresses in the bond coats with no ceramic top coat,
measured on the half part of each coating sample, as well as the evolu-
tion for the TBC full coated ceramic samples until 500 thermal cycles.
Despite the differences in the stress level, a similar tendency for both
samples, with or without a ceramic top coat, can be seen. The lower
stress values for the bond coat with no ceramic top coat are credited
to the fact that there is no constraint from the top coat, and furthermore,
some oxide scale spallation is seen to occur after thermal cycling. The
stress increasing tendency of the thicker ceramic coatings (Fig. 6)
when cycling longer than 500 cycles could be explained by the change
in the area probed by the laser on the thermal cycled samples as the
samples already presented some coating degradation and PLPSwas per-
formed on the apparently intact regions of the coatings. This point will
be better discussed in the discussion section.
μm TBC after thermal cycling.

tp://dx.doi.org/10.1016/j.surfcoat.2016.07.084
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Fig. 10. SEM cross sectional image of thermally grown oxide formed after 50 thermal cycles for: a) a 100 μm ceramic top-coat; b) 250 μm ceramic top-coat.
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3.3. TGO characteristics and evolution

The cross sections of the coatings after 50 thermal cycles are shown
in Fig. 8. A similar thickness of the TGO formed for the four different
coating thicknesses can be reported. The wrinkling of the TGO profile
can be observed and is very similar for all the coatings.

A similar aspect of the TGO was observed after additional thermal
cycling, with no relevant changes in TGO growing and oxides formation
for all coatings as exemplified in Fig. 9 that shows the TGO aspect after
additional thermal cycling for the TBC with 100 μm ceramic layer until
500 cycles. As a matter of fact, when increasing thermal cycling, an in-
creasing in the formation of a second phase (light grey) that differs
from the α-Al2O3 (dark grey phase) is observed. It should be empha-
sized that no significant changes were noted in the thickness of the
TGO formed regardless of the TBC thickness or number of cycles until
500 thermal cycles. This is evidenced when comparing the TGO of a
TBC with 100 or 250 μm of ceramic after 50 thermal cycles (Fig. 10) as
well as for the different TBC thicknesses after 200 cycles (Fig. 11) with
a similar TGO thickness around 4 μm. Diverse values of TGO thicknesses
have been reported by other authors mainly due to differences in
heating or thermal cycling procedures and parameters, coating mate-
rials and thicknesses, application processes, measurement procedure
among others. Focusing just on thermally sprayed TBCs, Rabiei and
Evans [32] measured TGO from 3.5 to 7 μm thick after thermal cycling
from 216 to 1944 h at 1010 °C. Wang et al. [33] reported a TGO ranging
from 2 to 8 μm for air plasma sprayed TBC exposed to 1200 °C for differ-
ent times. A TGO thickness varying from 2 to 6 μm is reported by
Martena et al. [34] from isothermal treatment of TBC at 1070 °C.

The maximum measured thickness was 5 μm for the 100 μm TBC,
with an evolution of just 1 μm in thickness from 200 to 500 thermal cy-
cles, as evidenced in Fig. 12. EDS measurements have shown that the
TGO formed ismainlyα-Al2O3 (dark grey phase in Figs. 10 to 12), as ex-
pected, and a second phase (light grey)mainly constituted of Cr, and Ni,
most probably as NiO, Cr2O3 or spinel-type oxides. Alumina is the
Fig. 11. SEM cross sectional image of the TGO thickness for different TBC t
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preferred oxide because it forms a continuous scale, with slow growth
rate and a superior adherence to BC. There are different assumptions
in the literature about the alumina scale growth. Some suggest that alu-
mina scale grows preferentially by outward aluminum diffusion, others
support that scale growth occurs by inward oxygen diffusion, and some
state that the growth occurred by both cation and anion transport in the
alumina scale [35,36]. Some studies have stated that Al2O3 would form
first in CoNiCrAlY bond coats during thermal exposure in air [37]. But,
according to more recent studies, it was found that the upper part of
the TGO after 50 and 200 thermal cycles at 1050 °C consisted of a
chromia + spinel layer and of mixed oxide clusters, other than the
Al2O3 [38]. The same typical oxide composition is found in this research.
A possible explanation for that is the compositional inhomogeneity in
the thermally sprayed TBC systems that could promote the preferential
formation of (Cr,Al)2O3, NiO and other oxides at the first stage of oxida-
tion. Complimentarily, it might also be possible that the early formation
of mixed oxides is due to the lack of properly developed beta-phase at
the beginning of thermal cycling.

