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1 ACCOMPLISHMENTS

a. What were the major goals and objectives of this project?

Project Tasks:
The following table summarizes the overall project tasks and completion status.

Tasks Milestone Description FY18 FY19 FY20 FY21 FY22

Task 1

Project Management Completion of all tasks complete

Task 2

Defining and Manufacturing of the Sensor Configuration complete

2.1 Identify and Select Materials complete

2.2 Perform Simulation complete

Task 3

Establishing Sensing Properties Characterizing Coating 

Response Luminescence Sensing
complete

3.1 Correlate Materials Measurement Properties complete

3.2 Simulation Surface Defects Temperature Properties complete

Task 4

Non-intrusive and well benchmarked measurements 

surface temperature and coating strain
complete

4.1 Improve Temperature Measurement Capability complete

4.2 Improve Strain Measurement Capability complete

Task 5

Lab scale instrumentation development Lab scale tests complete complete

Task 6 - extension to increase TRL and capabilities

Instrumentation adaptation to engine rig Lab scale tests complete

6.1 Manufacturing and deposition of luminescent coatings 

in an engine test rig
complete

6.2 Design and adaptation of Phosphor Thermometry for 

engine test rig
complete

6.3 Data collection synchronization and data 

postprocessing
complete

Run a successful engine 

test 

Validation of benchmark 

tests complete

Coating configurations 

selected

Testing of temperatire 

measurements complete

Task list with order of performance and completion.
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b. What was accomplished under these goals?

Task 1: Project Management

The PI and co-PI managed and directed the project in accordance with the Project Man-
agement Plan to meet all technical, schedule and budget objectives and requirements. This
included the technical supervision of all the tasks presented below.
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Task 2: Defining and Manufacturing of the Sensor Configuration

Temperature measurement accuracy is a main concern for the optimization of engine effi-
ciency in turbomachinary. In particular, the precise determination of the temperature in
the high pressure turbine is crucial to adjust the equivalence fuel/oxidizer ratio to reach
maximum efficiency. Currently, state-of-the-art TBCs are not being used to their high-
est potential because of uncertainties in temperature measurements at high-temperature
[121, 123]. Safety margins as high as 200◦C are used to accommodate the significant tem-
perature error values [207], highlighting that a better monitoring of temperature would
lead to greater efficiency, a more accurate lifetime prediction, as well as a mitigated degra-
dation enabled by reliable and controlled temperature measurements [191, 213]. To give a
perspective, a 1% efficiency increase can save $20M over the full lifespan of operation of a
400 - 500 MW combined cycle plant [195]. Turbine components are designed to operate for
extended periods, for example, a standard land-based gas turbine systems have generally
a 30 - 40 years lifetime and hot path components are expected to survive up to 100,000
hours or 3,000 starts [145]. Safe and reliable operation of engines, with reduced downtime,
is facilitated by a more accurate control of temperature in extreme environments as it pre-
vents from operating turbine blades in fast damaging conditions [221]. The determination
of temperature, in particular at the top coat / bond coat interface is critical to better
monitor the lifetime of the coatings.

Temperature measurement techniques for TBCs

Implementing an in-situ temperature measurement method in a high pressure turbine is
often impractical due to high pressure and temperature conditions. Table 1 presents the
existing techniques that can be used to measure temperature on TBCs. Rotating blades
running at high velocity, defined gas flow patterns and high operating temperatures limit
the applicability of thermocouples. This is without considering the meticulous labor re-
quired for the installation of thermocouple probes, attaching them at the surface of the
turbine blades, creating defect points, or affecting the manufacturing process to integrate
thermocouples below the top coat [247, 219].

Table 1: Existing temperature measurement techniques and associated features for in-situ
turbine blade coating monitoring.

Method Measured
location

Range of
temperature Limits of the method

Thermocouples Point
measurement -250 to 2300◦C

Intrusiveness
Disrupting the flow [69]
Chemical instability [100]
Labor intensive

Thermal paint Surface 150 to 1350◦C
Low resolution [139, 113]
Low maximum temperatures
[125]

Infrared imaging Surface -50 to 2000◦C

Sensitivity to stray light [239, 174]
Sensitivity to emissivity
variations induced by temperature
or surface contamination
[93, 3]

Phosphor
thermometry

Surface or
sub-surface -250 to 1700◦C Weak signal at high temperatures

[34, 110, 109, 149]
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Among other options for TBC temperature measurements: thermal paints and thermal
history sensors. These techniques have been applied in turbine environments, but are
limited to off-line measurements. To reveal temperature conditions, thermal paints use
the thermochromism of pigments and thermal history sensors use the luminescence of sol-
gel phosphor materials that evolves rapidly, after initial exposition of the as-fabricated
material to high temperature, through recrystallization, phase transition, oxidation or
diffusion processes [70, 177, 112]. These two techniques can record the peak temperatures
of the TBC surface and potentially determine defect zones through hot spots. Finally,
optical methods are non-invasive and can potentially capture data under limited access in
the hot section of gas turbines. Infrared imaging stands out as one of the most prevalent
technique for temperature measurements on TBCs. It is based on the collection of the
thermal radiation, emitted by the materials in the infrared range. The ideal blackbody
radiation can be predicted using Planck’s law, which formula for spectral irradiance is
given by Equation 1.

Eλ =
8πhc2

λ5

1

ehc/λkT − 1
(1)

where h is Planck’s constant, c is the speed of light, λ is the wavelength, k is Boltzmann’s
constant, and T is the temperature.

In practice, materials have wavelength and temperature-dependent emissivities that need
to be considered when using thermal radiation based methods. The biggest advantage of
this technique is its capability to perform non-contact real-time area temperature measure-
ments with easy integration, but where precision is limited by the presence of noise from
background emission of light from the operation of the turbine engines and where accuracy
is heavily susceptible to emissivity variation [3, 119, 22]. Significant effort has been invested
recently in developing TBCs that contain temperature sensors to use phosphor thermom-
etry, a well-known technique that enables non-contact real-time measurements on TBCs,
using temperature-dependent luminescence emitted from phosphors that produce a robust
and reproducible signal, with measurement capabilities that can overcome difficulties faced
by infrared measurements methods [41]. This technique has shown great potential for en-
hanced TBC temperature monitoring on operating engines [6, 68, 164, 238, 5]. It has the
advantage of being versatile and its capabilities are still being extended for TBC character-
ization, in particular with the development of new material configurations with improved
luminescence properties [24, 234]. Phosphor thermometry allows for high accuracy of the
temperature measurements with highly sensitive phosphors. One of the biggest advantages
of phosphor thermometry over the other techniques is its capability to measure tempera-
tures under the surface of the coatings [74, 176], and closer to the interface between the top
coat and the bond coat, which is the key location for the determination of TBC lifetime [89].

This research project focused on the use of phosphor thermometry and on the development
of novel temperature measurement material sensor configurations, instrumentation and
methods, applied to TBCs. Phosphor thermometry is believed to be extremely promising
for improved temperature measurement effectiveness in real operating conditions of tur-
bine engines, and for further extension of temperature monitoring capabilities. Specifically,
using the luminescence decay method to measure temperatures for sensor TBCs. The de-
cay in the luminescence intensity typically follows an exponential decay model, given by
I(t) = I0e

(−τ/t) (Figure 1(a)). When phosphors are excited with a pulse of light, the width
of the pulse is preferably much shorter than the decay time of the luminescence. The time
dependent intensity, I(t), is measured following the excitation pulse, and the decay time,
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τ , is calculated from the slope of a plot of log I(t) vs t where I(t) is the time dependent
intensity measured and t is the time [91]. The decay time τ is sensitive to the temperature
of phosphor. The decay in intensity then can be related to the temperature of the coating
(Figure 1(b)). The slope of the intensity decay dictates the temperature sensitivity of the
luminescence of the material used. For example, YSZ : Dy is the combination of host :
dopant, respectively, used for the data shown in Figure 1(b). An initial calibration of the
lifetime decay at various temperatures for any combination will enable the retrace of the
temperature value.

𝑇1 > 𝑇2

𝐼 = 𝐼0 𝑒
−𝑡/𝜏(𝑇)

𝜏(𝑇1) < 𝜏(𝑇2)

(a)
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Figure 1: Under pulsed laser excitation, (a) typical luminescence intensity with respect to
time, (b) typical lifetime decay with respect to temperature [72].

Materials of interest for phosphor thermometry
Phosphor thermometry is a technique that utilizes temperature dependent luminescence
properties of atoms that are excited with a pulse of laser. Various materials such as
rare-earth or transition metals are capable of such usable luminescence. These elements
can be used as dopants in a suitable host to leverage their luminescence property for
noninvasive temperature measurements. The choice of the host in which these elements are
doped (e.g. cation diffusion) strongly affects the luminescence as well as potentially their
mechanical properties. Analyzing the properties of some promising doped configurations
and developing predictive methods for optimal configuration selection were clear objectives
in Task 2. The goal was to characterize and to obtain an improvement of the accuracy of
the temperature dependent luminescence, leading to a possible reduced uncertainty and
to investigate any effects on the mechanical properties of a selected configuration. The
selection process for the materials to be used accounted for the relevant parameters that
influence luminescent efficiency. The effect of the dopant on the overall mechanical and
thermal properties of the configuration was also considered.
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Figure 2: Configuration of TBC including a doped layer for phosphor thermometry

The schematic of a configuration of a TBC with an embedded doped layer is presented
in Figure 2. The doped layer consists of host and rare-earth dopant material. It has two
geometrical parameters to uniquely design the configuration for the purpose of interest,
namely, the position of the doped layer, z and the thickness of the doped layer, h. The
dopant concentration c can also be varied in order to obtain different sensing capabilities.
z′ represents the depth axis in the thickness direction, where z′ = 0 represents the surface of
the coating. A large number of rare-earth doped material configurations were considered as
potential sensors for phosphor thermometry applied to TBCs. Europium and Dysprosium
stand out for their intense luminescence that is conserved at high temperatures. The
concentration of dopant is generally lower than 3 wt.% to enable high luminescence and
avoid any phase change and conserve the thermomechanical or optical properties of the
undoped material. The main material configurations (rare-earth dopant + host is noted
Host:RE) that were tested previously in literature for TBC applications are presented
below.

Rare-earth doped Yttrium aluminum garnet (Y3Al5O12:RE)

Yttrium Aluminum garnet, also referred as YAG: This matrix has the advantage of possess-
ing a very low oxygen diffusivity (10−25 m2/s for bulk YAG), a low thermal conductivity
at high temperature (3.2 W/m·K at 1000◦C) [217] and a good phase stability up to its
melting point (1970◦C) [87]. However, the limited thermodynamic compatibility with the
other phases present in standard TBCs [88] and its low coefficient of thermal expansion
(6 - 8·10−6 /◦C) [173, 187], combined with a low fracture toughness (≈ 1.8 MPa·

√
m) [87]

reduces its application scope in TBCs. In terms of luminescence properties, when used in
combination with rare-earth dopants, it exhibits excellent high temperature measurement
capabilities, up to at least 1400◦C [209, 151]. YAG:Dy has been extensively used, including
in turbine environments [213, 69, 122, 65, 108, 102, 56], YAG:Eu has similarly shown high
temperature capabilities [183, 50, 71]. YAG:Tm has been studied as it provides ultraviolet
luminescence that is advantageous in presence of thermal radiation [56] and its quenching
temperature is as high as 1100◦C which makes it suitable for TBC surface applications
[122, 120].
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Rare-earth doped Yttrium oxide (Y2O3:RE)

Yttrium oxide has been mainly combined with europium (Y2O3:Eu). Although it is known
to display intense luminescence that is appropriate for Phosphor Thermometry on sensing
TBCs [69, 6, 164, 122, 65, 183, 128], in particular for buried layers, this configuration is
not ideal for real engine conditions as its luminescence signal is too low at temperatures
exceeding 900◦C, due to oxygen quenching [125]. Additionally, high pressure environments
annihilates luminescence of Y2O3:Eu [23].

Rare-earth doped yttria stabilized zirconia (YSZ:RE)

The utilization of YSZ as the host material for rare-earth luminescence dopants is an
attractive option for embedded sensing layers because of the layer compatibility with the
rest of the TBC system which allows for reduced intrusiveness of the sensor. Rare-earth
doped YSZ configurations for sensing TBCs have been thoroughly investigated [202, 32]
due to its easy integration and suitability to high temperature luminescence applications.
YSZ:Eu has been largely studied because of its intense luminescence that can be used
for integration of a sensing layer in the depth of the TBC, and because it exhibits high
sensitivity to temperature from 500 to 850◦C [242, 213, 69, 71, 203, 10, 67]. YSZ:Dy has
been also considered as it displays the highest temperature capability among rare-earth
doped YSZ (about 1000◦C), using the lifetime decay method [242, 213, 93, 209, 71, 33].
Other rare-earth dopants have been tested in a YSZ host for TBC applications using
Phosphor Thermometry, namely, YSZ:Sm [179, 204], YSZ:Gd [213] and YSZ:Er [202, 204].
It can be noted that YSZ:Tb was found to be unusable due to the rapid oxidation of Tb
[31]. Another attractive feature concerning YSZ:Eu and YSZ:Dy is that both phosphors
possess a sensitivity that remains unchanged after thermal aging or at different dopant
concentrations [43].

Manufacturing of TBC coupons by air plasma spray coating technique
Initial work for the manufacturing of sensor TBCs was performed in Task 2, early in the
project, at the Florida Institute of Technology and includes three different configurations
of rare-earth doped YSZ TBC coupons that were prepared using air plasma spray (APS).
These configurations are shown in Figure 3.

Bond coat

Substrate IN738

Undoped YSZ

Bond coat

Substrate IN738

Undoped YSZ

Mixed Doped YSZ

Bond coat

Substrate IN738

Undoped YSZ

Mixed Doped YSZ

#1,2,3 #4,5,6 #7,8,9,10

400 μm

Undoped YSZ
(Reference configuration) Doped YSZ at the top Doped YSZ above bond coat

Doped YSZ ~70 μm

250 μm

Undoped YSZ ~180 μm

Figure 3: Schematic of the first coating configurations of TBC coupons prepared by APS.

Top coat starting powders used to manufacture this first set of samples include standard
YSZ powder (ZRO-271, Praxair Surface Technologies) and YSZ:Eu 3 wt.% (Phosphor
Technology Ltd.). The deposition of the doped YSZ powders turned out to be challenging
due to the small particle size (D50 < 1 µm). Nanoparticles are usually preferred for the
production of homogeneous doped powders, in a reasonable time scale, through cation
diffusion during the solid state reaction. However, this particle size is problematic for air
plasma spray deposition because standard deposition parameters are optimized for D50 ≈
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30 - 50 µm. In addition, the doped powders were found to possess irregular particle
shapes, which is an additional constraint for APS deposition. To ensure the flowability of
the mixture and a good deposition rate for the doped layers, doped nanoparticle powder
and undoped microparticle powder were mixed so the high flowability industrial powder
can act as a carrier for the doped material. The micrographs of both starting powders and
the resulting mixture that was used for the deposition of luminescent layers are presented
in Figure 4. The particle size obtained for mixture was estimated to be approximately:
D50 ≈ 30 µm, using the microscope scaling tool. The powders were observed with a voltage
acceleration of 15 kV.

+                       →

Undoped YSZ

Doped YSZ

Mixed YSZ

Figure 4: Micrographs of preprocessing powders mixed to enable the deposition of lumines-
cent powders through air plasma spray.

During the deposition process, the feeding wheel speed was decreased to get a low but
consistent deposition rate which drastically reduced the clogging probability of the APS
system. The parameters used for the deposition of the layered configuration are given in
Table 16. The rare-earth dopant concentrations in YSZ were chosen for optimal lumines-
cence intensity, based on literature [88, 43, 178] and using the Johnson-Williams equation
which results are presented in Figure 13.

Table 2: Parameters used for sample fabrication through air plasma spray.

Bond coats Undoped top
coats

Doped top coats

Spray distance (cm) 10 7.5 7.5
Current (A) 802 902 902
Voltage (V) 43.3 43.7 43.7
Argon (SLM) 49.1 25.5 25.5
Helium (SLM) 20.3 20.8 20.8
Feeding wheel speed
(rpm) 1.17 3.29 0.48

After the deposition of each layer, thickness measurements were performed using an eddy
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current thickness gauge. The thicknesses are indicated in the sample matrix, given pre-
viously in Figure 29. Following the deposition of the TBCs on the superalloy disks, the
studs that were used to mount the substrates on the APS deposition stage were removed
and the specimens were cut into three pieces to provide:

• A circular segment for phosphor thermometry experiments

• A circular segment for scanning electron microscopy (SEM) characterization

• A 2.5 mm width rectangular cuboid piece for transmission X-ray diffraction experi-
ments: this width was chosen as it is suitable for depth-resolved high-energy trans-
mission X-ray diffraction measurements [232, 222].

The TBC coupons were then observed using SEM to determine more accurately the thick-
nesses of the layers. The SEM images of three TBC coupons are shown in Figure 5. The
average thickness of the bond coats in TBC coupons was measured to be approximately
317 ± 29 µm. The total top coat thicknesses in the coupons were measured as 330 ± 22
µm, 247 ± 18 µm, and 346 ± 25 µm in the regular, doped layer at bottom, and doped
layer at top configurations, respectively. In the TBCs with doped layers, the doped layer
thicknesses were measured to be approximately 75 ± 11 µm. It can be noted from the SEM
images that a mechanical interface can be observed in the configuration with the doped
layer deposited at the top (named T in the caption). This is because there was a significant
amount of delay in spraying the doped layer at the top, after spraying the standard YSZ
layer. However, in the other configurations, no interface is observed under SEM.

(a) Regular TBC (R) (b) Doped layer at bond coat (B) (c) Doped layer at top surface (T)

Figure 5: SEM micrograph of the TBCs of configurations (a) regular TBC, (b) Eu-doped
layer at the bond coat, and (c) Eu-doped layer at the top.

This initial APS manufacturing work was improved and optimized throughout the project.
Importantly, the main challenge preventing us from depositing rare-earth doped YSZ pow-
der in this Task 2 was finally resolved using fumed silica in addition to pure rare-earth
doped YSZ powder. This was done instead of using a mixture of rare-earth doped YSZ
powder and standard sprayable powder. The fumed silica (CAB-O-SIL, Cabot) is a flu-
idizing agent that helped carry the powders through the powder feeder and which was
vaporized in the plasma plume.
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Task 3: Establishing Sensing Properties Characterizing Coating Response
Luminescence Sensing

For this Task 3, multiple models were developed to both identify and optimize TBC con-
figurations for improved sensing and to ensure suitable thermomechanical performance.

The typical material properties of industrial TBCs are presented in Table 3. The deposition
method used for the top layer affects the resulting properties and therefore the performance
of the coatings.

Table 3: Thermomechanical properties of standard materials composing TBCs.

Top coat TGO Bond coat

Typical composition
7-8wt.% YSZ

(APS)
7-8wt.% YSZ
(EB-PVD) Al2O3 NiCrAlY

Thermal conductivity λ
at 1100◦C (W/(m·K))

1-2
[48, 137, 143]

2-3
[167]

5-6
[137, 214]

34
[143]

Coefficient of thermal
expansion α (×10−6 K−1)

11-13
[137, 184, 243]

11-13
[146]

7-10
[146, 184]

13-16
[146, 184]

Elastic modulus E
(GPa)

10-50
[180] 0-100 320-434

[25, 146, 184]
110-240

[25, 146, 184]
Toughness K
(MPa·

√
m)

0.7-2.2
[184, 148]

2.8-3.2
[184, 173]

>20
[184]

Poisson’s ratio
ν

0.2
[243]

0.2-0.25
[25, 243]

0.3-0.33
[25, 243]

Oxygen diffusivity
at 1000◦C (m2/s) 10−11 [137] 10−20 [137, 214] -

Crystal microstructure
Phase stable up to (◦C)

t′

1200-1250 [167]
α

1750
β, γ
1050

It can be highlighted in Table 3 that the rapid formation of the TGO creates an additional
protection against oxidation of the bond coat. However, further oxide growth eventually
leads to the progressive degradation of TBCs as a result of the accumulation of strains
due to expansion mismatch with the surrounding materials, particularly during thermal
cycling. On the other hand, constant interactions between the layers control the durability
of TBCs.

Modeling mechanics of the Thermally Grown Oxide (TGO) using Koch fractal

There have been many attempts to model the thermally grown oxide (TGO) utilizing
various finite element analysis (FEA) [80, 192, 21]. The current consensus among the
majority of papers studying TGO using FEA, seem to prefer a sine wave to model the
interface of the TGO between the top coat and bond coat. After aging for a certain
amount of time, a TGO does appear to be well represented by the sine wave interface. In
the early stages of TGO growth, especially for TBCs applied through air plasma spray,the
sine wave interface does not appear to be the best possible representation. This can be seen
below in Figure 6. Using the sine wave we can vary the amplitude and frequency, which
has given great insight into the TGO interface. Fractals are often used to describe surface
roughness in mathematical terms. In particular, Koch fractal has been widely used to
model fracture surfaces and interfaces [236, 147]. We utilized the Koch fractal to describe
TGO interfaces. The Koch fractal closely mimics the interface of TGO to both bond coat
and top coat.
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Figure 6: SEM image detailing the interfaces of top coat, TGO, and bond coat.

For the model that we developed, the geometry of the bond coat, top coat and TGO is
shown in Figure 7 for different orders of the Koch fractal. The simulations were performed
using the FE software Abaqus. The FE model was meshed with 4 noded linear plane strain
elements (CPE4R). The FE mesh of a model of a 1st order Koch fractal is shown in Figure
8. The interfaces between bond coat and TGO, and top coat and TGO were defined using
a surface-based cohesive zone model.

Koch (3)

Koch (4)

Sin Wave

Koch (1)

Bond Coat

TBCTGO

Koch (2)

Figure 7: Geometries for TGOs modeled by Koch fractals of different order with TGO
thickness of 1 µm [229].

Initial simulations were performed using linear elastic properties of bond coat, top coat and
TGO (Table 4). The interface properties used in the bilinear cohesive zone model. The
schematic of the traction separation law for the cohesive zone model is shown in Figure
9 for pure normal and shear modes. Kn,s are initial stiffness of the interface under pure
normal and shear modes. (tn, δn) and (ts, δs) are normal and shear traction (t) and
separation (δ) at a point on interface, respectively. The damage initiation occurs when the
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Full Mesh

Bond Coat

Top Coat

TGO

Mesh on Interface of TGO

Figure 8: Finite element mesh of a TBC model with TGO described by Koch fractal.

traction reaches a critical value. The criterion for damage initiation under mixed mode
loading is given by [27, 2]:

(
⟨tn⟩
t0n

)2

+

(
ts
t0s

)2

= 1 (2)

where, t0n and t0s are the interface strengths under pure normal and shear modes, respec-
tively. Following initiation, damage continues to grow until fracture, which is described in
terms of fracture energies, given by:

Gn

Gc
n

+
Gs

Gc
s

= 1 (3)

where, Gc
n and Gc

s are fracture energy of the interface under pure normal and shear modes.
The values of the model parameters are listed in Table 5. Both the interfaces, bond coat -
TGO and TGO - top coat are assumed to have similar properties.

Materials Young’s modulus (E, GPa) Poisson number (ν)
Bond coat 200 0.30
Top coat 48 0.10

TGO 400 0.23

Table 4: Properties of bond coat, TGO and top coat [193]

Kn (GPa/µm) Ks (GPa/µm) t0n (MPa) t0s (MPa) Gc
n (J/m2) Gc

s (J/m2)
10 10 15 10 20 30

Table 5: Interface properties using cohesive zone model [2]

Initial simulations were performed to elucidate the load transfer and stress concentration
around the TGO and interfaces. In these simulations the bottom surface of the model was
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Figure 9: Schematic of bilinear traction separation laws under pure normal and shear modes
for the cohesive zone model of interfaces [2].

fixed to prevent vertical displacement and a displacement equivalent to 5 % global strain
was applied at the top surface. The resulting von Mises stress fields are shown in Figure
10. The normal stress in vertical direction in shown in Figure 11 and shear stresses in
Figure 12 are obtained from FE models with Koch fractal of different orders.

K(3) K(4) sin wave

K(1) K(2)

Figure 10: Von Mises stress in vertical direction of the TBC model with TGO described by
different Koch fractals.

14



1.0.0

K(3) K(4) sin wave

K(1) K(2)

Figure 11: Normal stress in vertical direction of the TBC model with TGO described by
different Koch fractals.

K(3)

K(4) sin wave

K(2)

K(1)

Figure 12: Shear stress in the TBC model with TGO described by different Koch fractals.

15



1.0.0

The results show that the magnitude of the maximum von Mises and normal stresses de-
crease in the models with increasing order of the Koch fractal [229]. Within a given model,
increase in stress near the vertices of the fractal is observed resulting in a stress concen-
tration. This could give insight into the effectiveness of a smooth versus rough interface
between bond coat to top coat on the stress distribution throughout the thermal barrier
coating. The results here are only for a thickness of the TGO of 1 µm.

After collecting these outcomes on stress interface generated at the TGO interfaces in
TBCs, we focused more specifically on the development of models that account for sensor
TBCs with multi-layers. These models are presented below.

Effect of rare-earth dopant concentration on output luminescence intensity

The luminescence intensity that can be produced by a luminescent material is largely depen-
dent on the concentration of luminescent ions, called activator ions. As the concentration
increases, if the activator ions are well dispersed into the ceramic host, for a determined
area, a higher number of photons can be emitted. However, at higher concentrations or if
the doping ions agglomerate, their interaction will cause vibrational deexcitation resulting
in the lower probability of photons emission. This phenomenon is called concentration
quenching. Some of the synthesis methods used for the production of luminescent ma-
terials for phosphor thermometry such as solid state reaction are likely to form dopant
clusters. Agglomeration can result in both a reduced maximum concentration level to
achieve optimal luminescence intensity as well as a fast decay component when measuring
the time response of the luminescent material under a pulsed excitation. It is important
to note that impurities (hydroxy group, organic compounds) that can be present in the
luminescent coatings contribute highly to luminescence quenching. To overcome this issue,
luminescent samples can be annealed at temperatures exceeding 800◦C for at least 2 h to
enhance luminescence [123, 125, 165].

The Johnson-Williams equation, presented in Equation 4, gives a good approximation of
the effect of dopant concentration on the intensity of luminescence, assuming homogeneous
distribution of activator ions in the host matrix [115, 116]. The maximum concentration
of doping ions, for a particular combination of dopant and ceramic host, depends on the
actual energy levels of the activator ion in the specific host [88]. The Johnson-Williams
equation is defined as following:

Ic =
c(1− c)z

c+ σ
σ′ (1− c)

(4)

where c is the dopant concentration, z is the number of nearest dopant cation neighbors
and σ

σ′ is the capture cross section of non-activators, accounting for the actual absorption
cross-section of luminescent receptors in the material.

Figure 13 shows the results obtained by digitizing experimental results that demonstrate
the effects of concentration on luminescence intensity, found in literature, to obtain the
fitting parameters for the Johnson-Williams equation [88, 43, 90, 244]. It can be noted
that the optimal concentration for maximum luminescence intensity is strongly dependent
on the dopant used into a YSZ matrix.
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Figure 13: Predicted dependency of luminescence intensity in function of dopant concen-
tration, and limited due to concentration quenching [72].

Rare-earth doped layer stability in ceramic coatings

The adaptation of phosphor thermometry to TBCs requires the manufacturing of embed-
ded sensing layer configurations. One difficulty to consider in real conditions is the existing
thermal gradient which can lead to significant measurement errors. A proposed solution is
the application of a thin sensing layer, which minimizes the thermal gradient through the
doped layer. However, the signal intensity is reduced proportionately. As a consequence,
the thickness of the sensing layer needs to be adjusted to get a trade-off between tempera-
ture gradient and signal intensity. In this work, an intent to overcome this particular issue
is discussed, later in the following chapters, where the exact location at which temperature
measurement is performed could be estimated, through simulations, for any doped layer
thickness, and in presence of a thermal gradient. Such claim promotes thick doped layer
configurations as they obviously provide higher luminescence intensities.

Designing multilayer TBC configurations for precision temperature measurements using
phosphor thermometry is only possible if the location of the sensing layer is known. There-
fore, it is essential to determine up front if discrete rare-earth doped layers remain in place
when embedded into a TBC configuration, to enable luminescence sensing. The possible
diffusion of luminescent ions has been modeled in YSZ to evaluate the stability of the po-
sition of dopants when embedded in a TBC as a thin layer in a multilayered configuration.
The simulation uses the 2nd Fick’s law for diffusion, presented in Equation 5.

∂cRE

∂t
= DRE

∂2cRE

∂x2
(5)

where cRE is the normalized dopant concentration, DRE = 5.2 · 10−8µm2/s is the grain
boundary diffusivity of rare-earth ions in YSZ, x is the position into the coating, originating
at the top surface and t is the time of operation of the TBC at 1200◦C. The initial condition
is defined in Equation 6 and the boundary condition assuming no external dopant source
is defined in Equation 7.
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cRE(50 ≤ x ≤ 100) = 1 (6)

∂cRE

∂t
(0, t) = 0 (7)

The grain boundary diffusion was calculated using the diffusivity of Gadolinium (Gd) in
cubic 8 mol.% YSZ at 1200◦C in a Physical Vapor Deposition coating [19]. The grain
boundary diffusion corresponds to a faster diffusion mode than bulk diffusivity and has
been considered solely for this study to determine if the rare-earth diffusion in YSZ is
negligible, and thus if multilayer configurations including discrete luminescent layers are
viable. It is assumed that the diffusivity of other rare-earth elements remains identical to
that of Gd and that the higher concentration of stabilizer, existing in the reference that was
chosen in literature (Yttrium or rare-earth ions in zirconia), and leading to the prominence
of the cubic phase, does not affect diffusion in YSZ. The bulk diffusivity of YSZ can be
compared and supported by the value of cation diffusivity in standard 7-8 wt.% tetragonal
YSZ found in literature [95].

The model configuration used for this simulation includes a 50 µm-thick layer of rare-
earth doped YSZ, buried at 50 µm from the top surface into an undoped YSZ top coat.
Figure 14 shows the results for the diffusion over the standard lifetime of a turbine blade
TBC, indicating that the grain boundary diffusion penetration of dopant rare-earth ions
throughout the surrounding ceramic top coat is negligible. As a consequence, it is possible
to fabricate multilayer configurations including thin luminescent layers that remain in place
over time.

Undoped YSZ

Bond coat

Undoped YSZ

Doped YSZ
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Figure 14: Predicted diffusion of rare-earth dopant through YSZ at 1200◦C [72].

Luminescence intensity in rare-earth doped YSZ coatings

The challenge with modeling light propagation in TBCs, in order to understand its im-
plications in phosphor thermometry, is to account for the significant amount of scattering
that occurs in porous ceramic coatings. In addition, it is necessary to consider light ab-
sorption, as it travels through the coating. A model to account for this type of attenuation
is the Kubelka-Munk model [132, 133]. This model is a 1D model that assumes isotropic
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scattering of light and can model the distribution of light intensity in complex media. This
model has been further extended for specific applications [196, 163, 162], and it has been
applied in various fields including paint and papers [160], colorants and interference pig-
ment mixtures [131], light trapping in plants and biological tissues [201, 245], and blood
stain detection [114]. The model has been later implemented to describe excitation and
emission intensity distributions within TBCs [176, 66].

Here, the light propagation behavior of the phosphor luminescence in TBC configurations
was studied. To this goal, a 2×2-flux Kubelka-Munk model was constructed to predict
the intensity of the luminescence at any point in the sensor coatings. The two TBC
configurations considered in this study are the configuration (C1), that contains a fully
doped top coating, and the configuration (C2), that contains an embedded doped layer in
the top coat, as shown in Figure 15. The TBC configuration with an embedded doped layer
has two geometrical parameters to uniquely describe the configuration for the purpose of
interest, namely, the position of the doped layer and the thickness of the doped layer. In
the modeling work achieved here, the total thickness of the top coat is maintained constant
at 250 µm and the position is defined as the distance from the top surface of the TBC
to the top surface of the doped layer. Three rare-earth doped materials, YSZ:Dy, YSZ:Er
and YSZ:Sm were considered for this study. A detailed parametric study was performed
by systematically varying the position and thickness of the doped layer.

250 μm Doped top coat250 μm Doped top coat
Undoped top coatUndoped top coat
Bond coatBond coat
SubstrateSubstrate

(C1) (C2)(C1) (C2)

Figure 15: Configurations of TBC including a doped layer for phosphor thermometry, (left)
fully doped configuration (C1) and (right) embedded doped layer in the top coat (C2).

For a given excitation intensity input to the top surface of the TBC, the intensity of the
emerging luminescence arising from the phosphorescent TBC depends on the absorption
and scattering of the light into the coating. Therefore, the design of the TBC configuration
strongly affects the intensity of the collectable signal. Figure 16 shows a schematic of the
traveling incident laser light, and emitted luminescence in an example configuration that
contains a doped layer inside the YSZ top coat. The position (x1) of the top surface of the
embedded doped layer of thickness t = x2 − x1 is measured from the TBC surface.

19



1.0.0

Laser

𝑥

Bond

coat

Detector

Top 

surface

𝑥1 𝑥2

Doped

layer

Top

coat

𝐿0
In

te
n

s
it

y
TBC depth

Figure 16: Mechanism of absorption of excitation (incident laser) and emission (lumines-
cence) lights through the TBC.
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Figure 17: 1D 2×2-flux Kubelka-Munk boundary conditions to model phosphor luminescence
in TBCs.

The classical two-flux Kubelka-Munk model accounts for the simultaneous absorption and
scattering of laser and luminescence lights traveling in the depth of the material, along the
x-axis, in two opposite directions. The notations are illustrated in Figure 17. At any point
x, the incident laser light intensity traveling toward the bond coat is denoted by Ilaser
and that traveling back toward the TBC top surface is denoted by Jlaser. Similarly, the
intensities of the luminescence light traveling toward the bond coat and back to the top
surface of the TBC are denoted by Ilum and Jlum, respectively.

The governing differential equation describing the intensities of the incident light traveling
in and out (refer to Figure 17) can be formulated in a matrix form, as given by Equation
16.

{
I
′
laser

J
′
laser

}
=

[
−(Klaser + Slaser) Slaser

−Slaser Klaser + Slaser

]{
Ilaser
Jlaser

}
(8)

where I
′
laser and J

′
laser denote differentiation of Ilaser and Jlaser with respect to x, respec-

tively.
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The luminescence is assumed to occur due to the incident lights Ilaser and Jlaser for a
certain quantum efficiency (q) of the material. Therefore, the governing equation for the
luminescence light can be defined as given in Equation 17.

{
I
′
lum

J
′
lum

}
=

[
−(Klum + Slum) Slum

−Slum Klum + Slum

]{
Ilum
Jlum

}
+

[ qKlaser
2

qKlaser
2

− qKlaser
2 − qKlaser

2

]{
Ilaser
Jlaser

}
(9)

In the above equations, K∗ = 2k∗, and S∗ = 2s∗, where k∗ and s∗ are the respective absorp-
tion and scattering coefficients of the media, and q is the quantum efficiency. Equations
16 and 17 present the Kubelka-Munk model to describe the excitation (laser) and emission
(luminescence) intensities at any position x into the TBC with I∗ and J∗ representing light
traveling in the positive and negative x, respectively. The second term in Equation 17
accounts for the luminescence arising from the phosphors by the incident intensity. The
intensity of the luminescence is governed by the quantum efficiency (q) which is taken as
0.5 in this study for all three materials [66]. To use the governing equation for discrete
layers, the second term was modified in this model using the Heaviside step function such
that the luminescence occurs only in the doped layer given by Equation 10.

H (x− x1)H (x2 − x)

[ qKlaser
2

qKlaser
2

− qKlaser
2 − qKlaser

2

]{
Ilaser
Jlaser

}
, (10)

where x1 and x2 are the positions of the doped layer (refer to Figure 16) and H (x) is the
Heaviside step function.

The boundary conditions were implemented accounting for the intensity of the incident
light (Ilaser(x = 0) = 100 a.u. and Ilum(x = 0) = 0) and the reflection coefficient R at
the bond coat (set at 0.15 as defined in [176]). The boundary conditions used to solve the
governing differential equations are also depicted in Figure 17.

(a) (b)

Figure 18: Distribution of excitation laser and luminescence intensities through the coat-
ing based on Kubelka-Munk model for YSZ:Dy for (a) fully doped top coat (C1) and (b)
configuration (C2) with 50 µm doped layer positioned at 50 µm from the surface.

The solutions of the Kubelka-Munk model described above to predict intensities at different
positions of the top coat are shown in Figures 18(a) and 18(b), for the configurations
(C1) and (C2), respectively. These solutions correspond to the case where the TBC is
doped with YSZ:Dy, wherein the configuration (C1), the top coat is fully doped while
in configuration (C2), the doped layer of YSZ:Dy is embedded in an undoped YSZ top
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coat (refer to Figure 15). The wavelengths of the incident (excitation) and luminescence
light depend on the dopant that is used. The excitation and luminescence wavelengths
associated with the dopants are listed in Table 6. The optical properties of YSZ:Dy have
been reported in experimental data [176], when the dopant is added in a small amount
(typically ≈ 1 - 3 wt.%), can be approximated by that of undoped YSZ. In the different
literature references taken for experimental comparison, optical properties of YSZ given in
literature [216] provide the best approximation. Therefore, the absorption and scattering
coefficients for the specific wavelengths of interest in this study have been taken based
on this reference and are listed in Table 6. Further, in the case of the configuration
(C2), all the results reported correspond to a TBC configuration where the doped layer
has a thickness of 50 µm and is buried at 50 µm from the top surface. The collectable
luminescence is the value of Jlum at x = 0. It can be observed that, for the selected
quantum efficiency, the theoretical intensity of the collectable luminescence is 4.3 % of the
incident intensity in the case of configuration (C1) and 1.0 % of the incident intensity in
the case of configuration (C2).

Table 6: Optical properties of YSZ from experimental data published in literature [216].

Material λ (nm) scattering coefficient
s (m−1)

absorption coefficient
k (m−1)

Excitation properties
YSZ:Dy 355 50866 511

YSZ:Er / YSZ:Sm 532 33026 111
Emission properties

YSZ:Dy 590 29585 95
YSZ:Er 545 32113 107
YSZ:Sm 619 28490 88

Table 7: Collectable intensity (% of incident light) for different TBC configurations with
various doped layers.

Collectable intensity (% of incident light) YSZ:Dy YSZ:Er YSZ:Sm
Fully doped TBC: x1 = 0 µm, x2 = 250 µm 4.3 1.4 1.5

Embedded doped layer: x1 = 50 µm, x2 = 100 µm 1.0 0.4 0.4

The effects of the position and the thickness of the doped layer in the configuration (C2)
are shown in Figure 19(a). The figure shows the effect of varying the position of a YSZ:Dy
doped layer that has a fixed thickness of 50 µm in the top coat of the TBC. The collectable
intensity decreases from 2.9 % to 0.3 % when the 50 µm thick doped layer is moved from
the top surface to a depth of 100 µm. The effect of varying the thickness of the doped layer
when it is deposited at the top of the coating is depicted in Figure 19(b). For a doped layer
that has no thickness, there will obviously be no luminescence intensity. It can be observed
that the collectable intensity reaches a threshold (approximately 4.2 %) for thicknesses
bigger than 150 µm. This implies that further increasing the thickness of the doped layer
will not contribute to the collectable intensity as the luminescence does not reach the
surface when emitted from further in-depth locations. The collectable intensities at the
surface of the TBC configurations using different dopant layers are predicted by the model
as listed in Table 7. Three materials, YSZ:Dy, YSZ:Er and YSZ:Sm have been chosen due
to their promising properties for applications in phosphor thermometry [242, 202, 32]. The
optical properties for the materials are listed in Table 6. The scattering and absorption
coefficients of the incident light are found to strongly affect the collectable luminescence.
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It can be seen that YSZ:Dy exhibits higher luminescence intensity in both (C1) and (C2)
configurations due to the significantly higher scattering and absorption coefficients at the
incident wavelength of 355 nm (Table 7).

(a) (b)

Figure 19: Effects of (a) position of the doped layer of a constant thickness and (b) thickness
of the doped layer when placed at the top on the collectable luminescence intensity predicted
by the classical Kubelka-Munk model for YSZ:Dy.

Phosphor thermometry often applies to complex sensing configurations that possess mul-
tiple layers that can exhibit distinct optical properties. The Kubelka-Munk model was
further adapted for double-layer configurations. In standard TBCs, this configuration ex-
ists after some thermal aging, considering that the well-known luminescence of the TGO
can be used for luminescence sensing to evaluate temperature, up to 600◦C [32], or to
characterize stress in the TBC [194].

The modification applied to the Kubelka-Munk model for two distinct layers, labeled 1
(top coat) and 2 (TGO), of dissimilar absorption and scattering coefficients, as presented
in Figure 20(a), is given in Equation 11. It can be noted that layer 3 (bond coat) is not
considered for light travel but plays a role for interface reflectivity.


I ′1,lum
J ′
1,lum
I ′2,lum
J ′
2,lum

 =

−(K1 + S1) S1 0 0
−S1 K1 + S1 0 0
0 0 −(K2 + S2) S2
0 0 −S2 K2 + S2

 ·


I1,lum
J1,lum
I2,lum
J2,lum


+

0 0 0 0
0 0 0 0
0 0 q·K2

2
q·K2

2

0 0 − q·K2

2 − q·K2

2

 ·


I1,laser
J1,laser
I2,laser
J2,laser


(11)
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Figure 20: Modification of the Kubelka-Munk model for double-layer configuration applica-
tions in TBC, in which the TGO is luminescent and the top coat is not.

Regarding the boundary conditions, the percent reflectivity and transmissivity are given
by Rij and Tij , where ij represents the layer interaction i → j. For the numerical study,
the optical properties of alumina were taken from literature [171, 49]. The reflectivity at
the bond coat was chosen arbitrarily to be 50 %. The quantum efficiency was assumed to
be 0.5. The resulting distribution of luminescence intensity, traveling into the TBC, which
is for this study comprised of a 200 µm top coat and a 10 µm oxide layer is presented
in Figure 21. This model enabled luminescence prediction for the determination of the
feasibility of multilayer sensor coatings for phosphor thermometry.

Top coat

TGO

Figure 21: Luminescence intensity produced in TGO is attenuated as it travels back to the
top surface. Laser intensity is not shown on this graph.
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Location of temperature-dependent luminescence

The previous model was finally extended to account for the time decay behavior of the
emerging phosphor luminescence to understand the effectiveness of the TBC configura-
tions applied to phosphor thermometry. The model was applied to multilayered doped
TBC configurations to understand the effects of the geometry of the embedded doped
layer on the temperature measurement using the lifetime decay method. Three rare-earth
doped materials, YSZ:Dy, YSZ:Er and YSZ:Sm were chosen for this study and the in-depth
position and the thickness of the added doped layer was incrementally varied to evaluate
their influence in the resulting temperature measurement.

While the prediction of the value of luminescence intensity remains critical to ensure the
feasibility of data collection at high-temperatures, as the lifetime decay method offers the
advantage of higher sensitivity and precision in temperature measurement [106], model-
ing the decay behavior of the emerging luminescence is of key importance for phosphor
thermometry by the decay method. Following an excitation pulse of laser, the decrease
of luminescence intensity with time is typically described, for the dopants used in this
study, using an exponential function: I(t) = I0e

−t/τ(T ) in which τ(T ) represents the decay
constant that is temperature dependent. Starting from a temperature threshold called
quenching temperature, the energy of the phonons is high enough to allow for deexcita-
tion through vibrations between energy levels. The rate of non-radiative emissions is then
highly sensitive to temperature which is directly reflected on the rate of emitted photons.
To model a realistic TBC environment, a linear temperature distribution with a gradient
of 1 K/µm was assumed through the coating thickness. This was used to determine the
spatial distribution of τ(x) [14]. The decay constant and temperature across the depth of
the TBC are shown in Figure 22. It has been reported in literature that thermal conduc-
tivity of the doped layer is very close to that of the host material (within 5 %), therefore,
the temperature distribution in both the configurations (C1) and (C2) was assumed to
possess identical thermal properties as those of the undoped material. However, a model
considering the temperature dependence and effects of addition of dopants on the thermal
conductivity may be included to obtain more accurate temperature distribution across the
TBC.

Figure 22: Variation of τ(x) with TBC in-depth location due to the temperature gradient.
Data has been fitted from experimental data published in literature: YSZ:Dy [242], YSZ:Er
and YSZ:Sm [202].