3.4. Discussion

As observed by several authors [32,34,38], the failure of TBCs in ther-
mal cycling is caused by the crack propagation in the YSZ coating next to
and along the YSZ/bond coat interface. The failure occurs through the
nucleation and growth of discontinuities, which is assisted by the
crack nucleation and propagation related to the stresses generated by
the TGO. The residual stresses that lead to cracking occur from a combi-
nation of macro andmicro effects that include coefficient of thermal ex-
pansion (CTE) mismatch between the coating and substrate and the
differential thermal expansion coefficients between different phases
present in the coating. The stresses across the TGO close to the bond
coat are higher than close to the ceramic, and the stresses at thickness
imperfections in the TGO are smaller than in the regular TGO near the
bond coat [39]. It is normally accepted that TBC failure can occur
hicknesses after 200 thermal cycles: a) 50 μm; b) 100 μm; c) 150 μm.

tp://dx.doi.org/10.1016/j.surfcoat.2016.07.084
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Fig. 12. SEM cross sectional image of the TGO thickness for 100 μm TBC after a) 50; b) 200; and c) 500 thermal cycles.
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when the TGO growth exceeds a critical thickness. Themechanics of this
form of failure are similar to the origin of a critical thickness for the loss
of coherence of epitaxial thin films, specifically when the release of
stored elastic strain energy in the growing film exceeds the fracture re-
sistance [40].

To investigate the second phase present in the TGO, EDS was per-
formed onto the TGO of a 100 μm TBC focusing the region with dark
grey α-alumina and light grey mixed oxides. As can be seen in the de-
tails of Fig. 13, the lighter phase is mainly constituted of Cr, Co and Ni
oxidewhat could justify the systematic reduction in the general residual
stress for the thicker coatings (Fig.5) as that secondphase is increasingly
observed when increasing ceramic thickness in the TBC until 500 cycles.

Somemechanics modeling indicates that the TGO should ideally re-
main elastic to the highest temperatures and not creep to prevent rum-
pling on thermal cycling that can lead to the development of local
separations at the TBC interface [41] what is the case for α-alumina
TGO. However, rumpling is known to commonly occur on thermal
Fig. 13. EDS results from the cross section of a 250 μm TBC after 50 thermal cycles at 1121 °C

Please cite this article as: C.R.C. Lima, et al., Surf. Coat. Technol. (2016), ht
cycling and, additionally, as thermal exposure further proceeds, the ini-
tially formed Al2O3 transforms to chromia+ spinel and other detrimen-
tal oxides that results in increased cracking associatedwith the TGO and
then longer cracks within the ceramic/bond coat interface. These oxides
with low mechanical integrity are more susceptible to crack nucleation
and propagation as discussed by Chen et al. [38] then resulting in lower
residual stresses when sampling volumeswith a high incidence of these
oxides.

With further thermal cycling after 500 cycles, the failure is believed
to be driven by subsequent cracking propagation at the ceramic top coat
which seems more accentuated for thicker coatings as thermal cycling
proceeds. The explanation for the increasing residual stress tendency
(Fig. 6) for the thicker TBCs (100, 150 and 250 μm) is proposed to be re-
lated to the coating volume probed by the laser in PLPs since a visually
undamaged region (with thicker TGO) was chosen for the measure-
ments after 500 cycles. It should be remembered that coating failure
was defined as the collapse of more than 40% of the coating surface
for 15 min. The SEM image shows the second phase formed over the α-Al2O3 TGO scale.

tp://dx.doi.org/10.1016/j.surfcoat.2016.07.084
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Fig. 14. Backscattered SEM images of 100 μm TBC at failure after 800 thermal cycles at
1121 °C for 15 min showing the presence of TGO scale regions that are still adherent.
These regions when probed by PLPS might explain the high residual stresses values
measured.

Fig. 16.Backscattered SEM images of a 50 μmTBC failed after 1100 thermal cycles at 1121 °
C for 15 min showing damaged TGO scale as well as top coat fracture and collapse. Note
that the TGO has reached around 7 μm of thickness.
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area. Then, before final failure, some mixed regions of the TGO were
probed, i.e. completely adherent regions and detached regions of the
TGO, as can be observed in Fig. 14 that was got from a failed sample
after 800 thermal cycles.