The measurement obtained by phosphor thermometry, when there is such a gradient of
temperature acting on the TBC is consequently representative of a temperature that can
be found at a subsurface location. Indeed, the luminescence arising from a point at higher
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temperature will have smaller decay constant than that of the luminescence arising from
a point at lower temperature, as represented in Figure 23 (τ1 < τ2 < τ3). Thus, the
collectable luminescence at the TBC surface is the result of distinct signals coming from
in-depth locations into the doped coating with different decay constants. The exponential
decay of the luminescence arising from different positions of the TBC was integrated with
the Kubelka-Munk model to predict the decay of the collectable luminescence.
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Figure 23: Decay of phosphor luminescence intensity arising from different positions of the
TBC with temperature gradation across the coating.

To account for the variation of the decay time of the luminescence at each location in the
TBC, the governing equation were modified (refer to Equation 17), so that it includes the
luminescence decay contribution, as given in Equation 12.

{
I
′
lum

J
′
lum

}
=

[
−(Klum + Slum) Slum

−Slum Klum + Slum

]{
Ilum
Jlum

}
+ϕ(x, t)

[ qKlaser
2

qKlaser
2

− qKlaser
2 − qKlaser

2

]{
Ilaser
Jlaser

}
(12)

where, ϕ(x, t) = e−t/τ(x). In this exponential decay relation, t is the real time and τ(x)
is the decay constant of the luminescence arising from different positions x. The decay
constant τ(x) depends on the position due to the existing temperature gradient across the
TBC. This decay form can be justified by the quasi-monoexponential decay behavior of
the luminescence of the dopants considered in this study [175, 138, 188].

The time-dependent luminescence coming from different positions of the TBC with the
fully doped layer configuration (C1) and the TBC with an embedded thin doped layer
configuration (C2) is shown in Figure 24, and up to 4 µs. As it can be observed from
the figure, the part of the luminescence coming from the area close to the top surface
emerges with a higher intensity but decays rapidly. On the other hand, the luminescence
coming from a more buried position into the TBC has a smaller intensity, but decays
slower. The decay of the collectable luminescence (Jlum(x = 0)) can be then fitted using a
single-exponential model: J0(t) = J0(t = 0)e−t/τeq .
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(a) (C1)

(b) (C2)

Figure 24: Time dependent luminescence at different positions in the TBC obtained from
the modified Kubelka-Munk model for (a) fully doped TBC (C1) and (b) TBC with a 50
µm doped layer at a depth of 50 µm (C2) of YSZ:Dy.

The decay of the collectable luminescence from the two TBC configurations (C1) and
(C2) are shown in Figures 25(a) and 25(b), respectively. The results that are presented
are based on the simulations using YSZ:Dy as the doped material. The luminescence decay
that is expected to be generated at both edges of the doped layer are also shown in the
figure. In the case of the fully doped TBC configuration (C1), the edges correspond to
the surface of the TBC and the bond coat.

It can be noted that the equivalent decay constant of the collectable luminescence has a
value in between those of the luminescence from the edges of the doped layer which means
that the collectable signal indicates a temperature in a specific location into the doped
layer.

The decay constant of the collectable luminescence for the configuration (C1) was found
to be 1.67 µs, while those of the luminescence arising from the TBC surface and from
the top coat - bond coat interface were found to be 0.87 µs and 65.69 µs, respectively.
In the configuration (C2), the decay constant of the collectable luminescence is 2.89 µs
and that of the luminescence arising from both edges of the doped layer are 2.06 µs and
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4.90 µs, respectively. The equivalent decay constant can be experimentally measured and
can be used for the validation of this model. The decay constant (τeq) of the collectable
luminescence is further correlated to a particular position, named here equivalent position.
This position represents the sub-surface location from which the luminescence decay is
similar to that of the collectable luminescence. In other words, it represents the location
that is measured using phosphor thermometry.

(a) (C1) (b) (C2)

Figure 25: Decay of the luminescence from different positions in (a) fully doped TBC and
(b) TBC with a 50 µm doped layer at a depth of 50 µm of YSZ:Dy.

In order to compare the application of different materials, the modified model was applied to
the TBC configurations with three doped materials, YSZ:Dy, YSZ:Er and YSZ:Sm. These
rare-earth dopants were chosen for this study since these were demonstrated configurations
for phosphor thermometry applications and are applicable to a fairly high temperature of
around 900◦C. The collectable intensity and equivalent position are presented together in
Figure 26 for all the possible positions and thicknesses of the doped layer in the top coat of
the TBC. Each map was prepared from the simulation results using the modified Kubelka-
Munk model for 325 different geometries by systematically varying the position from x = 0
µm to x = 250 µm and the thickness from h = 250− x µm with a step size of x = 10 µm.
For the YSZ:Dy system, the equivalent position is found to be 38 µm for the configuration
containing a fully doped top layer (C1). This means that when sending an excitation
pulse to a Dy-doped top coat of thickness 250 µm, the phosphor thermometry instrument
gets a signal indicating the temperature at approximately 38 µm from the top surface.
For YSZ:Er and YSZ:Sm, the equivalent positions are 53 µm and 47 µm, respectively.
Consequently, it is shown that the equivalent position can be controlled by tailoring the
TBC configuration. For example, using a YSZ:Dy doped layer in the configuration (C2),
the equivalent position results to be 70 µm while it can be moved to 119 µm by positioning
the same 50 µm thick doped layer at a depth of 100 µm. However, while displacing the
doped layer from an initial depth of 50 µm to 100 µm, the collectable luminescence at
the TBC surface is reduced from 1.00 % to 0.34 % of the incident laser intensity, for the
given quantum efficiency. The presented maps help to understand the simultaneous effects
of modifying the geometry on the final collectable intensity and equivalent position (or
estimated sub-surface location), using phosphor thermometry.
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(a) YSZ:Dy

(b) YSZ:Er

(c) YSZ:Sm

Figure 26: Equivalent position (sub-surface location) of temperature measurement and col-
lectable intensity results for varying geometries of the TBC configuration.

The results of equivalent decay constants, obtained after fitting the convoluted signal, for
two layered configurations of the TBCs, and made with different doped materials, are
presented in Figure 27. Figure 27(a) shows the comparison of equivalent positions and
decay constants of the collectable luminescence of the TBC configuration that contains
a fully doped top layer (C1) and those for the configuration with a 50 µm thick doped
layer at a depth of 50 µm (C2) are shown in Figure 27(b). It can be noted that, for
the fully doped configuration (C1), YSZ:Er provides the temperature representative of
the most in-depth position into the coating - 53 µm among the three dopants. However,

29



1.0.0

in the configuration with a 50 µm doped layer at a depth of 50 µm, the temperature is
obtained from nearly similar depth in the coating. The equivalent depth being 70 µm,
72 µm, and 71 µm for the Dy, Er, and Sm dopants, respectively. The equivalent decay
constant of the luminescence using Sm is the highest being 5.1 µs and that using Dy and
Er are determined to be 1.7 µs and 1.8 µs, respectively, in fully doped configuration. This
is due to the inherent longer decay time of the dopant Sm than the other two dopants
in this temperature range (refer Figure 22). This feature is conserved in the multilayered
configuration also, in which the YSZ:Sm exhibits the higest decay constant. Within the
multi-layered TBC configuration, YSZ:Er can provide better temporal resolution due to its
smaller decay constant while probing similar in-depth position like the other two materials.

(a) (C1)

(b) (C2)

Figure 27: Intensity and equivalent decay constants of collectable luminescence from the
TBC configurations with different materials (a) fully doped top coat (C1) and (b) a 50
µm thick doped layer at a depth of 50 µm. The error bar represent the error in fitting the
collectable luminescence to determine the equivalent position and decay constant.

Modeling sensitivity to thermal parameters

The modeling work for light propagation, up to this point, demonstrated the feasibility of
predicting, for a known TBC layer configuration, the luminescence intensity that can be
collected as well as the sub-surface location that is measured by phosphor thermometry,
using the lifetime decay method. However, the results obtained in the previous parts are
necessarily associated with the boundary conditions that were selected for the numerical
study. In particular, the TBC surface temperature and the gradient were fixed, so the
temperature at any point in depth into the coating was known, which is generally not the
case in experimental conditions. To determine of the previous models can be used as a
supportive tool for real temperature measurements, it is crucial to evaluate the sensitivity
of the model to thermal parameters, namely the temperature at the surface of the TBC
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and the thermal gradient acting through the TBC. This sensitivity study was important
to complete in order to justify the potential applicability of models to predict accurately
sub-surface locations that correspond to temperature measurement depths using phosphor
thermometry.

For this study, the intensity and decay behavior were modeled in 250 µm-thick luminescent
coatings. YSZ:Dy, YSZ:Er and YSZ:Sm fully doped TBCs were used, as in the previous
results, for comparison. The extended Kubelka-Munk model was used with the same op-
tical properties as in the previous simulations, given in Table 6. Multiple simulations
were run with varying the boundary conditions so that the top surface temperature (T0)
ranges from 973 to 1473 K and the thermal gradient ranges from 0.2 to 1 K/µm. The
resulting convoluted luminescence decay, emerging from multiple sub-surface locations ex-
posed at different temperature conditions, are fitted over the time range 0 - 1 µs, using a
single-exponential decay model. The obtained decay constant was converted to the corre-
sponding temperature using the known time-response of the phosphor (refer to Figure 22).
This ultimately allows to determine the sub-surface location that is being measured by
phosphor thermometry. Results are presented in Figure 28 and show the high sensitivity
of the measured sub-surface location Peq in YSZ:Dy to the surface temperature and the
thermal gradient, at temperatures exceeding 1300 K, which is anyways unpractical using
the decay method as the luminescence of the phosphor is quenched. For YSZ:Dy, with a
surface temperature that is inferior to 1300 K and for YSZ:Er and YSZ:Sm, for any surface
temperature or any gradient, the sub-surface location that is expected to be measured
with phosphor thermometry remains almost constant. This is an essential piece of infor-
mation that can be used to extend the capabilities of the existing methods for temperature
characterization in TBCs. The insensitivity of the equivalent position to thermal parame-
ters potentially allows for direct measurements using thick luminescent sensors, revealing
sub-surface temperature and internal thermal gradients.
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(a) YSZ:Dy

(b) YSZ:Er

(c) YSZ:Sm

Figure 28: Sensitivity of the equivalent position (sub-surface location) of temperature mea-
surement to the gradient of temperature applied through the coating and the surface tem-
perature.
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Task 4: Non-intrusive and Well-Benchmarked Measurements: Tempera-
ture and Strain Measurements

In Task 4, we developed tools for improved characterization on sensor coatings. We identi-
fied two critical gaps: 1- there is no existing data in literature quantifying strains in sensor
coatings, and 2- temperature data is not the only information that can be leveraged from
sensor coating: coating integrity and coating degradation monitoring is achievable through
spectroscopic measurements.

Pioneering strain characterization in sensor coatings

Thermal barrier coatings (TBCs) are widely used to protect metallic high themomechanical
load bearing components from extreme temperatures and oxidation in gas turbine engines.
These coatings have greatly improved the performance of gas turbine systems as they
allow for an increased operating temperature which results in higher cycle efficiencies.
TBCs consist of a multilayer structure deposited on superalloy gas turbine blades and
composed of a metallic bond coat for adhesion and a ceramic top coat (TC) for thermal
protection [37]. The bond coat (BC) material, either deposited as an overlay of MCrAlY
(M=Ni or Co) or a diffusion layer of PtAl improves adherence, fatigue resistance, is hot
corrosion and oxidation resistant. The bond coat acts as an Al reservoir for the formation
of a low growth rate oxidation barrier, or thermally grown oxide, formed via interdiffusion
at the interface between the bond coat and the top coat [85, 104]. The state-of-the-art
material used for the top coat is porous yttria-stabilized zirconia (YSZ), which exhibits low
thermal conductivity (1-2 W/m·K), high coefficient of thermal expansion (9-11·10−6 K−1)
[237, 181], high strain compliance, high fracture toughness [36] and retains the metastable
tetragonal crystal phase between room temperature and up to 1200◦C [170, 45, 38]. A
concentration of yttria of 7-8 wt.% was found to provide TBCs with the highest resistance
to spallation and thermal stability [212]. Further optimization of engine performance using
standard YSZ has more recently investigated the use of luminescent rare-earth ions with
the perspective of enabling in-situ or ex-situ sensing capabilities, for temperature sensing
[77, 7, 54, 68, 111, 93, 33, 74, 78], health monitoring [73, 41, 61, 55, 53, 141, 44, 79] or
thermal history sensors [70, 177, 112, 11, 42]. These novel coating configurations intend to
provide sensing capabilities with minimal intrusiveness in standard YSZ, usually conserving
the amount of zirconia-stabilizing ions to maintain phase stability [213, 224], and therefore
preserving nominal coating performance [76, 97]. On a separate aspect, previous studies
have shown potential benefits of the substitution of yttria by larger ionic radius rare-earth
dopants which have contributed to an additional decrease of thermal conductivity of the
ceramic layer [118]. In this work, the depth-resolved in-situ strains contained in novel
luminescent rare-earth doped YSZ coatings were studied to determine the effects of dopant
addition to TBCs thus predicting the applicability of such sensor TBC configurations to a
broader extent and at an industry level.

In addition to experimental efforts on the strain and stress measurements, numerous an-
alytical and numerical studies have been conducted to model the depth-resolved strain
and stress in thermal barrier coatings. One area of interest is modeling the as-deposited
residual strain in the TBCs, which is generated during the deposition of high tempera-
ture splats on the lower temperature substrate, layer by layer in the deposition process
[233, 246]. For this purpose, an analytical model was developed for bilayer and multi-
layer coatings based on the thermal misfit strain between the hot deposited layer and
cooler, preheated substrate [40, 220, 246]. This misfit strain leads to induced force and
moment between the layers which create the residual stress. Models use the assumption
of straight interface between the layers [233, 227, 136], which neglects the local stress
concentrations due to the interface roughness. Also, developing finite element analy-

33



1.0.0

sis (FEA) models is another approach to investigate the residual strain/stress in TBCs
[233, 166, 185, 227, 136, 208, 189]. In some cases, the geometry of coating layers was
captured from real sample SEM images [166, 185]. The most common way of modeling
the interface roughness in FEA models is using an undulation shape like a sinusoidal or
semicircle periodic wave [208, 189, 249, 192, 15, 18, 21, 13, 51].

Another area of interest is modeling the thermal stress in thermal barrier coatings under
thermal loading like thermal cycles or thermal shock [189, 249, 192, 18, 21, 51]. This
thermal stress appears due to the mismatch between the coefficient of thermal expansion
(coefficient of thermal expansion mismatch) of different layers or materials nonlinearities
including creep behavior. The purpose of thermal cycle loading is to simulate the operation
conditions in gas turbines. In these models, more complex phenomena were investigated
including creep, especially in the metallic substrate [189, 249, 192, 18, 21], thermally grown
oxide (TGO) layer growth between the top coat and bond coat [15, 192, 18, 21, 25, 51, 13],
and crack development and delamination between the layers [18, 21, 51]. In addition to
FEA approach, analytical models were developed to investigate thermal stress in TBCs
[63, 16, 117, 64]. In these models, the undulation interface and the TGO growth were
also included. Through all of these mentioned studies, the generated residual and thermal
strain/stress in the top coat was found to be one of the most important factors in the
failure of thermal barrier coating systems.

Sample fabrication for synchrotron testing

The coatings fabricated in this study were made via air plasma spray which is one of
the most prevalent application method for the deposition of TBCs on turbine blades, and
is used in particular to equip engines running for extended cycles and prolonged heat
exposure. These conditions are typically found in power generation gas turbines. Air
plasma spray allows for the fast deposition of the coating via the projection through a
plasma plume of partially melted particles onto a substrate. The coating forms from the
piling of splats which results in a high scattering, porous microstructure that is favorable
for low thermal conductivity, resistance to thermal shock and low in-plane modulus of
elasticity [210]. The samples were fabricated using the facility at the Florida Institute of
Technology, using a Praxair SG-100 spray gun. 3 mm thick Alloy 247 substrate disks with
a diameter of 25.4 mm were provided by Siemens and were grit blasted using alumina
blast media prior to the deposition of the bond coat layer (NI-164/NI-211, Praxair). Table
8 shows the deposition parameters for all bond coats and ceramic top coats. No surface
preheating was done before deposition of the different layers. A reference top coat (sample
R) was fabricated using industry standard 7-8 wt.% YSZ (ZRO-271, Praxair). Two sensor
coatings were fabricated, including a full sensor coating (sample F) and a combined sensor
coating (sample C). For top coat deposition, sample F used a mixture of YSZ:Er (1.5
wt.% Er, Phosphor Technology) and standard YSZ (ZRO-271, Praxair) with a 1:2 weight
ratio. Sample C used a mixture of YSZ:Er (1.5 wt.% Er, Phosphor Technology), YSZ:Eu
(3 wt.% Er, Phosphor Technology) and standard YSZ (ZRO-271, Praxair) with a 1:1:4
weight ratio. The different multilayer TBC configurations fabricated for this study are
shown in Figure 29. Each disk was sliced with a diamond saw performing two parallel cuts
to obtain two circular sections for electron microscopy and luminescence testing, and a
pseudo-rectangular piece of width 2.5 mm for standardized volume probed for synchrotron
X-ray diffraction measurements.
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Table 8: Materials and parameters for the air plasma spray deposition.

Layer Bond coat Top coat

Spray distance (cm) 10 7.5
Current (A) 802 902
Voltage (V) 43.3 43.7
Argon (SLM) 49.1 25.5
Helium (SLM) 20.3 20.8
Gun translational speed (mm/s) 300 150
Feeding wheel speed (rpm) 1.17 3.29 (YSZ), 0.48

(YSZ:Er and
YSZ:Eu)

Sample R S M

Purpose Reference
Single-layer 

sensor coating

Multilayer 

sensor coating

Layer 

configuration

(thicknesses in 
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5

0
1

5
0

NiCrAlY

1in.Ø Alloy 247
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0

0
1
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0

NiCrAlY

1in.Ø Alloy 247

YSZ2
5

0

YSZ:Er + 

YSZ:Eu + YSZ

8
0

1
5

0

Figure 29: Samples manufactured at the Florida Institute of Technology using air plasma
spray.

Microstructure of coatings

Micrographs of the samples were taken with and are presented in Figure 30. The APS as-
deposited TBCs show relative homogeneity between rare-earth doped and undoped YSZ
material layers. Porosity and surface roughness analyses were performed for the top coats
using ImageJ [197]. Sample R, the reference sample, with standard YSZ top coat, has a
top coat porosity of approximately 35% and a surface roughness of 8.7 µm. Sample F, fully
luminescent YSZ:Er top coat, has a porosity of 20% and a surface roughness of 6.5 µm.
Sample C corresponds to the multilayer configuration with a top coat including a standard
YSZ base layer with a porosity of 21% and a co-doped YSZ:Er,Eu top layer with a porosity
of 15% and a surface roughness of 7.0 µm. It is hypothesized that the lower porosity of
the rare-earth doped layer is due to the finer particle size of the preprocessing powders
that were used for the mixture as well as the slower deposition rate used for deposition
and potentially higher melting temperature of the doped powder. The increased porosity
means for lower Young’s modulus [146] and increased strain tolerance. A greater porosity
means scattered thermal radiation and reduced conduction [134]. Larger stresses may also
form preferentially in rare-earth doped top coat portions as they correspond to the areas
of reduced porosity.
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100 µm

Epoxy

YSZ

NiCrAlY

Alloy 247

a)

(a) Sample R: Reference coating containing standard YSZ.

100 µm

Epoxy

YSZ:Er

NiCrAlY

Alloy 247

b)

(b) Sample F: Full sensor coating of YSZ:Er.

100 µm

Epoxy

YSZ:Er,Eu

YSZ

NiCrAlY

Alloy 247

c)

(c) Sample C: Combined sensor coating with top layer containing both
YSZ:Er and YSZ:Eu and bottom layer containing standard YSZ.

Figure 30: Micrographs of the TBC configurations.

Experimental setup at the beamline

The experiments were conducted at the beamline 1-ID of the Advanced Photon Source
at Argonne National Laboratory. The high-energy beamline is ideal for material charac-
terization including crystal phase volume fraction, grain size, texture and quantification
of stress/strain. A nickel-based ultra-high temperature Alloy X (McMaster-Carr) sample
holder was manufactured to hold two samples face-to-face simultaneously, as shown in Fig-
ure 31. A K-type thermocouple was set in contact with the top surface of one of the samples
and placed below the incident X-ray beam area to obtain temperatures measurements as
close as possible from the area of interest without disruption for data acquisition. The
sample holder was then mounted inside an infrared heater which includes beam entrance
and exit holes for direct and diffracted beams, respectively. Alignment and calibration
was achieved prior experimentation using ceria powder (CeO2, NIST Standard Reference
Material SRM-674a), with an X-ray beam energy of 71.68 keV and a sample-to-detector
distance of 1780 mm. Fit2D [98] was used to refine detector parameters. The sample
holder was mounted on a moving stage that allows to move the sample and probe different
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locations on coatings during experimentation [205, 155]. Previous studies have applied this
experimental setup successfully to capture in-situ strains within TBCs [127, 126, 154]. For
each sample, three line scans separated by 1 mm from each other in the in-plane (vertical)
direction were completed to get an average strain distribution in the depth of the TBCs.
For each line scan, points were acquired in the out-of-plane direction (horizontally, across
the thickness of the coatings) and with a distance of 15 µm between each point. X-ray
beam passes through a 150 × 400 µm2 slit as it enters the beamline and is further reduced
using focusing lenses to obtain a 15 (out-of-plane direction) × 150 (in-plane direction)
µm2 probing area. X-ray beam orientation is shown in Figure 31. This beam orientation
ensures sufficient volume is probed for each point in the in-plane direction, as well as to
reduce texture by averaging signal from randomly oriented crystal grains (crystallite size
is approximately 100 nm). Tomography measurements were done prior to experimentation
to adjust surface alignment such that the three line scans can be compared point-by-point.
The diffraction peak intensity of t′−YSZ (101) was used as a marker of top coat limits
for this alignment. The thermal profile that was applied to each sample and data acqui-
sition periods for the experiment is given in Figure 31. The 6-minute temperature holds
included 1 minute for homogenizing temperature and avoid significant thermal gradients
through the top coats before starting data acquisition from the three line scans, which took
5 minutes to complete. Temperature was then rapidly increased after completion of data
acquisition, using a 200◦C/min ramp rate.
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Figure 31: Synchrotron X-ray transmission experimental setup with Debye-Scherrer rings
obtained from sample R, and thermal profile for the in-situ experiment at the beamline.
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Figure 32: XRD lineout of the surface of sample R showing t′−YSZ at 1100◦C.
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Data analysis

The diffraction pattern was collected using a GE-41RT, 2048×2048 pixels area detector.
The resulting matrix of X-ray intensities is composed of individual pixels that can be given
in polar coordinates I(r,η), where r is the radial distance from the center of the Debye-
Scherrer ring to the pixel being investigated and η is the azimuthal angle between the
x-axis and the vector Or [8, 105]. The diffraction rings were integrated to obtain averaged
lineouts, as the one shown in Figure 32, using an azimuthal bin size of 5◦. r was converted
to d-spacing using Bragg’s law. A strain-free reference angle for each diffraction ring,
η*, was measured for the strain free radial position, r0 and implemented into the strain
equation, ε = (r-r0)/r0. This angle was calculated from the X-ray elastic constants using
DECcalc [157]. Poisson ratio was determined using the Kröner-Eshelby method [169] and
given in Table 9 for each diffraction plane.

Table 9: Numerical values used for the η∗ method based on the Kröner-Eshelby model and
using the elastic stiffness constants of YSZ [150].

t′-YSZ lattice plane
used for strain analysis {101} {110} {112} {211}

νhkl 0.348 0.338 0.342 0.344
η∗ (◦)

zero strain reference angle 45.9 45.3 45.6 45.7

S1 (MPa−1) -1.96×10−6 -1.41×10−6 -2.05×10−6 -1.61×10−6

1
2S2 (MPa−1) 7.61×10−6 5.60×10−6 8.06×10−6 6.30×10−6

The peaks were fitted using a pseudo-Voigt function to obtain radial values Rη that were
then converted to d-spacing values using Bragg’s law, dη, for a given azimuthal bin. Both
the in-plane strain (ε22 along the axis passing by η = π

2 and 3π
2 ) and out-of-plane strain

(ε11 along the axis passing by η = 0 and π) were calculated with the resulting bistrain
plots. It should be noted that this study only reports deviatoric strain and not hydrostatic
strain, as the hydrostatic strain expands the diffraction ring uniformly around the azimuth,
but does not alter the angle at which the strain-free reference is calculated.

Numerical simulations

In this section, numerical models were developed to estimate as-deposited residual stresses
at room temperature and thermal stress due to the experimental thermal load, as shown
in Figure 31, in the three different sample configurations. As mentioned in the introduc-
tion, developing FEA models provides the capability of investigation in the residual and
thermal strain/stress in the multilayer TBCs. The FEA models could include the model-
ing of interface roughness between the layers by using an undulation shape, and also the
creep behavior of the various layers, in particular that of the metallic substrate. In this
work, finite element simulations were carried out using commercially available software
ABAQUS/CAE 2017 (Dassault Systèmes). Usually, some idealizations and simplifications
are assumed in computational models for TBCs to achieve a reasonable computation time
alongside with a realistic response due to complex materials behavior. Three different
models were considered to study sample configurations R, F, and C. Also, to investigate
the role of local roughness at TC/BC interface, two different interface geometries for each
sample configurations were considered, as shown in Figure 33. In the first interface geom-
etry, the interface was assumed to be straight and the stress at the top coat was obtained
along a path named “Straight Interface", or SI, as displayed in Figure 33. In the second
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interface geometry, typical interface roughness between the bond coat layer and top coat
layer was assumed. A semicircular periodic geometry with amplitude 20 µm was selected
to approximate the undulations of the interface which can be observed using microscopy,
and as shown schematically in Figure 33 [18, 21, 51, 13]. In this case, two distinct paths
were simulated, either through the “Interface Peak" (IP) or through the “Interface Valley"
(IV). Perfect bonding is assumed between TBC layers. The models considered an arbitrary
cut in the middle of a TBC system. Thus, due to symmetry, the FE model was defined as
an axisymmetric model using ABAQUS with an axisymmetry boundary condition on the
left side of the geometries [189, 249, 185, 208]. This model attempts to represent a portion
of the actual TBC systems, therefore, to impose the periodicity boundary condition on the
right side of the model, a multipoint constraint (MPC) boundary condition was applied
to allow the nodes on this edge to move freely and simultaneously [1, 189, 130, 15]. The
bottom left corner was fixed in y-direction to avoid rigid body motion of the whole model
in y-direction.
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Figure 33: Different paths through the layers of thermal barrier coatings were assumed for
the simulation, not to scale.

For these FE simulations, in total six different models were developed for the three different
sample configurations which are shown in Figure 29, and for each sample configuration, two
different interface geometries, straight interface and undulating interface, were considered.
In these models, the axisymmetric quadrilateral 8-node quadratic elements (CAX8T) and
axisymmetric triangle 6-node quadratic elements (CAX6T) were utilized. A mesh conver-
gence study was carried out to find sufficient mesh density for different areas of the model.
For the models with straight interface, the number of elements is approximately 12,000.
For the models with undulating interface, the number of elements is approximately 70,000
due to the more complex interface geometry.

In this work, the TBC system is composed of a YSZ top coat, a NiCrAlY bond coat, and
an Alloy 247 substrate. The thickness of layers for different configurations are presented
in Figure 29. The material properties of the layers are listed in Table 10 as function of
temperature [21, 166, 51, 249, 186, 28], including modulus of elasticity (E), Poisson’s ratio
(ν), coefficient of thermal expansion (α), density (ρ), thermal conductivity (k), and specific
heat (cp).

In addition to mentioned material properties, the temperature-dependent creep behavior
was taken into account for all three layers. The Norton power law creep behavior was
utilized according to the following equation:

ε̇cr = Aσn (13)

where ε̇cr, A, σ and n are the creep strain rate, stress pre-factor, stress, and creep exponent,
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Table 10: Material properties of different layers of the system

Layer T (◦C) E
(GPa)

ν α
(10−6/K)

ρ
(kg/m3)

k
(W/mK)

cp
(J/kgK)

20 17.5 0.2 9.68 5400 1.5 456
200 16.44 0.2 9.67 5400 1.5 535
400 15.28 0.2 9.7 5400 1.5 579

Top Coat 600 14.12 0.2 9.79 5400 1.5 604
(YSZ) 800 12.96 0.2 10 5400 1.5 624

1000 11.8 0.2 10.34 5400 1.5 642
1100 11.22 0.2 10.58 5400 1.5 648

[21] [21] [21] [166] [51] [51]

20 200 0.3 13.6 7320 4.2 540
200 190 0.3 14.2 7320 5.35 630
400 175 0.31 14.6 7320 6.4 695

Bond Coat 600 160 0.31 15.2 7320 8.35 722
(NiCoCrAlY) 800 145 0.32 16.1 7320 10.1 743

1000 120 0.33 17.2 7320 11.8 765
1100 110 0.33 17.6 7320 12.6 775

[249] [249] [249] [166] [51] [51]

20 198 0.16 12.45 8630 8.13 400
200 191 0.16 12.71 8570 10.1 440
400 180 0.16 13.19 8500 13.6 480

Substrate 600 169 0.16 13.61 8430 16.9 510
(Alloy 247) 800 157 0.16 14.25 8350 20.4 540

1000 140 0.16 15.56 8250 21.3 563
1100 128 0.16 16.65 8190 21.55 573

[186] [186] [28] [28] [28] [28]

40



1.0.0

respectively. The coefficients A and n are listed in Table 11 as function of temperature
[192, 1, 18].

Table 11: Creep properties of the different layers of the system

Layer T (◦C) A (MPa−n/s) n

Top Coat 1000 1.80×10−7 1
(YSZ) [192] 1200 1.80×10−7 1

≤600 6.54×10−19 4.57
Bond Coat 700 2.2×10−12 2.99
(NiCoCrAlY) [1] 800 1.84×10−7 1.55

≥850 2.15×10−8 2.45

Substrate 10 4.85×10−36 1
(Alloy 247) [18] 1200 2.25×10−9 3

During the air plasma spray deposition process, the coating builds up layer-by-layer, each
pass containing splats of individual thickness comprised in the range of 1-5 µm and typically
resulting in a pass thickness of approximately 10-20 µm [170, 20]. During the thermal spray
deposition, the coating’s residual stress state is altered due to high air plasma spray splat
temperature. Thus, the as-deposited residual stress must be taken into account to obtain
a realistic model. The model was set as a transient coupled temperature–displacement
analysis with nonlinear geometry option in ABAQUS. Air plasma spray of top coat powder
onto the surface of bond coat layer from a plasma gun was modeled by adding the top coat’s
elements layer-by-layer to the model using the “Model Change" option in ABAQUS in each
time step, with layer thickness of 10 µm, as shown in Figure 34. The layers were considered
stress-free with the melting temperature as the melting temperature of YSZ splats 2650◦C
[166, 189]. For sample F and C, the melting temperatures for layers associated with the
doped layers of YSZ:Er+YSZ and YSZ:Er+YSZ:Eu+YSZ were assumed to be in the range
of 2650±50◦C. This temperature range was implemented in the model by taking minimum
temperature and maximum temperature of this range as input as to account for the possible
effect of rare-earth dopant addition on the melting temperature of the feedstock powder,
as there is limited literature to quantify more precisely melting temperature variation [12].
The results showed no significant effect of melting temperature in final post-deposition
stress results, with a maximum deviation of 4% with respect to results obtained using the
reference melting temperature of 2650◦C and were therefore not reported in the plots. The
time step for each layer deposition was set to 1 s, and after the deposition of the last layer, a
1200 s cooling time step was implemented for the system to reach room temperature. Due
to the mismatch between coefficients of thermal expansion of the different layers, residual
stress accumulated in the thermal barrier coating in the as-deposited condition.

For sample C, after modeling the layer-by-layer deposition of YSZ top coat with 250
µm, a 300 s cooling time step was imposed. Then, the layer-by-layer deposition of the
YSZ:Er+YSZ:Eu+YSZ top coat was modeled to achieve an extra 80 µm thickness with a 1
s per layer deposition rate. Finally, a 1200 s cooling time step was given to the whole system
to cool down to room temperature. In addition to the modeling of the deposition steps,
multiple transient coupled temperature–displacement steps were included to the FEA to
analyze the thermal stress due to the thermal load applied post-deposition to the outer
surface of the TBC system, as shown in Figure 31.

During the deposition procedure, transient temperature distribution in the layers including
substrate, bond coat, and deposited top coat depends on the heat generated by the added
top coat layers with melting temperature, heat conduction between the layers, and the
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radiative and convective heat flux out of the top and bottom surface of the system, as
shown in Figure 34. The heat generated by the high temperature added layer and radiative
and convective heat flux out of the surfaces can be denoted as q̇in and q̇out, respectively
[233]. The lost heat flux can be considered as follows [233]:

q̇out = h(T − T∞) + ϵσ(T 4 − T 4
∞), (14)

where h, ϵ, σ, T , and T∞ are convection coefficient, emissivity, Stefan–Boltzmann constant,
temperature of the surface, and ambient or room temperature (25◦C), respectively. Con-
vection coefficient h of air with free convection was considered to be 25 W/(m2K) [129].
The emissivity for the YSZ was estimated to be 0.729 [4].
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Figure 34: Schematic of layer-by-layer top coat deposition.

Results and discussion

Strain analysis using the four peaks presented in Table 9 was performed for data collected
at 800◦C and 90 µm from the top surface of each sample to compare the interface strain
from sample C where the rare-earth doped layer was applied with the other samples that
present a single layer to form the top coat. The lowest strain magnitude at 90 µm from
the surface is found in sample R, followed with sample F and sample C that exhibits
higher strain at this location, as highlighted in Figure 35 which presents the strain from
top surface to the interface between the top coat and the bond coat for all samples and at
different temperatures. It can be noted that the measurement at 1100◦C for sample C was
not achieved because the sample tipped due to thermal expansion and moved away from
the probing zone.
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(a) Sample R: Reference coating containing standard YSZ.
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(b) Sample F: Full sensor coating of YSZ:Er.
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(c) Sample C: Combined sensor coating with top layer containing both YSZ:Er and YSZ:Eu and bottom
layer containing standard YSZ.

Figure 35: In-situ strain measured at 90 µm from surface of TBCs at 800◦C.

The strain results are presented in Figure 36. It is important to highlight that the internal
strains that are present in those samples built up during air plasma spray deposition and
the materials were not cycled such that they exhibit typical tensile in-plane strain across
the thickness of the APS coating [140, 222, 124].
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Figure 36: Depth-resolved strain results at different temperatures.

Stress results

The deviatoric strain values were converted to stress using Equation 15 [103]. The biaxial
strain assumption gives ε22 = ε33.

σ22 =
1

1
2S2

(ε22 −
S1

1
2S2 + 3S1

(ε11 + 2ε22)) (15)

The residual and thermal stresses were found at different locations in the top coats including
top surface, coating midpoint (independently of whether the top coat is composed of a
single layer or has a multilayer structure) and the interface between the top coat and the
bond coat. The results are presented in Figure 37 and show the mostly tensile state of
stress (σ22) of the coatings. Low stress in as-deposited APS coatings are expected due
to the brittle nature of the ceramic top coats [159]. It can be highlighted that sample
C exhibits the highest residual (room temperature) stress at all locations. This could be
generated during the top rare-earth doped layer deposition. The interface between the top
coat and the bond coat corresponds to a sensitive spot that drives failure mechanisms in
TBCs. Therefore, it is important to characterize the stress around this location during the
lifetime of coatings. This information provides insights on coating degradation.
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(a) Coating surface.

(b) Coating midpoint.

(c) Interface between top coat and bond coat.

Figure 37: Comparison of in-plane stress σ22 at comparable depths for the different TBC
configurations.

Numerical model results and comparisons with experiments

The deposition of top coat was modeled to replicate the layer-by-layer deposition process
used in APS, in which at each time step, one layer with thickness of 10 µm is added to
the model. In Figure 38, in the first row, the layer-by-layer deposition is illustrated by
representing stress contour plots of the model at four different time spots during the top
coat deposition.

The second row of Figure 38 is representing the contour plots of thermal stress in the TBC
system due to the thermal load applied to the outer surface of the TBC system, which is
shown in Figure 31, at four different time spots. As it can be observed during the thermal
load, the stress in the top coat is almost constant and the undulating TC/BC interface
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geometry only generates a local increase in the stress at the area close to the interface
and does not significantly affects the stress distribution far away from the interface in the
top coat. These stress contour plots are obtained from the FE modeling of the sample R
configuration.

Post-deposition

1100oC800oC400oC

Top coat

deposition ends
Top coat

deposition starts

Substrate
Bond coat

1st layer 

deposited
Half of top coat

deposited

Top coat

Cooling down 

to 25oC

Substrate
Bond coat

Top coat

σ22 (MPa) 

During depositiona)

b)
σ22 (MPa) 

Figure 38: Stress contour plots during the top coat deposition and thermal loading steps for
sample R for the model containing undulating TC/BC interface.

Figure 39 shows the comparison of experimental and numerical in-plane stress through the
top coat measured from the outer surface. This figure shows the residual stress at room
temperature, which is the as-deposited residual stress, and the thermal stress at different
temperatures according to the thermal load shown in Figure 31. The raw numerical results
show stress oscillations into the coating due to thermal shock occurring between each step
of the layer-by-layer air plasma spray deposition process. To enable direct comparison of
experimental and numerical results, FE results are presented showing the moving average
with a fixed subset size of 15 µm. Experimental measurements provide an average that
depends on volume probed, in this case with a resolution of 15 µm through the coating.

As it can be observed in Figure 39, there is a good agreement between the numerical results
with the experimental results, despite the simplifications assumed in the FE model. These
plots also show that the TC/BC interface geometry has just local effect in the area close
to the interface and does not have significant effect on the stress of top coat far away from
the interface, and qualitatively does not affect the average of in-plane stress through the
thickness of the top coat aggressively. At the stress plots for the sample C, there is an
obvious jump related to the the deposition of doped YSZ layer. As it can be observed
in Figure 39, the residual stress present in the samples slightly decreases in magnitude as
they are brought to high temperatures.
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Figure 39: Comparison of experimental and modeled results for in-plane stress.

Conclusive remarks on strain measurements

Recent progress towards the implementation of integrated sensors in thermal barrier coat-
ings for temperature and health monitoring with limited intrusiveness presents great poten-
tial in terms of resulting fuel savings, optimization of maintenance schedules and reparation
costs. In practice, the embedding of luminescent ions in standard yttria-stabilized zirco-
nia to enable thermal barrier coating multifunctionality is highly promising and is key for
better control over gas turbine engine operating parameters. Indeed, such coating con-
figurations allow for in-situ temperature and ex-situ structural integrity monitoring. It
is however crucial to improve our understanding on their thermomechanical properties to
determine suitability for the safe substitution of turbine blade coatings with no signifi-
cant reduction of the typical residual stress condition found in industry materials. In this
work, synchrotron X-ray diffraction was used to measure in-situ strain in three novel rare-
earth doped yttria-stabilized zirconia configurations. Depth-resolved strain contained in
top coat layers of multifunctional sensor TBC configurations was quantified in realistic gas
turbine engine temperature conditions and in-plane stress was determined from strains.
The results reveal in-plane tensile stress in as-deposited air plasma spray coatings which
is released as temperature increases up to typical gas turbine engine service temperatures.
The results also show that the coatings that were successfully designed and manufactured
in this study present similar residual and thermal stress properties, compared to industry
yttria-stabilized zirconia coatings, indicating potential suitability of the novel coatings in
standard gas turbine engines. The findings are encouraging for the safe implementation of
sensor coatings that can combine effective thermal protection, coating lifetime and embed-
ded monitoring capabilities. This work also highlights the importance of thermal-shock
induced stress for multilayer configurations and provides a numerical modeling approach
to predict and validate depth-resolved stress due to thermal loads and layer deposition
parameters that can be used for future designs of multifunctional and multilayer coating
configurations.
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Sensor coating damage monitoring

Tracking damage and monitoring the integrity of TBCs through their lifetime is essential
to prevent engine failure, reduce maintenance costs and increase turbine systems efficiency.
To this objective, well-known optical imaging techniques such as infrared thermography
are used to reveal delamination progression on coatings. More specifically, these methods
use the thermal radiation emitted in the mid-infrared [58, 59, 218, 223] or in the long-
wave infrared [41, 152, 29, 101, 248], post-exposition to an intense heat source (generally a
flash of light). More recent investigation promotes luminescence-based imaging as an effi-
cient delamination-detection method when doping the ceramic top coat with luminescent
rare-earth ions [41, 61, 55, 53, 141, 44]. This allows for high-contrast and high-resolution
delamination mapping to better monitor the integrity of engine components that are ex-
posed to extreme environments. Delamination monitoring is therefore achieved through
the tracking of luminescence intensity, to highlight areas of enhanced reflectance, corre-
sponding to damage locations. The luminescence-based approach is a more appropriate
method to quantify luminescence contrast to detect early stages of delamination as well as
crack propagation since it uses shorter wavelengths than those used in infrared methods
[60]. Current literature exclusively presents experimental results on configurations which
consist of a sensing layer in direct contact with the bond coat, deposited below a standard
top coat layer. In addition, no prediction models are available to evaluate delamination
progression on luminescent multilayer TBCs. Overall, the interest regarding these new
multilayer luminescent sensor TBC configurations has rapidly grown over the past years
as they allow not only delamination sensing but also accurate turbine engine temperature
measurements via phosphor thermometry [77] and even erosion detection [57, 52]. One key
mechanism that generates significant and unpredictable delamination on TBCs is known as
foreign-object damage. The effective detection of such potentially serious deterioration is
critical to ensure the integrity of turbine blades and it is paramount to accurately predict
the advancement of delamination on multilayer TBC configurations. To fill this gap, a
2×2-flux Kubelka-Munk model has been constructed in this work to estimate the lumi-
nescence intensity variations that are caused by local delaminations on multilayer sensing
coatings. In literature, the Kubelka-Munk model has been successfully implemented to
estimate luminescence intensity decays emerging out of TBCs to measure the effects of
thermal gradients during engine operation [74, 78, 176]. However, this work shows the
first evidence of the effectiveness of this model to quantify luminescence contrast for the
detection and monitoring of delamination in TBCs. The drastic change in diffuse internal
reflectivity due to the formation of an air gap at the interface between the top coat and the
bond coat is used for the characterization of delamination areas. To validate the results of
the model experimentally, an artificial delamination was created by Rockwell indentation
on two distinct sensing layer configurations.

Coating manufacturing for damage monitoring

The model outcomes were supported by concurrently fabricating two luminescent TBC
sample configurations embedding a YSZ:Er3+ layer, as represented in Figure 40. Samples
consist of a Rene N5 superalloy substrate, a NiPtAl bond coat, a standard 125 µm, 8 wt. %
yttria-stabilized zirconia (YSZ) Electron-Beam Physical Vapor Deposition (EB-PVD) TBC
and an additional 12.5 µm EB-PVD layer for subsurface delamination sensing composed
of 0.8 mol. % erbium-doped YSZ, where the total amount of rare-earth stabilizer was
kept constant at 8 wt.% to ensure the prominence of the metastable tetragonal phase of
zirconia. For sample A, the doped layer was deposited over the undoped top coat layer
which makes it an attractive layer configuration for many ongoing research applications.
First of all, placing the sensing layer at the top of the TBC significantly increases the
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intensity of the luminescence that can be collected by the detector which facilitates data
acquisition. This configuration is also advantageous to avoid direct interaction between
the bond coat and the sensing layer, therefore avoiding large uncertainties on interface
properties in comparison with industry-standard bonding properties. Finally, a sensing
layer placed at the top of the TBC can be further used for erosion indication as the sensing
layer on the surface is directly exposed to extreme engine environments. On the other hand,
for sample B, the doped layer was placed underneath the undoped top coat, interfacing with
the bond coat. This coating configuration provides a better luminescence intensity contrast
for delamination assessment as the signal originates from the region that is impacted the
most by the drastic change in reflectance below the top coat. Because the as-deposited EB-
PVD coatings are oxygen deficient, both samples were annealed at 1000◦C for 3 h in air.
This helps to restore the crystallinity and remove compounds containing the hydroxy group
that could be present and quench luminescence [123, 125, 165]. An artificial delamination
was then created by Rockwell indentation on both samples. For sample A, a 2.45 kN load
was applied normal to the surface and resulted in an observable spallation of the coating
at the indentation spot and the delamination of the surrounding area of about 12 mm2.
This spherical indentation load resulted in a central impression spreading to a typical
butterfly wing-like area that could be explained by anisotropic inelastic deformation of the
substrate [17]. For sample B, a 1.96 kN load was applied and resulted in a lower lateral
extent of delamination of the surrounding area, on about 7 mm2. It can be noted that
both delamination areas generated using Rockwell indentation were intended to replicate
foreign-object damage and produced visible contrast to the naked eye, suggesting coating
buckling with a micron-sized delamination width, as reported in literature [60].