Differently, the tendency of the thinner TBC coating (50 μm) until
500 cycles is to increase with prolonged cycling (Fig.7). This is in a
good agreement with previous works both in the increasing tendency
and in the stress values measured taking into account the differences
in thermal cycling dwell time [27,42,43]. It should be noted that the
same tendency is observed for the bond coat alone (Fig. 7) but the stress
values are lower since there is no constraint from the top coat and oxide
scale spallation is present as can be observed in Fig. 15 from a bond coat
alone after 200 cycles. From 500 cycles to final failure at 1100 cycles the
decreasing tendency in residual stress of the thinner TBC (Fig. 6) is
credited to general coating cracking both in the thin top coat and in
the TGO leading to coating collapse, as shown in Fig. 16. Note that the
TGO is considerably thicker than at 500 cycles.

From the previous discussion and considering the present results, it
should be pointed out that the photoluminescence piezospectroscopy
can be consistently used to measure TGO residual stresses of plasma
sprayed thermal barrier coatings until 250 μm even considering the at-
tenuation of photoluminescence signal. PLPS can be useful to predict
Fig. 15. Backscattered SEM images of a bond coated superalloy with no ceramic top coat
after 200 thermal cycles at 1121 °C for 15 min showing the presence of TGO scale with
cracking. Measured stress values are low compared to top coated samples since there is
no constraint from the top coat and oxide scale spallation is evident.

Please cite this article as: C.R.C. Lima, et al., Surf. Coat. Technol. (2016), ht
TBC life. It can be also suggested that the inflection point of the stress
changing tendency, as pointed in Fig. 6, means that the general coating
has already failed but there are still some adherent and almost intact re-
gions of the coating that are still effective in the substrate protection.

4. Conclusions

TBC coatingswith different ceramic layer thicknesseswere tested by
Cr3+ photoluminescence piezospectroscopy to evaluate the residual
stresses at the thermally grown oxide formed after thermal cycling at
1121 °C. Scanning Electron and Optical Microscopy helped in the TGO
and coating structure evaluation. The results can be summarized as
follows:

• A new CoNiCrAlY powder (AE10086) with composition
Co32Ni21Cr8Al0.5Y was deposited onto Inconel 615 substrates by
cold spray as a bond coat for an YSZ TBC. The coatings presented a
very homogeneous and dense microstructure with a lower surface
roughness as compared to the grit blasted substrate

• Photoluminescence piezospectroscopy was effective for residual
stress measurements at TGO formed on cold sprayed bond coat of
air plasma sprayed TBCs with ceramic layer thickness varying from
50 to 250 μm and proved to be indicated as a non-destructive tool
for coating quality and failure control.

• Similar TGO thicknesses, around 4 μm, were found by SEM imaging
after additional thermal cycling in the range of the experimental ap-
proach until 500 thermal cycles. Beyond that TGO thickens and got
around 7 μm for the 50 μm TBC after 1100 cycles.

• According to the results, residual compressive stresses measured in
the TGO were found to be around 2.5 GPa after 50 fifteen-minute cy-
cles at 1121 °C for the thinner coatings, then decreasing for the thicker
coatings. The highest stresses are for the TBCwith a ceramic thickness
of 50 μm that reaches 3.64 GPa after 400 cycles.

• Until 500 cycles, the 50 μmcoating shows an increasing residual stress
tendency when increasing the number of thermal cycles that agrees
with the results for a bond coated substrate without ceramic top
coat. For thicker coatings a general tendency of compressive stress re-
duction is observed as the coating thickness increases. This trend
changes with further thermal cycling until coating final failure.

• The decreasing of compressive stress for thicker coatings until 500 cy-
cles is credited to the extensive formation of a second phase in the
TGO mainly constituted of Cr, Co and Ni oxides that are detrimental
oxides resulting in increased cracking associated with the TGO and
then longer cracks within the ceramic/bond coat interface. These ox-
ides with low mechanical integrity are more susceptible to crack
tp://dx.doi.org/10.1016/j.surfcoat.2016.07.084
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nucleation and propagation then resulting in lower residual stresses
when sampling volumes with a high incidence of these oxides.
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