NiPtAl

1in. Ø René N5

EB-PVD YSZ

12.5 μm EB-PVD YSZ:Er

Delamination

Indentation

125 μm

(a) Sample A, with doped layer at the top surface.

NiPtAl

1in. Ø René N5

EB-PVD YSZ

12.5 μm EB-PVD YSZ:Er Delamination

Indentation

125 μm

(b) Sample B, with doped layer at the bottom of the top coat.

Figure 40: TBC configurations that include a luminescent layer capable of detecting an
underlying delamination zone.

Photoluminescence measurements

The spectral acquisition was done using a photoluminescence piezospectroscopy instrument
[99] that uses a fiber collection spectrometer (Pixis 100, Princeton Instruments), under a
15 mW, 532 nm laser excitation. The probe has a focal length of 7.5 mm, a depth of field
of 2.2 mm, a numerical aperture of 0.27, and a spot size of 200 µm. The probe is capable
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of fast scanning over the surface of the sample by the means of an XYZ stage, as presented
in Figure 41. This instrument has been successfully used for damage identification through
piezospectroscopic stress evaluation using the R-line emission of α-Al2O3 [156, 62, 215, 81,
82, 83] and could potentially be used to obtain more comprehensive information such as
spectral characteristics, intensity ratio or stress quantification based on comparison of rare-
earth emission spectra over the probed area. This method is effective for thermal barrier
coating stress characterization using luminescence from the thermally grown oxide (TGO)
[230, 231, 86, 172, 107]. For this study, the wavelength range was adjusted to 540 - 580
nm to collect the Er-lines and the instrument was calibrated using a Hg lamp. The TBC
samples were mounted on a vertical support and aligned normally to the laser beam. The
spectral intensity was recorded over the surface of the samples with spatial step increments
of 200 µm. The emission peak at 562 nm, corresponding to the transition 4S3/2 → 4I15/2
of erbium, was fitted using a pseudo-Voigt model and a linear baseline removal. For larger
area measurements, other methods such as direct imaging with a bandpass filter could be
more advantageous with faster data collection time.

Support mounted on 

XYZ stage Collection probe

Laser Sample

Figure 41: Measurement setup for delamination monitoring based on luminescence contrast.

Theory and calculation

The Kubelka-Munk model is a radiative transport model that can be applied to high scat-
tering media for numerical estimation of light intensity distribution. In this work, it is
applied to luminescent TBC layers for the evaluation of laser excitation and luminescence
emission intensities, with the intent of quantifying delamination-induced luminescence con-
trast in TBCs. For a given incident laser excitation intensity on the top surface of the TBC,
the luminescence intensity emerging out at the top surface and emitted from the sensing
layer is calculated based on the diffuse internal reflectivity in the coating as well as the
absorption and the scattering properties, taken at the specific excitation and emission
wavelengths. Two model cases were evaluated in this work. The first approach considers
simply a TBC top coat containing two layers (the sensing layer and the regular undoped
layer). Two common assumptions were made to solve the model in this first case. On the
one hand, the sensing layer, that contains very low levels of dopant, is assumed to have the
same optical properties as standard undoped EB-PVD YSZ. On the other hand, the whole
ceramic top coat is assumed to be isotropic. This simplification intends to provide good
initial approximation. However, in reality, even low dopant concentration and agglomera-
tion can result in a substantial modification of absorption and scattering properties [96].
Nonetheless, numerical estimations using the isotropic assumption are expected to be in
good accordance with reality in relatively homogeneous microstructures, such as plasma
spray coatings, as shown in literature [66, 216]. However, for EB-PVD coatings, the as-
sumption on uniform scattering and absorption coefficients through the TBC thickness
is problematic due to the waveguide-like scattering produced by the widening columnar
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microstructure that forms from small equiaxed grains at the base of the top coat where
scattering is expected to be much stronger than near the coating surface. Therefore, the
second modeling case focuses on creating more accurate quantitative predictions incorpo-
rating three layers to account for the well-defined two-zone anisotropic microstructure of
EB-PVD coatings [198, 9] as well as for the luminescent layer.
A schematic description of the Kubelka-Munk used for the first case study, including bound-
ary conditions and definitions, is presented in Figure 42, where the doped layer is repre-
sented as a dotted area at the top of the TBC. In this modeling approach, light is traveling
along the x-axis, corresponding to the normal to the surface of the TBC, in two opposite
directions. The light vector component directed towards the bond coat is denoted by I
and the light vector component directed back to the top surface of the TBC is denoted by
J . The 2×2-flux model differentiates both excitation and emission wavelengths to solve
for the laser (labeled ℓ) and luminescence (labeled L) intensities separately. Similarly, the
generalized absorption and scattering coefficients, K and S, respectively, are defined for a
specific wavelength (labeled λ).
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Figure 42: Kubelka-Munk first modeling approach and boundary conditions to model laser
and luminescence intensities in isotropic TBCs.

The column vector Yλ(x) = [It,λ(x)Jt,λ(x)Ib,λ(x)Jb,λ(x)]
T defines radiation intensities and

the matrix that determines optical properties in a specific layer z (top layer z = t or bottom
layer z = b) is given by:

Az,λ =

(
−(Kz,λ + Sz,λ) Sz,λ

−Sz,λ Kz,λ + Sz,λ

)
Equation 16 is then used to solve for the intensity of laser light, as a function of the depth
in the coating.

dYℓ(x)

dx
=

(
At,ℓ 0
0 Ab,ℓ

)
· Yℓ(x) (16)

The luminescence is assumed to occur exclusively due to the excitation of the sensing layer
by the laser, which is given by Iℓ or Jℓ. The matrix that defines the amount of luminescence
generated in a specific layer z is given by:
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Qz =
1

2

(
qzKz,ℓ qzKz,ℓ

−qzKz,ℓ −qzKz,ℓ

)
where qz is the quantum efficiency of the layer z. If the layer is luminescent, qz = 0.5
[66], and if not then qz = 0 (for example, for sample A, qt = 0.5 and qb = 0). Therefore,
Equation 17 can be used to solve for the distribution of the luminescence intensities in the
coatings.

dYL(x)

dx
=

(
At,L 0
0 Ab,L

)
· YL(x) +

(
Qt 0
0 Qb

)
· Yℓ(x) (17)

The second case study expands the complexity of the model by which considering three
layers in the TBC top coat, as represented in Figure 43. At the base of the top coat, the
shaded zone corresponds to the high scattering area, that is representative of EB-PVD
microstructure.
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Figure 43: Kubelka-Munk second modeling approach to solve for laser (ℓ) and luminescence
(L) intensities, accounting for the high scattering zone, close to the bond coat in EB-PVD
TBCs.

The column vector Yλ(x) = [It,λ(x)Jt,λ(x)Im,λ(x)Jm,λ(x)Ib,λ(x)Jb,λ(x)]
T defines radiation

intensities. Equations 18 and 19 are used to solve for the intensity of laser and luminescence
lights, as a function of coating depth, respectively.

dYℓ(x)

dx
=

At,ℓ 0 0
0 Am,ℓ 0
0 0 Ab,ℓ

 · Yℓ(x) (18)

dYL(x)

dx
=

At,L 0 0
0 Am,L 0
0 0 Ab,L

 · YL(x) +

Qt 0 0
0 Qm 0
0 0 Qb

 · Yℓ(x) (19)

The generalized coefficients K and S that account for the bidirectional path of light are
calculated from the absorption and scattering coefficients, respectively k and s, given in
Table 12, and such that K = 2k and S = 2s (isotropic backscattering with no forward
scattering) [228]. The high scattering area is characterized by stronger diffusion of light,
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which can be simulated in this work using s′ > s and where k remains unchanged inside
the entire TBC top coat. The thickness of the high scattering zone is fixed to 10 µm, based
on reported values of microstructure [118, 235].

Table 12: Scattering and absorption coefficients [144, 240] of as-deposited EB-PVD YSZ
from experimental data published in literature and considered at the wavelengths of interest
for this study.

λ (nm) Scattering coefficients
s [s′] (m−1)

Absorption coefficient
k (m−1)

532 12965 [46015] 407
562 12107 [39336] 319

The boundary conditions are defined such that, at the top surface, the percent intensity
of the incident laser light is set to Iℓ(x = 0) = I0 = 100% and there is no external
luminescence input at the surface so that IL(x = 0) = 0%. Depending on the interface
type considered at the bottom of the top coat, either with an air gap (in the case of a
delamination) or with the bond coat (for an intact coating), the reflectivity ρi is set to a
specific value. For the case corresponding to delamination, Equation 20 defines the diffuse
external reflectivity at the interface between the top coat and the air gap. This expression
is obtained by applying the integrated average of the Fresnel equation [206, 211] and is
used in Equation 21 to obtain the diffuse internal reflectivity ρi, at the interface between
the top coat and the air gap, that is used as a boundary condition for the model.

ρ0(n) =
1

2
+

(3n+ 1) · (n− 1)

6 · (n+ 1)2
+

n2 · (n2 − 1)2

(n2 + 1)3
· ln(n− 1

n+ 1
)

− 2n3 · (n2 + 2n− 1)

(n2 + 1) · (n4 − 1)
+

8n4 · (n4 + 1)

(n2 + 1) · (n4 − 1)2
· ln(n)

(20)

ρi,max(n) = (1− 1

n2
) +

ρ0(n)

n2
(21)

where ρ0 is the diffuse external radiation at the interface between the top coat and the air
gap, ρi,max is the maximum diffuse internal reflectivity and n = nY SZ/nair is the ratio of
refractive indices (which must comply with the condition n ≥1). The refractive index of
EB-PVD YSZ is given in Table 13 and, by definition, nair = 1. The value of reflectivity
obtained at 532 nm is 82% and, at 562 nm, it is 83%, for the case of a delamination,
for which the air gap width is assumed to be larger than the signal radiation wavelength
which enables maximum reflectivity and discards frustrated reflectance. It can be noted
here, although it is not investigated, that the formation of TGO at this location after
aging of the TBC can contribute substantially to a change of reflectivity, estimated to
be approximately 39% at the interface top coat/TGO (using Equations 20 and 21, with
α-Al2O3 where nTGO = 1.76) [142, 47].

Table 13: Refractive index of EB-PVD YSZ [241], considered at the wavelengths of interest
for this study.

λ (nm) n

532 2.17
562 2.16
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The reflectivity for the interface between the top coat and the bond coat was estimated
using the model for the frustrated angle-averaged reflectivity for radiation with angle of
incidence greater than the critical incident angle θc (≈ 27◦), which can be calculated using
Equation 22 [60, 225, 226].

Rf (d) =

∫ 2π
0

∫ π
2
θc

α·sinh2(β·d)
1+α·sinh2(β·d) cos θ · sin θdθdφ∫ 2π
0

∫ π
2
θc

cos θ · sin θdθdφ
(22)

where d is the air gap width formed through delamination, θ is the angle of incidence, φ is
the azimuthal angle. α is given for a perpendicular polarization in Equation 23 and for a
parallel polarization in Equation 24. β is given in Equation 25.

α⊥ =
(n2 − 1)2

4n2 · cos2 θ · (n2 sin2 θ − 1)
(23)

α∥ = α⊥ · (sin2 θ · (n2 + 1)− 1) (24)

β =
2π

λ0

√
n2 · sin2 θ − 1 (25)

where λ0 is the radiation wavelength and n = nY SZ/nair. The frustrated angle-averaged
reflectivity for unpolarized radiation is then found using Equation 26.

Rf,unp =
Rf,⊥ +Rf,∥

2
(26)

where Rf,⊥ and Rf,∥ are the frustrated angle-averaged reflectivities for perpendicular and
parallel polarized radiation, respectively, and can are calculated using α = α⊥ and α = α∥.
Finally, the air gap width dependent diffuse internal reflectivity, that can be of particular
interest for example for the examination of early stages of delamination, is obtained using
Equation 27.

ρi(d) = Rf,unp(d) · (1−
1

n2
) +

ρ0(n)

n2
(27)

The numerical value of the reflectivity at the interface between the top coat and the bond
coat was obtained using Equation 27 and taking the limit as d goes to 0. The reflectivity
was found to be approximately 4% at 532 and 562 nm wavelengths.

Delamination monitoring results

The intensity maps of the samples are presented in Figure 44. In both cases, delamination
areas can be detected easily due to much larger sharp increases in luminescence intensity
than in the increase in reflectance observed by the naked eye. The TBC coatings also
show some defects that can be detected with this method as they are associated with a
luminescence intensity that is significantly lower than the one collected in an intact zone of
the coating. For sample A, for example, distinct locations close to the indent area have top
surface markings (contamination) causing local reduction of emission intensity. Further-
more, spallation results in zero luminescence and can be seen in gray on the intensity map.
Other factors that are not considered in this study but which can affect measurements
include irregularities of coating thickness, concentration variation and dispersion inhomo-
geneity of the luminescent ions in the material concentration, curvature of the TBC along
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the turbine blades, partial erosion, sand glazing or calcia-magnesia-alumina-silicate surface
deposition. These elements contribute to luminescence intensity inconsistencies or surface
coating opacity in localized areas [92], which point towards inevitable challenges for practi-
cal online implementation. For sample A, it can be seen that, although the sensing layer is
not in direct contact with the bond coat, the drastic increase of diffuse internal reflectivity
at the bottom of the ceramic top coat that is associated with a debonding at the interface
between top coat and bond coat produces a noticeable increase of luminescence intensity.
For sample B, on the other hand, even though the indentation load was modestly lower
than that of sample A, generating smaller lateral delamination expansion, a considerable
contrast was observed, indicating particular effectiveness of luminescence-based measure-
ments for this layer configuration. These luminescence intensity contrasts are due to the
increased reflection of the laser and luminescence lights at the interface between the top
coat and the bond coat in presence of an air gap, providing more excitation to the sensing
layer and more reflected luminescence to emerge out of the TBC surface. It can be noted in
both samples that the indentation location shows a reduced luminescence intensity due to
the possible compaction of the sensing layer. Moreover, for both samples, there is enough
luminescence intensity contrast for fast delamination detection, which is promising for the
application of this technique using any multilayered configuration. However, for the appli-
cation of this method for delamination detection on curved surfaces, luminescence intensity
gradients are expected and configurations like sample B with high luminescence intensity
contrast will be preferred.
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Exposure time: 5 ms

(a) Sample A, with doped layer at the top surface.

Delamination area

Indentation

5 mm 1 mm

Exposure time: 100 ms

(b) Sample B, with doped layer at the bottom of the top coat.

Figure 44: Photograph of the coatings with Rockwell indentation-induced delamination or
spallation areas and corresponding luminescence intensity maps of the Er-line at 562 nm.

The solutions obtained by the Kubelka-Munk model for the first case study where only two
layers are considered (sensing layer and regular layer) provide the distribution of light in-
tensities. At any point in the coating, the intensities I and J for laser (ℓ) and luminescence
(L) are calculated based on absorption, scattering and interface reflectivity. The results
for the laser intensity are presented in Figure 45. It can be noted that, in the presence of a
delamination (case presented in red), there is a significant difference in the intensity of light
traveling back to the top surface (Jℓ). The additional excitation intensity in the doped
layer, particularly enhanced in regions closer to the interface between the top coat and
the bond coat, contributes to the higher intensity of luminescence produced in the sensing
layer. For sample A, in the doped layer, the increase of the intensity of the backscattered
laser radiation Jℓ contributes almost exclusively to the gain in excitation intensity that
is available for the production of luminescence, in the case of delamination. For sample
B, in the doped layer, the summation of the integrated intensities of the incoming laser
radiation Iℓ and the backscattered laser radiation Jℓ is drastically increased in the presence
of a delamination, largely contributing to the higher intensity of luminescence. The results
of the model for the luminescence intensities for samples A and B are presented in Figure
46 and 47, respectively, and the dotted areas represent the location of the doped layer. It
can be seen that there is an overall increase of luminescence intensity when a delamination
is present. This is due to both higher amount of laser excitation energy available, as de-
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scribed above, and greater reflection of the luminescence radiation itself, at the bottom of
the top coat.
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Figure 45: Distribution of laser intensity in the two-layer model. In the case where there is
delamination, higher intensities are scattered back due to increased reflectivity. The location
of the doped layer for samples A and B is represented on the same figure.
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Figure 46: Distribution of luminescence intensity in the two-layer model for sample A:
doped layer on top.
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Figure 47: Distribution of luminescence intensity in the two-layer model for sample B:
doped layer at bottom of top coat.

The three-layer model is an improvement of the two-layer model as it integrates a high
scattering layer located at the base of the top coat, with the set of distinct optical properties
discussed previously, and as observed on typical EB-PVD microstructures. This modeling
approach is expected to produce more accurate results in comparison with the two-layer
model since it captures the differences in optical properties associated with the evolving
microstructure of EB-PVD coatings with depth. The solutions obtained in this second
case study provide the distribution of laser intensity, as shown in Figure 48. The results
for the luminescence intensities for samples A and B are presented in Figure 49 and 50,
respectively.
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Figure 48: Distribution of laser intensity in the three-layer model. In the case where there
is delamination, higher intensities are scattered back due to increased reflectivity. The
location of the doped layer for samples A and B is represented on the same figure.
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Figure 49: Distribution of luminescence intensity in the three-layer model for sample A:
doped layer on top.
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Figure 50: Distribution of luminescence intensity in the three-layer model for sample B:
doped layer at bottom of top coat.

The sensitivity to layer thickness variations that exist in practice is taken into account
for the calculation of the standard deviation error on the model results for the calculation
of JL(x = 0), which represents the measurable luminescence intensity that is emerging
from the top surface and that can be collected by a detector. The numerical values found
for JL(x = 0) are reported in Table 14. Generally, the EB-PVD technique leads to good
control on the thickness of the deposited coatings, with a precision that can be as low as 1
µm [199, 190]. Assuming that the overall top coat thickness remains constant (137.5 µm),
the model was solved for a sensing layer thickness of 12.5 ± 1 µm.
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Table 14: Results of the Kubelka-Munk model for the predicted luminescence intensity
emerging out at the surface.

Intensity (a.u.) Sample A Sample B
Two-layer model

JL(x = 0) delamination 0.764 ± 0.057 0.198 ± 0.017
JL(x = 0) no delamination 0.683 ± 0.049 0.017 ± 0.003

Three-layer model
JL(x = 0) delamination 0.768 ± 0.057 0.196 ± 0.019
JL(x = 0) no delamination 0.703 ± 0.052 0.031 ± 0.005

Table 15 allows for direct comparison of modeling and experimental results. The lumines-
cence intensity contrast (or enhancement factor η) between a delamination area and an
intact coating area was obtained in models by juxtaposition of the two extreme cases of
diffuse internal reflectivity (4% for intact coating and 82-83% in the presence of a delami-
nation area). The error shown in the Kubelka-Munk models accounts for typical thickness
variation, as defined previously. Experimentally, the enhancement factor η was obtained
dividing the average of 10 measurements in the delamination area by the average of 10 mea-
surements outside this area and the reported error corresponds to the standard deviation
over these points.

Table 15: Modeling and experimental results for the ratio of delamination over intact coat-
ing luminescence intensities.

Enhancement factor η Sample A Sample B
Two-layer model 1.12 ± 0.16 11.36 ± 2.98
Three-layer model 1.09 ± 0.16 6.32 ± 1.63
Experimental measurement 1.17 ± 0.02 4.82 ± 0.47

The comparison indicates that, as expected, the three-layer model better correlates with
experimental measurements. For sample A, the enhancement factor η that was obtained
from both modeling approaches is close to the experimental result. However, for sample
B, the two-layer model predicts an enhancement factor well above the actual experimental
results, which indicates that the sensing layer of sample B actually presents a different
(stronger) scattering behavior when compared to the rest of the TBC, making the assump-
tion on the isotropy limited for accurate predictions in such sensing layer configurations.
Because much of the contrast is produced by multiple scattering events (both laser and
luminescence) in the sensing layer, the larger mismatch with the prediction is expected for
sample B. The three-layer model that accounts for this high scattering at the base of the
TBC (in this case it also corresponds to the base of the sensing layer) generates a more
accurate estimation and validates this modeling approach for EB-PVD coatings. Figure 51
better shows the comparison between models prediction accuracy and experiment where
the three-layer model is particularly appropriate for estimations on TBC layer arragement
as found in sample B.
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(a) Sample A, with doped layer at the top surface.
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(b) Sample B, with doped layer at the bottom of the top coat.

Figure 51: Comparison of experimental measurements (colored surface) with modeling pre-
dictions for delamination area intensity. Error bar for each model is represented on a wall.

The Kubelka-Munk models presented in this work help to characterize the progression
of coating delamination. The coating health can be monitored measuring luminescence
intensity over extended areas. The locations where luminescence contrast exceeds the lower
boundary of the enhancement factor predicted by the models indicate delamination zones.
It must be noted that assumptions and simplifications on the Kubelka-Munk models as well
as the accuracy of the coefficients selected for the material can contribute to discrepancies
between model estimations and reality.

The evaluation of luminescence enhancement factor and signal intensity trade-offs clearly
showed that having the sensor layer on the bottom of the TBC, as found in sample B, is
preferable for delamination monitoring. Although this location is intuitive, the approach
presented in this work is uniquely powerful for optimizing the thickness of the sensing
layer at the bottom of the TBC. Figure 52 provides the signal trade-offs for 137.5 µm
EB-PVD TBC configurations containing a luminescent layer with varying topology (the
position axis indicates the location of the top of the sensing layer embedded in the TBC),
accounting for the high scattering zone at the base of the coating (10 µm), as given in the
three-layer model. The enhancement factor η corresponds to the achievable luminescence
contrast generated in the presence of a delamination, and confirming that very thin sensing
layers located at the bottom of the top coat (such as for sample B) are more ideal when
looking for maximum contrast for detection. Luminescence intensities are normalized to
allow for direct intensity comparisons between distinct layer configurations while being cau-
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tious and avoiding inaccurate numerical estimations that could originate from the inherent
uncertainty on quantum efficiency. A thicker sensing layer would provide more intensity,
but with some contrast loss (less contrast from portions of the sensing layer farther from
the interface). Additionally, although sample configurations with a sensing layer at the
top surface provide high luminescence intensities, they are vulnerable to erosion. This
can however be used to our advantage to monitor erosion using the luminescence-based
modeling method presented in this work. A configuration that might be of interest for
multi-purpose detection capabilities could be the fully doped coating, with the highest lu-
minescence intensity and higher contrast than the other configurations with sensing layer
placed on top of a regular coating (as for sample A). Finally, the effects of frustrated total
internal reflectance that occurs for air gaps smaller than the radiation wavelength can be
later studied using this approach. Indeed, the substantial variations of diffuse internal
reflectivity can be used for the characterization of the early stages of delamination during
formation of air gaps. Similarly, TGO growth and location of delamination with respect
to this oxide layer can be evaluated using the models presented in this work.

𝜼

Sample A

Sample B

Figure 52: Modeled signal trade-offs for an EB-PVD TBC containing an embedded sensing
layer.

A promising modeling approach was developed to enhance the understanding of the factors
underlying TBC delamination using the contrast provided by luminescence measurements.
In particular, this study presents an improved fundamental framework for evaluating the
trade-offs between luminescence signal strength and delamination contrast that can be used
to optimize doped layer coating configurations. Specifically, two-layer (sensing layer and
regular layer) and three-layer (with high scattering area integrated to the previous case)
Kubelka-Munk models were formulated to predict, for any TBC configuration that embeds
a luminescent layer, the luminescence intensity contrast which can be used to effectively
quantify and monitor delamination areas in TBCs. Modeling results were compared to
experimental values that were collected on two as-deposited EB-PVD TBCs which each
contain an erbium-doped YSZ layer for delamination sensing. An artificial delamination
zone created by Rockwell indentation was successfully quantified by measuring the intensity
of the erbium emission at 562 nm over the surface of the coatings. The luminescence
contrast predicted by the three-layer model was found to be in good accordance with
experiments, emphasizing the importance of considering the microstructure anisotropy in
EB-PVD TBCs for accurate delamination characterization. This modeling approach is
very promising for the determination of signal trade-offs for layer topology optimization.
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Task 5: Lab scale instrumentation development

Thermal barrier coatings are widely used in turbine systems to protect the components
operating at high temperatures. They are generally used in combination with active cool-
ing systems that allow for temperature drops through the ceramic top coat, in the order of
1◦C/µm [45, 238]. Accurate measurement of coating temperatures in such extreme envi-
ronments is crucial to ensure and maintain good performance, functionality of the system,
and predictions on the lifetime of the turbine blades. The temperature measurement un-
certainty has to be reduced to a few degrees at service temperatures as failure mechanisms
are thermally driven. This is particularly important due to the extreme sensitivity of the
growth rate of the Thermally Grown Oxide to the temperature at the interface between top
coat and bond coat [35]. Currently, the viable techniques for non-contact in-situ tempera-
ture measurements are infrared thermometry, for which precision is limited by the presence
of emissions from the operation of the turbine engines as well as emissivity variation, and
phosphor thermometry, that shows potential as a reliable method for precision temper-
ature measurements [69, 41]. Phosphor thermometry has proven to be effective at high
temperatures using rare-earth or transition metal doped ceramics that can be embedded
into TBC configurations to enable real-time temperature monitoring in service conditions
[7, 54, 68, 111, 93, 33]. Among the possible sensors for high temperature measurements
integrated into TBCs, rare-earth doped Yttria-Stabilized Zirconia (YSZ:RE) have been
largely studied as they offer sensing capabilities with ease of integration in existing stan-
dard TBCs and no layer compatibility mismatches. Particularly, europium-doped YSZ
(YSZ:Eu3+) has been extensively selected as it has excellent temperature sensitivity past
its quenching temperature of about 500◦C [168] and an intense visible luminescence with a
long room temperature decay time [55, 30]. Similarly, erbium doped YSZ (YSZ:Er3+) has
a strong visible luminescence intensity [60]. It has a shorter room temperature decay time
and a temperature sensitivity on the entire range between room temperature and turbine
operating temperatures [202]. Having a usable absorption band at 532 nm [11] and distinct
emission wavelengths, both dopants can be used together in a co-doped configuration that
possesses their combined properties. The two dopants have been used together in literature
in a YSZ host for multi-layer rainbow sensors [88], thermal history sensors [11, 42], and in
Y2O3 for intensity ratio measurements [182].

In this work, instrumentation was developed so that the luminescence produced by YSZ:Er3+

and YSZ:Eu3+ could be isolated and simultaneously collected with the objective of dou-
bling the data for higher precision, combining sensitivities of the dopants and extending the
temperature range at which the instrument can measure in-situ temperature on rare-earth
doped YSZ TBCs. The decay and intensity ratio methods were used jointly, as reported
in literature [84, 24], to take advantage of the synchronized collection of two dopants. The
sample contains the sensing layer at its top surface so the phosphor thermometry measure-
ment can be compared with infrared thermometry. Additionally, this configuration allows
for the strongest luminescence intensity to emerge out of the sample [75].

Phosphor thermometry laser source and detector

An advanced phosphor thermometry system was designed and built up in this task to
measure the luminescence lifetime decay on sensor thermal barrier coatings. The pulsed
laser is an Nd-YAG 1064 nm laser with 1-10 Hz repetition rate. Energy output of the
1064 nm pulsed laser is 1 mJ. A series of crystals were used for second and third harmonic
generation. Specifically, a potassium titanyl phosphate (KTP) crystal was used to convert
the 1064 nm wavelength into a combination of 1064 nm and 532 nm wavelengths. A lithium
triborate (LBO) crystal was used to generate 355 nm wavelength. The wavelegnth to be
used in practice for laser excitation is to be determined later based on the phosphor of
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interest. Schematic of the doubling and the tripling method is presented in Figure 53.
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Figure 53: Schematic of (a) Doubling method and (b) Tripling method

A six-stage photomultiplier tube (PMT) is used to detect the luminescence emission. Low
signal from the emission is amplified using the PMT and the gain can be adjusted by
changing the voltage input of the PMT. The PMT typically detects emission from a surface
area of about 0.5 × 0.5 cm2. Additional PMTs were added to the phosphor thermometry
instrument setup to enable simultaneous multi-wavelength characterization.

Initial testing and calibration of the instrument using alumina

Alumina was used as a reference for calibration and to ensure proper collection of lumines-
cence decay using the initial phosphor thermometry instrument prototype. The instrument
was tested using the well known R-line (ruby) emitted from an alumina block under a 532
nm excitation pulse. This experiment was performed at room temperature and using a
694.3 nm bandpass (10 nm FWHM - Thorlabs) for the specific collection of the R1-line
decay. A cyan dichroic filter (FD1C - Thorlabs) was used to transmit the laser beam to
the sample and to reflect the luminescence signal to the detector. The resulting decay was
fitted using a single-exponential model and is presented in Figure 54. The obtained decay
is comparable to values found in literature [32, 200].

Figure 54: Room temperature decay of the R1-line of alumina.

The alumina sample was then placed in an infrared (IR) heater to get initial temperature-
decya correlations. The setup with the heater is presented in Figure 55. The first instru-
ment prototype for these measurements was assembled on a cart for portability and for
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easy integration to the sample environment (in particular to be adjustable in height). The
setup is shown in Figure 57. The PMT was aligned in height with the sample using a scissor
lift platform and the excitation laser was redirected using fast response laser mirrors that
reflect the 10 ns laser pulses.

Figure 55: Phosphor thermometry setup for measurements on alumina (Al2O3:Cr) using
the IR furnace

Figure 56: Phosphor thermometry system combined with IR heater for high temperature
measurements.

For the luminescence decay measurements using the heater, the maximum temperature at
which we were able to collect signal was approximately 306oC. Past this point, the strong
visible light noise emitted by the IR incandescant lamps prevent from capturing decays.
The actual spectrum of the lamps was collected using a Pixis 100 spectrometer in the
visible range and is presented in Figure 56. A longpass in the spectrometer probe cuts
off the spectrum portion with wavelengths smaller than 532 nm. The two bandpass filter
configurations used typically for phosphor thermometry measurements on alumina (694.3
nm +/-10 nm FWHM, Thorlabs) and YSZ:Eu (600 nm +/-40 nm FWHM, Thorlabs +
580 nm +/-10 nm FWHM, Thorlabs) are represented in yellow. It can be seen that a
non-neglgible radiation directly coming from the heater lamps affects data collection at
these wavelengths.
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Figure 57: Phosphor thermometry system (first prototype).

Figure 58: Initial temperature-decay curve obtained for alumina.

Fabrication of temperature sensor TBCs for the demonstration of the instru-
mentation

The main sample configuration for Task 5 allowed to characterize two dopants (Er and Eu)
and to demonstrate an innovative phosphor thermometry setup. This sample configura-
tion was fabricated using an SG-100 (Praxair) spray gun at the Air Plasma Spray (APS)
facility of the Florida Institute of Technology. The materials and parameters used for the
deposition of the layered configuration are given in Table 16. The substrate is a 25.4 mm
diameter and 3 mm thickness CM247 disk. The sample was grit blasted prior to the de-
position of the bond coat layer. A stud was welded on the back of the substrate to mount
the sample on the deposition stage. NiCrAlY bond coat powder (NI-164/NI-211, Praxair),
7-8 wt.% YSZ undoped top coat powder (ZRO-271, Praxair) and erbium and europium
doped YSZ top coat powders (produced by solid state reaction by Phosphor Technology
Ltd.) were used for the deposition of the layers, as shown in Figure 59(a). The erbium
concentration of 1.5 wt.% in YSZ was chosen for optimal luminescence intensity, based on
literature [88]. The europium concentration of 3 wt.% was chosen for high luminescence
intensity and limited dopant intrusiveness to prevent from phase change [213]. As the pre-
processing doped YSZ powders that we got had a small particle size (D5010 µm, which is
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too small for APS deposition) and irregular particle shapes, they were mixed together with
state-of-the-art sprayable undoped YSZ powder to ensure the flowability of the mixture
and a good deposition rate for the uppermost layer. The feeding wheel speed was decreased
to get a constant deposition rate with reduced clogging probability of the APS system. It
was found that a mixing ratio of 1:2 for the doped powder in undoped powder was optimal
to get a good deposition rate while keeping sufficient doped material for luminescence in-
tensity. The fabricated TBC sample was examined using scanning electron microscopy, as
presented in Figure 59(b), with secondary electrons and an accelerating voltage of 15 kV.
The uninterrupted and successive deposition of undoped and doped YSZ layers ensured
the uniformity of the overall top coat with no visible interface. The sample was annealed
2 h at 800◦C to remove potentially present luminescence quenching compounds.

Table 16: Materials and parameters for the Air Plasma Spray deposition.

Layer Bond coat Undoped top coat Doped top coat
Material
(Mixing percentages
given in wt. %)

NiCrAlY YSZ
66% YSZ +
17% YSZ:Er (1.5% Er) +
17% YSZ:Eu (3% Eu)

Thickness (µm) 150 250 80
Spray distance (cm) 10 7.5 7.5
Current (A) 802 902 902
Voltage (V) 43.3 43.7 43.7
Argon (SLM) 49.1 25.5 25.5
Helium (SLM) 20.3 20.8 20.8
Feeding wheel speed
(rpm) 1.17 3.29 0.48
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(a) TBC sample layer configuration.
Units in µm.
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(b) TBC sample microstructure.

Figure 59: APS TBC configuration including a luminescent layer of YSZ:Er,Eu.

Spectral characterization of the sample

The emission spectrum of the YSZ:Er,Eu sample was measured with a collection time of
1 ms using a fiber collection spectrometer (Pixis 100, Princeton Instruments) under a 15
mW 532 nm laser excitation. The probe has a focal length of 7.5 mm, a depth of field of
2.2 mm, a numerical aperture of 0.27, and a spot size of 200 µm. The Er-lines at 545 nm
and 562 nm and the Eu-lines at 590 nm and 606 nm were observed. The co-doping might
introduce some level of re-absorption of the erbium-lines due to the presence of europium
that possesses an absorption band that excites the 5D1 level and that extends from 520 to
550 nm [55, 32]. This could ultimately result in a smaller intensity ratio between erbium
and europium. For this study, the peak of erbium at 545 nm (4S3/2 → 4I15/2) and the
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peak of europium at 590 nm (5D0 → 7F1) were chosen for luminescence intensity and
decay measurements. Figure 60 shows the emission spectrum of the YSZ:Er,Eu sample,
highlighting the two regions that were collected by the phosphor thermometry detectors.

Er
4S3/2→

4I15/2

Eu
5D0→

7F2

Eu
5D0→

7F1

Figure 60: Emission spectrum of YSZ:Er,Eu under 532 nm laser excitation. The full
width at half maximum of the bandpasses is represented to indicate the range of wavelength
collected for the luminescence measurements.

Phosphor thermometry system characteristics (second prototype with two PMTs)

The phosphor thermometry system that is presented in Figure 61, was constructed so it
is adaptable to any temperature sensor that has at least two emission peaks that can be
isolated by means of dichroic filters. The instrument was also made portable by setting
up the system on a stable cart for which the height can be adjusted by either lifting the
top surface of the cart or lifting individually the photomultiplier tubes (PMTs) as they are
mounted on precision lab lift jacks, fixed on the main optical breadboard. The PMTs are
two Hamamatsu R3896 powered by a single precision direct current power supply providing
15 V and a maximum current of 90 mA for each detector. The maximum internal resistance
of the gain control module of each PMT was measured to be around 80 kΩ.

PMT 1 PMT 2

IR camera

Oscilloscope

Laser power 

supply

Laser 

output

PMT power 

supply

Figure 61: Overall view of the phosphor thermometry instrumentation.
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For this experiment, the 532 nm excitation was chosen and the 355 nm was stopped with
a beam blocker. A couple of laser mirrors were used to adjust the direction of the beam
to the sample. After the laser beam was correctly aligned in the axis of the sample, a
cyan dichroic filter (FD1C - Thorlabs) was placed in the path of the beam so the angle of
incidence (AOI) is 30◦. This value was chosen as it lowers the reflection of the laser light on
the dichroic filter and allows for a higher excitation intensity onto the sample. A magenta
dichroic filter (FD1M - Thorlabs) was then placed with an angle of incidence of 45◦ from the
axis of reflection of the cyan dichroic filter. This allowed the convoluted luminescence of the
co-doped sample that was reflected on the cyan dichroic filter to be further split into two
spectral bands. The shorter wavelengths containing the erbium emissions were reflected
on the magenta dichroic filter and directed to PMT 1, located in the axis of reflection
of the magenta dichroic filter. On the other hand, the longer wavelengths containing
the europium emissions were transmitted through the magenta dichroic filter to PMT 2,
located in the axis of reflection of the cyan dichroic filter. The distance from the cyan
dichroic filter to the sample was approximately 30 cm and the distance between the two
dichroic filters was approximately 8 cm. For the collection of the decays, the two PMTs
were used simultaneously. On PMT 1, connected to the channel 1 of the oscilloscope,
a 543.5 nm (10 nm FWHM - Thorlabs) bandpass was placed in the viewing port of the
detector. Because the wavelengths of the erbium emission at 545 nm and the excitation at
532 nm are close to each other, some laser leakage occurred due to laser reflections passing
though the bandpass which has a transmission and optical density at 532 nm of 0.19% and
2.73, respectively. As the laser intensity is very high in comparison with the luminescence
intensity, to better protect the PMT and avoid the undesired collection of laser light, a
longpass filter with an optical density of 5 on the 190-532 nm range was added. On PMT
2, connected to the channel 2 of the oscilloscope, a 590 nm (10 nm FWHM - Thorlabs)
was mounted in the viewing port. To avoid direct exposition to intense laser reflections,
prevent from the collection of external light, and capture exclusively light traveling through
the optical components of the instrument, a laser barrier panel was placed in front of the
instrument. A viewing hole was extruded to insert an iris, opened to its maximum aperture
(25 mm) and a 125 mm convex lens, that converges the slightly divergent laser beam onto
the sample. This arrangement results in a spot size of about 4 mm on the surface of the
sample, placed at the focal distance of the convex lens, and allows for the collimation of
the luminescence light traveling to the detectors. The optical setup that was assembled for
this study is presented in Figure 62.
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Figure 62: Phosphor thermometry instrumentation for synchronized monitoring of lumi-
nescence from YSZ:Er,Eu.

High temperature setup

We determined earlier that measuring decays in an IR heater environment does not yield
sufficient temperature range. For this study, high temperature was achieved via induction
heating (RDO HU2000), that produces the high frequency pulsating of magnetic fields
to induce internal eddy currents in the material. These eddy currents begin to circulate,
causing resistive heating within the material [46]. A frequency of 272 kHz and lift off
distance of 5 mm was used between the induction coil and the surface of the sample, as
shown in Figure 63(a). The resistive heating Q, generated by the internal eddy currents
can be described by Equation 28:

Q =
1

σ
· | Js |2 (28)

Where σ is equal to electrical conductivity and Js is the eddy current density generated
by the magnetic field. In order to keep the sample surface parallel to the induction coil
and normal to the horizontal path of the laser beam, a circular segment of the disk was
cut off so the sample can stand on refractory blocks, as shown in Figure 63(b). Tempera-
ture increments of 50◦C were achieved up to 1100◦C through increasing the power of the
inducting system and phosphor thermometry data was collected at each temperature step.
Induction heating was chosen for this study as it does not produce background thermal
radiation which facilitates luminescence measurements.

Control of the temperature using infrared thermometry

The temperature was measured using a TIM450 (Micro-Epsilon) longwave infrared camera
(7-13 µm) operating at 30 Hz and placed at 20 cm from the sample, which corresponds to
the focal distance of the camera. The collection area was reduced to match the phosphor
thermometry laser spot size. The camera uses the program TIM Connect to track the
thermal radiation emitted from the sample. The emissivity was set to ϵ = 0.95 for all
readings as this value corresponds to the emissivity of YSZ in the longwave infrared range
and does not vary noticeably with temperature [94, 158, 153].
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Figure 63: High temperature setup with a) the induction system principle and temperature
control using a longwave infrared camera, b) a view of the heated sample with the phosphor
thermometry measurement.

Acquisition of luminescence decays

The luminescence decays of the erbium emission at 545 nm and the europium emission at
590 nm were captured simultaneously, using PMT 1 and PMT 2, respectively. A Siglent
SDS 1204X-E oscilloscope was used to convert the electric signal to data matrices. In front
of the viewing port of PMT 1, the incoming light is composed of a spectral band which
ranges in wavelength between 532 nm and 560 nm. It contains the luminescence emitted
by erbium as well as some laser reflections. This light followed the optical path originating
at the sample surface, reflected on the cyan dichroic filter with Rcyan,545nm ≈ 95% and
reflected on the magenta dichroic filter with Rmagenta,545nm ≈ 92%. The spectral band was
narrowed down to select the peak of erbium at 545 nm, using both a 543.5 nm bandpass
and a laser cutoff longpass, as described in the optical setup section. Similarly, in front
of PMT 2, the incoming signal contains a spectral band with a wavelength range between
560 nm and 720 nm. It contains the europium luminescence that emerges out of the
sample surface and is reflected on the cyan dichroic filter with Rcyan,590nm ≈ 100% and
transmitted through the magenta dichroic filter with Tmagenta,590nm ≈ 91%. The specific
luminescence emission peak of europium at 590 nm was selected by placing the 590 nm
bandpass described in the optical setup section in the viewing port of PMT 2. To obtain
a greater amplitude of the signal that facilitates the detection of the luminescence decay
and increases the signal-to-noise ratio (SNR), fixed resistance loads were connected to the
RG58 coaxial cables that link the PMT detectors to the oscilloscope. Impedances of 50
kΩ and 5 kΩ were applied to the acquisition channels associated with PMT 1 for erbium
and PMT 2 for europium, respectively. Figure 64 shows an example of the simultaneous
decay acquisition, captured at 500◦C and showing the long decay of europium (≈ 632 µs)
compared to the one of erbium (≈ 13 µs) as well as the higher noise of the europium
decay due to the lower resistance value chosen for the acquisition. For this experiment, the
amplitude of the signal was favored over time response to enable the use of luminescence

71



1.0.0

intensities up to high temperature. By selecting these high feedthrough resistances, the
minimum lifetime decay that could be accurately measured was found to be ≈ 6 µs for
channel 1 and ≈ 1.5 µs for channel 2. After the completion of the experiment, the collected
data was processed using a MATLAB code that synchronizes all decays so that t = 0
corresponds to the start of the decay at all temperatures, as presented in Figure 65. The
code uses a single exponential model to fit the data of both decays. Even though the
europium decay has been shown to have a triple-exponential decay behavior [106], the single
exponential model has been widely used as it offers a more robust fit for the temperature
measurement using this phosphor [32, 242, 203].

Figure 64: Synchronized collection of erbium and europium decays at 500◦C.

(a) Er emission at 545 nm. (b) Eu emission at 590 nm.

Figure 65: Behavior of the luminescence decays of (a) erbium and (b) europium with respect
to temperature.

Measurement of luminescence intensities

The use of two independent PMTs and high signal-to-noise ratio allows for the comparison
of the intensities at t = 0, when the laser excitation pulse ends and where the luminescence
intensity reaching the detectors is maximal. The PMTs receive a reduced region of the
spectrum that is let through by the bandpasses and convert all the reaching photons to an
electrical amplitude, measured in volts. The quantum efficiency of the PMTs is expected
to be slightly higher at 545 nm (≈ 20%) than at 590 nm (≈ 18%). For this experiment,
the feedthrough resistance of channel 1, that collects the luminescence of erbium, was set
to a higher value than the one of channel 2, as it allowed to get amplitudes exceeding 1
V for both dopants. At room temperature, the integrated intensity of the luminescence of
europium between 585 nm and 595 nm was found to be about 55% higher than the one of
erbium between 538.5 nm and 548.5 nm (in the spectral ranges of the bandpasses). This
is mainly due to the particular quantum yield of erbium and uropium in YSZ, with the
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specific concentration and distribution parameters that were obtained for this sample. All
the collected intensities were processed by the MATLAB routine to subtract the growing
thermal radiation background from the measurements by averaging the intensity received
by the PMTs when laser excitation is off and no luminescence remains. This takes place
typically just before a new excitation pulse, which corresponds on the oscilloscope window
to the trace preceding the rise-time and decay. The ratio between the normalized intensities
of the two dopants can be used for high temperature measurements, assuming that the
spectral shift due to temperature is negligible in comparison with the spectral bandpass of
the filters used for the collection of light [135]. The integrated intensity measured by each
of the two PMTs is, in consequence, assumed to remain proportional to the peak intensity
of each radiative transition.

Temporal analysis

The independent luminescence decays were fitted at each 50◦C step and the results were
reported in Figure 66. The error bars represent the standard deviation of three independent
measurements that were performed with an identical setup, on three different locations onto
the sample. It can be seen that the decay of erbium at 545 nm is sensitive to temperature
over the entire range of temperature from room temperature to 850◦C with a lifetime decay
time at room temperature of approximately 31 µs. The decay of europium has a very high
sensitivity in the range of temperature comprised in between the quenching temperature of
the phosphor in YSZ (≈ 500◦C) and 850◦C, with a lifetime decay time of approximately 1.2
ms at room temperature. The advantage of the co-doped configuration and simultaneous
data acquisition of the decays is the extension of the temperature range on which the
decay method is applicable as the individual dopant have different maximum sensitivity
temperature ranges. Past 850◦C, the fits of the europium decay indicate a lifetime that
stagnates around 1.5 µs which corresponds to the detection limit of the instrument on this
channel, which is related to the resistance used for collection of the signal, as described
in the data acquisition section. This temperature also matches with the limit found in
literature for YSZ:Eu3+ [203, 67]. This inaccurate lifetime decay is generated by the limited
response of the instrument at high temperature [26]. Reducing the resistance feedthrough
on the channel can reduce the response time to some extent, but it implies a significant
degradation of the SNR. A compromise between signal-to-noise ratio and time-resolution
has to be selected for high temperature phosphor thermometry. The sensitivity of the decay
of europium appears to be very high between 500◦C and 850◦C which corresponds to the
luminescence quenching of the dopant into YSZ, due to the higher probability of vibrational
deexcitation past the quenching temperature. However, the sensitivity of the decay of
europium outside this highly sensitive temperature range is close to zero. The combination
of europium with erbium, facilitated by the instrument, allows for the extension of the
range of temperature that can be measured using the decay method. This is because the
lifetime decay of erbium can be conveniently differentiated for any temperature between
room temperature and turbine system operating temperatures.

Intensity considerations

The luminescence intensity variation was measured and the ratio between the intensities
of the erbium emission at 545 nm and the europium emission at 590 nm, normalized with
respect to their distinct room temperature intensity. This data was obtained to provide
additional information for the temperature measurement using the phosphor thermometry
instrumentation. The luminescence intensity was obtained by measuring the maximum of
the amplitude of the luminescence decay, that is proportional to the amount of photons
reaching each PMT at the moment where the laser excitation pulse produces the strongest
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Figure 66: Lifetime decay response of APS co-doped YSZ:Er,Eu.

luminescence.

As the temperature increases, it was found that the luminescence intensity of both dopants
initially increased, due to the thermal filling of the energy levels, then decreased due to
thermal quenching. The growing thermal radiation, which spectral radiance can be pre-
dicted using Planck’s law, provides a contribution to the overall intensity of which one part
is the luminescence. The percent variation of the luminescence intensity for each dopant,
with respect to the room temperature intensity is reported in Figure 67. The error bars
indicate the standard deviation of three independent measurements that were performed
with an identical setup, on three different locations onto the sample. It was also found
that the ratio of the normalized intensity variation of erbium to europium, REr/Eu, has a
sensitive range of temperature, usable from 850◦C up to at least 1100◦C, as presented in
the lower plot. The error bars report the propagation of error from the ratio of the intensity
variation between erbium and europium. This is a result of the fast quenching of europium
luminescence on this range compared to the luminescence of erbium, that remains strong,
as shown in the 3D plots. Although the lifetime decay of europium cannot be accurately
determined past 850◦C due to the limitation on the temporal resolution of the instrument,
the high SNR allows for valid intensity measurements at higher temperatures.
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YSZ:Er

YSZ:Eu

Figure 67: Percent luminescence intensity variation with respect to room temperature in-
tensity for each dopant and corresponding ratio, sensitive between 850◦C and 1100◦C and
usable for high temperature measurements.

Measurement error considerations

To evaluate the precision and obtain a representative response of the instrument with the
YSZ:Er,Eu sample, three independent measurements were performed. The phosphor ther-
mometry instrumentation setup remained unchanged while the sample and the induction
coil were translated normally to the laser to collect the luminescence signal from three
different locations. It is important to consider the intrinsic temperature measurement un-
certainty implied by the utilization of infrared thermometry, which accuracy is ± 2% at
high temperature. Indeed, the material was brought to the desired temperature values for
data collection using infrared thermometry as the reference to determine the power input of
induction heating. Another limiting factor when targeting a temperature for measurement
is due to the gradient of temperature in the doped layer, created by the heat flux from the
top surface to the bond coat in TBCs, but which direction is inverted in this study due
to the utilization of the induction coil that heats preferentially the metallic substrate and
dissipates heat by convection at the free surfaces of the material. Furthermore, material
characteristics can vary importantly with position probed on the sample. For example,
the random distribution of porosity affecting both thermal and optical properties of the
material and the irregularity of the doped layer thickness contribute in possible variations
in the luminescence of the sample. A possible uneven distribution of dopant into the ma-
terial, possibly intensifying ion-ion interaction, or the consecutive thermal cycling can also
result in intensity and lifetime decay variation when probing different locations onto the
doped layer. Uncertainty on the exponential fit can also be significant, in particular with
europium, that exhibits a triple-exponential decay behavior typically. The precision of the
measurements at 800◦C was found to be ± 8◦C and ± 3◦C, using erbium and europium
decays, respectively. In addition, it can be noted that the current instrumentation is a
lab-scale prototype that would necessitate automated acquisition for calibration to reduce
experimental errors and that would require further development to allow for measurements
on an operating engine, using an optical port, similarly to other existing instrumentation
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[71].

Summary of the instrument developement

A phosphor thermometry instrument was developed for the synchronized data collection
of the luminescence decay and intensity ratio measured from two independent emission
peaks coming from an erbium-europium co-doped yttria-stabilized zirconia air plasma spray
thermal barrier coating. The luminescence emerging out of the doped layer was collected
up to 1100◦C with 50◦C steps, while the surface temperature was concurrently measured
using a longwave infrared camera. The high resistances at the input of the oscilloscope,
chosen to amplify the signal-to-noise ratio, allowed to collect lifetime decays with a sufficient
bandwidth up to 850◦C. The results were found to be in good accordance with literature. At
higher temperatures, the limited response time was compensated by the acquisition of the
ratio of intensity between erbium and europium emission peaks, that varies significantly
due to the faster quenching of europium. As a consequence, the range of temperature
that can be accurately measured using rare-earth doped YSZ configurations was extended
up to turbine engine operating temperatures. The simultaneous acquisition of phosphor
thermometry data achieved in this work paves the way for increased precision measurements
on extended temperature ranges using the high-sensitivity decay method combined with the
high-detectability intensity ratio method. The capabilities of this phosphor thermometry
instrumentation were further demonstrated for in-situ temperature measurements in an
actual engine rig in the following Task.
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Task 6: Instrumentation adaptation to engine rig

Task 6 was added to the project in 2020 following the promising outcomes obtained in the
project. The main objective of Task 6 was to focus on the adaptation of the instrumentation
that we designed in earlier tasks to an operating engine test rig. Specifically, measurements
were be performed on the combustion line and exhaust sections of a ramjet engine (with
reminiscent gas turbine engine combustor exit temperatures and velocities) via wall sensor
thermal barrier coatings.

Manufacturing of luminescent coatings

The thermal barrier coating configuration used for Task 6 was fabricated through air plasma
spray using a Praxair Surface Technologies SG-100 spray gun at the Florida Institute
of Technology plasma spray facility. The substrate is a 2"×2" plate of IN718 with a
thickness of 0.08". The substrate was grit blasted with silica before the deposition of
a 125µm NiCrAlY (NI-164/NI-211, Praxair Surface Technologies) bond coat layer. An
approximately 200µm erbium-doped yttria-stabilized zirconia (YSZ:Er) top coat was then
deposited onto the bond coat. The YSZ:Er powder used for plasma spray was produced
by solid state reaction (Phosphor Technology Ltd). The YSZ:Er powder contains ZrO2

bal. + 6 mol.% YO1.5 + 1.5 mol.% ErO1.5 (7.5 mol.% stabilizer in the form REO1.5).
A photo of the sample is shown in Figure 68(a) and the schematic layer configuration is
shown in Figure 68(b). Because of mean particle size (≈ 1µm) and shape (irregular) being
not ideal for spraying, 1 wt.% of fumed silica was used as a fluidizing agent to facilitate
powder feeding through the air plasma spray system. The sample was annealed 30 min at
800◦C to remove luminescence quenching compounds and increase luminescence intensity
through partial recrystallization.
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Figure 68: YSZ:Er sensor thermal barrier coating sample.

The emission spectrum of the YSZ:Er sample was measured using a fiber collection spec-
trometer (Pixis 100, Princeton Instruments) with a 15 mW, 532 nm laser excitation and a
collection time of 100 ms. The probe has a focal length of 7.5 mm, a depth of field of 2.2
mm, a numerical aperture of 0.27, and a spot size of 200 µm. The Er-lines approximately
centered at 545 nm and 562 nm were acquired. For this study, the erbium peak at 562 nm
(4S3/2 → 4I15/2) was selected for decay measurements. Figure 68(c) shows the emission
spectrum of the YSZ:Er sensor coating.

Calibration of the temperature-decay response

Calibration of the luminescence decay profile for the sensor coating configuration devel-
oped for Task 6 was achieved using the setup presented in Figure 69. A muffle furnace
was customized to have a view port for optical access for in-situ luminescence decay mea-
surements while providing the sample placed in the furnace with as close as possible from
an isothermal temperature distribution. The temperature inside the furnace was increased
progressively (1◦C/s) up to 1100◦C to get accurate decay data as temperature at all points
inside the coating, which is not cooled, can be assumed constant using this heating rate,
or within a few degrees of error margin based on conduction models built up to determine
heating rates in the synchrotron study. For this experiment, the laser source was set to
emit 0.5 - 1 mJ pulses at a wavelength of 532 nm, with a pulse duration of approximately
10 ns, repeating with a frequency of 10 Hz. Laser mirrors were used to direct the laser
excitation to the sample. The luminescence signal from the sample was reflected on a cyan
dichroic filter (Thorlabs) and collected by a Hamamatsu R3896 PMT which is powered by
a single precision direct current power supply providing 15 V and a maximum current of
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90 mA. The PMT was used for the real-time collection of data, using a 560 nm bandpass
(10 nm FWHM - Thorlabs) to collect exclusively the luminescence peak of Erbium emitted
at 562 nm. For the data collection, the electric signal from the PMT passed through a
transistor which impedance was set to 1 kΩ, and was then converted for analysis to data
matrices using a Siglent SDS 1204X-E oscilloscope. The temperature-decay response data
will be used in the engine test to determine temperature values from measured decays.

Figure 69: Phosphor thermometry instrumentation setup for the acquisition of the isother-
mal luminescence decay from YSZ:Er.

it can be noted that the decay of YSZ:Er presents potential for thermal gradient measure-
ments as it exhibits a fairly ideal single-exponential trend. The raw decays are shown in
function of temperature in Figure 70. The data was analyzed using a single-exponential
fit model using a MATLAB code to correlate decays to temperatures. The temperature-
decay response curve is presented in Figure 71. This YSZ:Er sensor is temperature sensitive
across the entire range of temperatures that is used in this work, with higher sensitivity
past 600◦C. The tail of the calibration curve around 1000◦C which slope is reduced is a
detection artifact, as the decay time is close to the resolution limit that is determined in
part from the detector to oscilloscope impedance input [39].

Figure 70: The evolution of the luminescence decays of YSZ:Er with increasing temperature
from the emission peak at 562 nm. YSZ:Er presents a decay profile that follows closely an
ideal single-exponential model.
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Figure 71: Temperature - luminescence decay calibration curve for the YSZ:Er sensor coat-
ing measured under isothermal conditions. This curve will be used during engine testing to
determine temperature values from decays.

Integration of a high-speed camera system

One of the major effort for the increase of technology readiness level of the phosphor
thermometry instrumentation developed in this project involved the ability of achieving
surface temperature measurements. Research in this direction was pursued as we performed
Task 6, where sensor coatings were probed using an expanded pulsed laser beam for the
measurement of approximately 1-inch diameter surface areas. The setup used for this
experiment is presented in Figure 72. The high-speed camera used for the test is a Photron
Nova S12 monochromatic calibrated for the acquisition of 250,000 frames per second. It
is equipped with a 561 nm bandpass (Edmund Optics) to filter the luminescence signal.
The laser beam (which exits the laser source with an initial diameter of approximately 1
mm) was expanded using a Keplerian beam expander (25 and 125 mm focal length N-BK7
convex lenses, Thorlabs). Laser pulse was set to a frequency of 10 Hz and an energy of 0.5
mJ per pulse. A TIM450 infrared camera was used for reference temperature and surface
thermal gradient measurements with an emissivity set to 0.93 for TBC in longwave infrared
(7.5-13 µm).

Sample

Laser source

Pulsed 532 nm

High-speed camera

+ 561 nm bandpass

Burner rig 

nozzle

Laser mirrors

Gas plume

IR camera

Thermocouples

Beam expander

Figure 72: Experimental setup for phosphor thermometry measurements on a TBC panel
with an applied thermal gradient.

The expanded beam was targeted to the sample and a laser excitation pulse was sent to
the coating. The resulting image series was processed to show the initial intensity of the
decay, which corresponds to the peak emission intensity of each pixel, as shown on the
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left-hand side of Figure 73. It was found that the profile of intensity is not symmetric and
gaussian, as it should ideally be, and this might be due to the angle at which the laser is
targeted to the sample (not perfectly normal to surface). The possibility that intensity is
higher in a zone of the coating due to poor dopant distribution across the surface of the
coating was ruled out by measuring the point-by-point intensity of the sensor coating, as
presented on the right-hand side of Figure 73.

562 nm Er luminescence

(continuous laser exc.)

Good distribution of dopant over sample area

Decay initial intensity

(pulsed laser exc.) 

Figure 73: Normalized initial intensity map under expanded pulsed laser excitation, high-
lighting an asymmetric excitation profile (left). Point-by-point Er-line map (562 nm) indi-
cates that the distribution of dopant across the surface of the sensor coating is homogeneous
(right).

An initial measurement was done at room temperature and is shown in Figure 74. The
average lifetime decay was found to be matching the value obtained in the calibration curve
for this sample, which is around 30 µs at room temperature. The gradient observed on this
first measurement could be explained by the low SNR in poorly illuminated areas, where
fit quality is low, as shown in the comparison of raw decays, and where R-square is lower
than 0.95. This region of low emission intensity therefore reduces confidence on fits and
associated temperature measurements. In addition, the apparent gradient obtained on the
collected image may be affected by the variation of fluence across the surface (the center
of the beam provides slightly higher laser power per surface area). It is found in literature
that fluence modifies decay time due to a change of quantum efficiency [161]. From a zero
excitation power, increasing fluence initially increases quantum efficiency (more excitation
power generates a stronger photon deexcitation path). Eventually, when fluence is increased
further, it is known that it would favor dopant ion quenching (too many neighboring ions
are getting excited in a reduced area) therefore facilitating phonon deexcitation paths
and decreasing luminescence lifetime decay [7]. Other factors that may be responsible for
decay variations across the probed area include varying stresses in the coating or local
temperature variation due to laser heating although this would typically decrease lifetime
decay unlike what is observed in this case.
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Figure 74: Varying luminescence lifetime decay at room temperature may be related to fit
quality which corresponds to areas illuminated with lower laser intensities.

The YSZ:Er sensor coating luminescence lifetime decay calibration curves were collected
for both photomultiplier tube (obtained in the previous section) and high-speed camera
acquisition systems and are presented in Figure 75.

Figure 75: Calibration of the phosphor for photomultiplier tube (PMT) and high-speed
camera (HSC) acquisition data methods and fitted models.

Initial high temperature measurements

High temperature measurements were performed using a butane-fueled burner rig, as shown
in Figure 76. Reference surface temperatures were tracked with an infrared camera and
back substrate temperatures were measured by a K-type flat-welded thermocouple placed
behind the laser probed area. An additional K-type bead thermocouple was placed on the
top surface for temperature validation.

This preliminary testing was achieved to evaluate high-temperature decays. This test was
performed to determine the area that can be probed in high temperature conditions, where
signal intensity drops. The measurements at high temperature were performed after the
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Through 535 nm 

longpass filter

Er luminescenceBurner rig

Laser excitation

Figure 76: Burner test setup for high-speed camera measurements. Laser beam was ex-
panded to a 1-inch diameter (left) and the 561 nm erbium luminescence decay was captured
through a bandpass filter (right - here shown through a longpass filter)

coating surface temperature was brought up to 800-850◦C and during cooling down with
the burner flame off. Results are shown in Figure 77. To maximize accuracy of results, an
area of approximately 10×10 mm2 was selected for the analysis. It can be observed that,
similarly to the data acquired at room temperature, a radial gradient is seen, in particular
at 600◦C, where the temperature on the probed area tends to be homogeneous based on
infrared camera measurements and this gradient could be related to the variation of laser
fluence across this section. At 700 and 800◦C, as the coating was heated with the flame tip
targeting the left side of the laser probed area, a thermal gradient can be observed with the
high-speed camera measurement (lateral gradient from left to right), where fastest decays
corresponding to higher temperatures can be highlighted on the left portion of the probed
area.

Figure 77: Initial YSZ:Er decay measurements obtained during cool down at 800◦C, 700◦C
and 600◦C, after coating surface heating using a burner rig. K-type thermocouples were
placed on the front and back of the YSZ:Er coupon.
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With the objective of improving confidence of fits which are required for temperature
mapping, an additional test was performed using the camera at an acquisition rate of 500k
frames / s. There is a compromise between spatial and temporal resolution to be found for
the engine rig test. Indeed, this configuration of the camera acquisition rate reduces the
number of pixels on the image. For this test, acquisition was performed during transient
state (as burner rig is on) and run for 30 s. Results are reported in Figure 78. The average
lifetime decay is plotted in function of time. Fluctuations are due to the non-ideal single
exponential decay of the erbium line (impurities generate a short-lived decay component).
At 500k frames / s, an image is captured every 2×10−6 s generating a synchronization shift
between laser pulse and camera acquisition implies collection of varying proportion of fast
decay trace. This shift can be numerically adjusted (post-processing) to synchronize laser
pulse and camera frame acquisition.

Burner rig turned on

Figure 78: Transient state luminescence decay measurements with the thermal gradient
heating. Averaged surface decay (left). High-speed camera decay mapping at the time when
burner rig was turned on (right).

Laser beam excitiation profile was readjusted to obtain a probing area of diameter 5 mm.
Luminescence lifetime decay results are presented in Figure 82(c) for YSZ:Er at room
temperature. The image shows that the realignment was successful as the luminescence
intensity profile appears symmetric.
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YSZ:Er

Figure 79: Decay map of YSZ:Er and room temperature after beam realignment and expan-
sion.

Up to this point, calibration and initial testing using the phosphor thermometry instrument
with integrated high-speed camera and a lab burner rig setup were performed. A num-
ber of challenges were highlighted, including detection frame rate limits, non-ideal single
exponential decays, non-symmetric excitation (corrected) and resulting emission, possible
varying fluence to decay effects and possible coating stresses.

Engine testing

In this work, temperature measurements were achieved using the luminescence produced
by YSZ:Er3+ and collected simultaneously with a photomultiplier tube and a high-speed
camera for higher precision, combining the two methods and demonstrating the instrument
capabilities to measure in-situ temperature on rare-earth doped YSZ TBCs in a combus-
tion environment. The luminescence lifetime decay method was used for conversion to
temperature data, as it is reported as the most reliable method in literature for YSZ:RE
sensors at high-temperature [84, 24]. The sample configuration includes a single lumines-
cent YSZ:Er layer, chosen for maximum signal emission to facilitate data acquisition in
a bright, combustion environment [75]. The experiment was conducted in a wind tunnel
facility. It includes a flow-conditioning plenum, a converging nozzle, and an optically ac-
cessible test section, which exhausts to atmospheric conditions. The optical test section
has a rectangular cross section and measures 127.5 mm (depth) × 45 mm (height). Air
velocity through the test section was controlled by a JFlow electro-pneumatically posi-
tioned ball valve, downstream of a high-pressure regulator and air source. Air pressure
was regulated to 63.6 psi upstream of the ball valve, and the mass flow rate was measured
downstream of the ball valve by a Venturi flowmeter coupled with a Dwyer Instruments
differential pressure transmitter (model 629C-02-CH-P2-E5-S3), resulting in uncertainty in
air flow rate of 3.5%. Propane fuel pressure was set to 50.5 psi for an equivalence ratio of
1. JFlow electro-pneumatic ball valve was then actuated using a LabVIEW-based control
program to obtain the target test section velocity of 13.8 m/s. The sample was placed
in the test section through a 2" × 2" slot placed on the top wall of the combustion test
section, coating side facing down to the combustion environment, centered approximately
180 mm upstream of the test section outlet. After the coating was mounted with a flat-
welded thermocouple on the back of the substrate, a quick engine run was performed to
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ensure nominal engine run conditions were met. During engine testing, high heat flux was
applied on to the 2 x 2 in2 YSZ:Er coating. The sensor coating was mounted on the top
wall of the ramjet exhaust. The sample was inserted in a slot such that the YSZ:Er top
coat was facing down to the exhaust section and the metal substrate of the sample facing
up with a K-type thermocouple controlling back temperature. In this setup configuration,
the sensor coating is set parallel to the flow. This is not a configuration that allows to reach
ultra-high temperatures because of the limitation on engine run duration and the fact that
flows does not impinge on the coating itself (coating is in a slot, flush with the top wall).
However, sensitivity to temperature variation as well as demonstration of the temperature
mapping capability was achieved. The phosphor thermometry system, presented in Figure
80, was set up to excite the sample and collect the erbium emission at 562 nm. The phos-
phor thermometry instrumentation is equipped with a YAG:Nd pulsed laser (CNI) that
provides 10 ns of laser output at a frequency of 10 Hz. The radiation emitted by the laser
head is the fundamental mode at 1064 nm with an pulse energy of approximately 2 mJ.
The beam travels through a frequency doubling KTP crystal to generate 532 nm pulses of
0.5 - 1 mJ energy. The PMT is a Hamamatsu R3896 powered by a single precision direct
current power supply providing 15 V and a maximum current of 90 mA. The maximum
internal resistance of the gain control module of the PMT was measured to be around 80
kΩ.

High-speed 

camera

Sensor 

coating

Bandpass 

filter

K-type 

thermocouple

PMT + 

Bandpass 

filter

Laser 

mirror

Laser 

source

Figure 80: Experimental setup for phosphor thermometry measurements on the sensor
coating.

The PMT receives a reduced region of the spectrum that is let through by the bandpass
and converts all the reaching photons to an electrical amplitude, measured in volts. The
quantum efficiency of the PMT is expected to be approximately 20% at 562 nm. For
this experiment, the feedthrough impedance was set to 1 kΩ. The collected decay was
processed by a MATLAB routine to extract decay lifetimes. The code also subtracts the
the background noise due to the engine running which was found to increase the background
level while the maximum initial emission intensity did not vary significantly, as shown in
Figure 84. Temperature-induced spectral shift (emission peak position) was assumed to
be negligible for decay-based data acquisition [135] and therefore the bandpass collects
the same emission peak regardless of coating temperature. It is known that the initial
intensity of the YSZ:Er decay varies with temperature [204, 77]. In addition, in an engine
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environment, background noise intensity is affected by thermal radiation and laser-induced
fluorescence from the combustion gas in the engine. Intensities measured by the PMT when
the engine was on and off are presented in Figure 84. The light sensitivity of the high-
speed camera was calibrated using the sensor coating at room temperature and in a dark
environment (before engine is turned on) a with optimized laser power. The high-speed
camera was triggered by the laser source for synchronized data acquisition. 300 images
were acquired following each laser pulse (laser excitation duration 20 ns, energy 0.5 mJ
and frequency set to 10 Hz). During the test, when engine was on, luminescence decay
signal from the coating was successfully measured. For the engine test, data acquisition
was started at t=0 s (where temperature of substrate measured by the thermocouple was
close to 50◦C), the engine started running at t=10 s and the run duration was 100 s. Data
acquisition was stopped at around t=330 s. A picture of the test during the engine run is
presented in Figure 85.

Moving on to the analysis of high-speed camera data, a qualitative comparison of the lu-
minescence lifetime decay maps for the measurements on YSZ:Er is presented in Figure 81.
On these 128 × 48 pixel maps, the luminescence decay obtained from each pixel (fitting a
single-exponential decay model on the same pixel for successive frames) is presented. The
areas where signal intensity was too weak to determine accurately luminescence lifetime
decay are not shown. Therefore, there is an inherent correlation between excitation laser
2D profile intensity (surface laser power distribution), signal emission 2D intensity profile
and resulting luminescence lifetime decay profile. These maps need further post-processing
as, for example, in the first map a gradient of luminescence lifetime decays is observed while
this map was acquired at room temperature (where the temperature at the surface of the
coating must be uniform) and with engine off. However, these maps still provide useful
information and demonstrate feasibility of high-speed camera measurements in combus-
tion environments. Similarly to what was found with photomultiplier tube measurements,
luminescence lifetime decay increases briefly when the engine turns on. The decay values
then decrease after engine in turned on due to the increase of surface temperature. In
practice, from a single measurement (following one laser pulse), a series of images was
acquired by the high-speed camera and the series of intensity of each pixel was fitted to
determine luminescence lifetime decays. A selection criterion was applied to remove data
with low fit quality, where R2 of fit is lower than 0.985.
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YSZ:Er

Figure 81: Initial analysis showing luminescence lifetime decay maps at different times
during the engine test for YSZ:Er.

These luminescence lifetime decay maps also demonstrate potential for 2D temperature
measurements in realistic engine environments. To improve the data analysis process,
selective criteria were implemented on each pixel to handle cases where 1- luminescence
signal intensity is too low and 2- luminescence signal intensity is too high to the point
where there is saturation for the first acquired frames. These cases are presented in Figure
82. In the first case, the fit is performed only if there is sufficient intensity to obtain a
decay. Indeed, if intensity corresponding to a pixel is close to background noise level, there
will not be sufficient resolution to fit the data accurately. Therefore, here, an arbitrary
value was chosen to determine reduce number of fits to only those with sufficient intensity.
If the sum of intensities over the first 10 points is higher than 200 intensity counts, then the
fit was performed. This typically also largely accelerates the analysis process (from days if
we try to fit all the data, ≈ 20×106 fits, to hours if we apply this simple selection criterion,
≈ 2×106 fits). An additional restriction will then be applied to cut off decays with R2

values that do not pass a predetermined quality threshold. The second and third cases
show how fits are performed on saturated pixels (where intensity count is 255 on the first
few frames), typically at the very center of the laser beam. In these cases, data is cropped
to only start at the first frame which intensity is lower than the saturation intensity. This
allows to significantly improve fit quality.
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YSZ:Er

(a) Lowest accepted SNR for fit.

YSZ:Er

(b) Initial fitting of saturated pixel.

YSZ:Er

(c) Actual fitting of saturated pixel.

Figure 82: Fitting special cases: a) intensity counts corresponding to the first 10 pixels are
summed to determine if the signal-to-noise ratio (SNR) is high enough for fitting, the case
shown here represents the lowest accepted SNR, b) in the case where the pixel intensity is
saturated, direct fitting is not ideal, c) to correct decay fitting of saturated pixel, fit starts
at first non-saturated image.

High-speed camera data collected at 10 s into the engine run (corrected) is shown in Figure
86. This highlights a clear emission intensity profile on the surface of the coating which is
related to the laser excitation profile (Gaussian). The determination of temperature values
for these decay maps is not straight forward as it ideally requires calibration of each pixel in
function of the respective excitation power due to the gradient of decays that is still present
after improving the analysis methodology. We averaged the high-speed camera decays to
obtain an average temperature of the probed area that can be directly compared with the
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temperature obtained from PMT data. The average decay is shown in Figure 83. For
YSZ:Er, the high-speed camera measurements seem to better handle the background level
variations as there is no background correction needed in the high-speed camera data, in
particular during transitions like when engine turns on and off. This data is very promising
to accurately measure temperature in combustion environments.

YSZ:Er

Figure 83: High-speed camera YSZ:Er luminescence decay measurement during the engine
test (0-10s engine is off, 10-110s engine is on, >110s engine is off)..

The decays measured by the PMT result from the convolution of decays produced at the
surface of the coating. Decays measured at different times during the engine test are
presented in Figure 87. Finally, the comparison between temperatures obtained from the
thermocouple placed at the back surface of the coating (not directly exposed to the heat),
the high-speed camera data and the PMT data is presented in Figure 88. Temperature
measured with the temperature keeps rising for more time than the engine runs because
this measurement is based on transient conduction from the coating surface to the back of
the sample. Overall, there is good concordance of temperature measurements using both
HSC and PMT data.

Engine on

Figure 84: Oscilloscope signal maximum intensity (initial intensity of the decay) and back-
ground intensity, highlighting increased background during engine run.
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Figure 85: Phosphor thermometry measurements through the combustion environment.

a) b) c)

Figure 86: High-speed camera collected at 10 s into the engine run showing a) initial decay
intensity, b) decay time and c) fit quality R2.

Figure 87: Photomultiplier tube decay fits during engine test.
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Figure 88: Temperature measured during the engine test.

Thermal barrier coating phosphor thermometry measurements were conducted using the
luminescence lifetime decay of YSZ:Er in a combustion environment. Measurements were
performed using both a high-speed camera and a photomultiplier tube for decay acquisi-
tion. For direct direct comparison with the photomultiplier tube data, the spatial data
obtained from the high-speed camera was averaged. The high-speed camera setup pro-
vided overall reliable data, in particular during engine run, but lacked time resolution
at high-temperatures. On the other hand, for the photomultiplier tube data analysis,
engine background light was successfully attenuated which provided better precision at
high-temperatures but this acquisition system was more affected by the growing thermal
background radiation. The maximum coating temperature measured during the engine
run was ≈ 660◦C, while the back surface of the sample was measured at 525◦C with a
flat-welded thermocouple. The results that were found for this YSZ:Er sensor are in good
accordance with what is displayed in literature. This work shows that concurrent data
acquisition with distinct methods can result in better confidence in temperature measure-
ments. Further work will investigate surface temperature capabilities provided by this
instrumentation for on-line temperature measurements.
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c. What opportunities for training and professional development has the
project provided?

Researchers have presented their progress on the project during collaborative meetings
with General Electric, Siemens, Lumium, and the Argonne National Laboratory.

Collaboration with the Applied Research Laboratory of the Florida Institute of Technology
allowed the students to learn about thermal spray deposition and to perform all steps of
air plasma spray to create sensor coatings and overcome challenges associated with the
deposition of such coatings.

The collaboration with the Argonne National Laboratory provided the opportunity to
interact with synchrotron beamline scientists, and run autonomously multiple experimental
campaigns at the beamline.

The collaboration with General Electric allowed researchers to identify current challenges
for industry application, These exchanges were extremely beneficial to ensure proper ad-
vancement of technology readiness level of instrumentation, materials and associated meth-
ods.

The collaboration with Siemens allowed researchers to benefit from great expertise in ma-
terial procurement and coating design. Siemens also mentored students on this project.

The collaboration with Lumium was critical in this project to develop and assemble the
initial phosphor thermometry prototype.

The collaboration with Dr Ahmed from our department at the University of Central Florida
allowed to perform engine testing on a ramjet engine rig, work achieved in collaboration
with his team of students.

In December 2019, researcher Quentin Fouliard wrote his Ph.D. dissertation based on this
research and was awarded the UCF (P3) Pre-eminent Postdoctoral Program Fellowship and
continued to work on the project as a postdoctoral scholar until the end of this project.
He also received the UCF alumni 30 Under 30 award in 2021.

Through his contribution to the project and the collaboration with GE Global Research,
Quentin Fouliard was hired in a full time position at GE Global Research. Quentin will
start in January 2023 and will continue working in this research field at GE.

d. How have the results been disseminated to communities of interest?

• A conference paper will be presented at the 2023 AIAA Scitech Forum:
Q. Fouliard, R. Ghosh, S. Raghavan, “Influence of experimental parameters on rare-
earth doped yttria-stabilized zirconia thermal barrier coatings for phosphor thermom-
etry measurements”, on January 23, 2023, in National Harbor, MD.

• A manuscript is in preparation, Q. Fouliard, K. Vo, A. Masson, R. Ghosh, S. Ragha-
van, “Thermal barrier coating temperature measurements in combustion environ-
ments using phosphor thermometry”, Applied Physics Letters, expected for submis-
sion by the end of the year.

• A manuscript is in preparation, Q. Fouliard, R. Ghosh, S. Raghavan, “Stress-sensing
luminescence decay in rare-earth doped yttria-stabilized zirconia thermal barrier coat-
ings”, Measurement Science and Technology, expected for submission by the end of
the year.

• Post-doctoral Scholar Quentin Fouliard presented “Increasing the efficiency of gas
turbine engines combining novel designs and in-situ monitoring instrumentation”,
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Presentation at the University of Tennessee, Knoxville, TN, October 7, 2022.

• Post-doctoral Scholar Quentin Fouliard presented “Increasing the efficiency of gas
turbine engines combining novel designs and in-situ monitoring instrumentation”,
Seminar at Oak Ridge National Laboratory, Large Scale Structures Section, Neutron
Scattering Division, Oak Ridge, TN, July 19, 2022

• Post-doctoral Scholar Quentin Fouliard presented updated results on the project at
the 2022 DOE University Turbine Systems Research Project Review Meeting, held
on September 29, 2022, San Diego, CA.

• Post-doctoral Scholar Quentin Fouliard presented updated results on the project at
the 2022 Fossil Energy Sensor & Control Project Review Meeting, held on May 4,
2022 (online conference).

• A manuscript was published in journal Surface and Coatings Technology
Q. Fouliard, H. Ebrahimi, J. Hernandez, K. Vo, F. Accornero, M. McCay, J.S. Park, J.
Almer, R. Ghosh, S. Raghavan, “Stresses within Rare-Earth Doped Yttria-Stabilized
Zirconia Thermal Barrier Coatings from in-situ Synchrotron X-Ray Diffraction at
High Temperatures”, in February 2022.

• A conference paper was presented at the 2022 AIAA SciTech Forum, Q. Fouliard, R.
Ghosh, S. Raghavan, “Thermal Barrier Coating Delamination Monitoring Through
Thermally Grown Oxide Spectral Characterization”, on January 3, 2022.

• Post-doctoral Scholar Quentin Fouliard has presented updated results on the project
at the 2021 University Turbine Systems Research Project Review Meeting. Major
highlights, rencent project accomplishments and capabilities were displayed. The
conference was held on November 10, 2021 (online conference).

• A conference paper was presented at the ASME Turbo Expo 2021 Forum:
Q. Fouliard, J. Hernandez, H. Ebrahimi, K. Vo, F. Accornero, M. McCay, J-S. Park, J.
Almer, R. Ghosh, S. Raghavan, “Synchrotron X-Ray Diffraction To Quantify In-Situ
Strain On Rare-Earth Doped Yttria-Stabilized Zirconia Thermal Barrier Coatings”,
on June 8, 2021.

• Post-doctoral Scholar Quentin Fouliard has presented updated results on the project
at the 2021 Fossil Energy Sensor & Control Project Review Meeting, held on May
19, 2021 (online conference).

• A poster titled “A Study on Phosphor Thermometry Thermal Gradient Sensitivities
for Gas Turbine Environments” was presented by graduate student Johnathan Her-
nandez at the UCF CREOL Industrial Affiliates Symposium 2021 on April 15 and
16 (online conference).

• A conference paper was published at the AIAA Scitech 2021 Forum:
Q. Fouliard, R. Ghosh, S. Raghavan, “Delamination of Electron-Beam Physical-Vapor
Deposition Thermal Barrier Coatings using Luminescent Layers”, and presented, in
the symposium Structural Health Monitoring and Prognosis II, on January 12, 2021.

• Post-doctoral Scholar Quentin Fouliard has presented updated results on the project
at 2020 University Turbine Systems Research Project Review Meeting, held on
November 19, 2020 (online conference).

• Post-doctoral Scholar Quentin Fouliard has presented updated results on the project
at the 2020 Sensors and Controls Project Review Meeting. Major highlights, rencent
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project accomplishments and capabilities were displayed. The conference was held
on August 26, 2020 (online conference).

• Post-doctoral Scholar Quentin Fouliard presented his work to the phosphor ther-
mometry community at the 2nd International Conference on Phosphor Thermomtery
(ICPT 2020), organized in Magdeburg, Germany, on July 27-29, 2020 (online confer-
ence):
Quentin Fouliard, Khanh Vo, Johnathan Hernandez, Ranajay Ghosh, Seetha Ragha-
van, “Revealing Thermal Barrier Coating Temperature Gradients via Phosphor Ther-
mometry”

• Post-doctoral Scholar Quentin Fouliard presented his work for the 2020 International
Twitter Poster Competition, fromn the American Vacuum Society (AVS), on July 8,
2020 (online event):
Quentin Fouliard, Ranajay Ghosh, Seetha Raghavan, “Thermal Barrier Coating De-
lamination Evaluation using Luminescence Modeling”

• Post-doctoral Scholar Quentin Fouliard published in Surface and Coatings Technol-
ogy about the coating delamination work using YSZ:Er sensor coatings, in July 2020.

• Post-doctoral Scholar Quentin Fouliard chaired a session and presented his work at
the Southeast Grad Symposium of the Society for Experimental Mechanics, Lexing-
ton, KY, on June 15, 2020 (online conference):
Quentin Fouliard, Ranajay Ghosh, Seetha Raghavan, “Thermal Barrier Coating De-
lamination Monitoring via Luminescence Sensing”

• Post-doctoral Scholar Quentin Fouliard published in Measurement Science and Tech-
nology about the instrumentation work on an innovative YSZ:Er,Eu sensor coating.

• A conference paper was published at the AIAA Scitech 2020 Forum:
Q. Fouliard, R. Ghosh, S. Raghavan, “Doped 8% Yttria-Stabilized Zirconia for Tem-
perature Measurements on Thermal Barrier Coatings using Phosphor Thermometry”,
and presented on January 6-10, 2020.

• Graduate student Quentin Fouliard spoke at Material Science & Technology (MS&T)
2019 conference in Portland, OR. He presented his work on Luminescence Charac-
terization of Temperature Sensitive Phosphor Doped Thermal Barrier Coatings.

• Graduate student Quentin Fouliard was invited as a guest speaker at the Advanced
Photon Source User Science Seminar at the Argonne National Laboratory in Lemont,
IL, USA, on July 19, 2019. He presented results on Modeling and experimentation
of temperature sensing Thermal Barrier Coatings for turbine in-situ characterization
to Argonne National Laboratory scientists and external visitors.

• Two conference papers were published in TurboExpo 2019 were presented in Phoenix,
AZ, USA, on June 17-21, 2019:
P. Warren, S. Haldar, S. Raghavan, R. Ghosh (2019), Modeling Thermally Grown
Oxides in Thermal Barrier Coatings using Fractal Patterns, ASME Turbo Expo 2019;
S. Haldar, P. Warren, Q. Fouliard, D. Moreno, M. McCay, J.S. Park, P. Kenesei, J.
Almer, R. Ghosh, S. Raghavan (2019), Synchrotron XRD Measurements of Thermal
Barrier Coating Configurations with Rare Earth Elements for Phosphor Thermome-
try, ASME Turbo Expo 2019.

• Graduate student Quentin Fouliard presented instrumentation and model results at
the Burnett Honors College Match Day, on May 17, 2019. A poster has been also
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exposed during this event: ” Configurations of Luminescence-based Temperature-
Sensing Thermal Barrier Coatings”.

• Graduate student Quentin Fouliard published in Applied Optics about the modeling
work on sensor coatings in April 2019.

• Graduate student Quentin Fouliard presented a poster at the Industrial Affiliates
Symposium, at UCF CREOL (The College of Optics and Photonics) on March 14-
15, 2019:
Quentin Fouliard, Sandip Haldar, Ranajay Ghosh, Seetha Raghavan, ” Configura-
tions of Luminescence-based Temperature-Sensing Thermal Barrier Coatings.”

• Post-doctoral Fellow Sandip Haldar and Graduate student Quentin Fouliard pre-
sented posters at the University Turbine Systems Research Project Review Meeting,
in Daytona Beach, FL, in November 2018:
Q. Fouliard, S. Haldar, R. Ghosh, S. Raghavan, ” Configurations of Luminescence-
based Temperature-Sensing Thermal Barrier Coatings”
S. Haldar, Q. Fouliard, P. Warren, D. Moreno, M. McCay, J.S. Park, P. Kenesei,
J. Almer, R. Ghosh, S. Raghavan, “Synchrotron X-Ray Diffraction Measurements
of Thermal Barrier Coating Configurations with Rare Earth Elements for Phosphor
Thermometry”

• Graduate student Quentin Fouliard presented initial modeling results at the 1st In-
ternational Conference on Phosphor Thermometry (ICPT 2018) in Glasgow, UK, on
July 25-27, 2018.

e. What do you plan to do during the next reporting period to accomplish
the goals and objectives?

N/A. This is the final report.
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2 PRODUCTS

(a) Publications, conference papers, and presentations

(i) Journal publications

(ii) A manuscript is in preparation, Q. Fouliard, K. Vo, A. Masson, R. Ghosh, S.
Raghavan, “Thermal barrier coating temperature measurements in combustion
environments using phosphor thermometry”, Applied Physics Letters, expected
for submission by the end of the year.

(iii) A manuscript is in preparation, Q. Fouliard, R. Ghosh, S. Raghavan, “Stress-
sensing luminescence decay in rare-earth doped yttria-stabilized zirconia thermal
barrier coatings”, Measurement Science and Technology, expected for submission
by the end of the year.

Q. Fouliard, H. Ebrahimi, J. Hernandez, K. Vo, F. Accornero, M. McCay, J.S.
Park, J. Almer, R. Ghosh, S. Raghavan (2022) “Stresses within Rare-Earth
Doped Yttria-Stabilized Zirconia Thermal Barrier Coatings from in-situ Syn-
chrotron X-Ray Diffraction at High Temperatures”, Surface and Coatings Tech-
nology, 444, 128647.

Q. Fouliard, R. Ghosh, S. Raghavan (2020) Quantifying Thermal Barrier Coat-
ing Delamination Through Luminescence Modeling, Surface and Coatings Tech-
nology, 399, 126153.

Q. Fouliard, J. Hernandez, B. Heeg, R. Ghosh, S. Raghavan (2020) Phosphor
Thermometry Instrumentation for Synchronized Acquisition of Luminescence
Lifetime Decay on Thermal Barrier Coatings, Measurement Science and Tech-
nology, 31(5), 054007

Q. Fouliard, S. Haldar, R. Ghosh, S. Raghavan (2019) Modeling Luminescence
Behavior for Phosphor Thermometry Applied to Doped Thermal Barrier Coat-
ing Configurations, Applied Optics, 58(13): D68-D75

(iv) Books or other non-periodical, one-time publications
None at this time.

(v) Other publications, conference papers and presentations

Q. Fouliard, R. Ghosh, S. Raghavan, “Influence of experimental parameters on
rare-earth doped yttria-stabilized zirconia thermal barrier coatings for phosphor
thermometry measurements” AIAA SciTech 2023 Forum, 23-27 January 2023,
National Harbor, MD

Q.Fouliard “Increasing the efficiency of gas turbine engines combining novel
designs and in-situ monitoring instrumentation”, Presentation at the University
of Tennessee, Knoxville, TN, October 7, 2022

Q. Fouliard, R. Ghosh, S. Raghavan, “In-situ Optical Monitoring of Operating
Gas Turbine Blade Coatings Under Extreme Environments” 2022 University
Turbine Systems Research (UTSR) Project Review Meeting, September 27-29,
2022, San Diego, CA

Q.Fouliard “Increasing the efficiency of gas turbine engines combining novel
designs and in-situ monitoring instrumentation”, Seminar at Oak Ridge National
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Laboratory, Large Scale Structures Section, Neutron Scattering Division, Oak
Ridge, TN, July 19, 2022

Q. Fouliard, R. Ghosh, S. Raghavan, “In-situ Optical Monitoring of Operating
Gas Turbine Blade Coatings Under Extreme Environments” 2022 Fossil Energy
Sensor & Control Project Review Meeting, May 4, 2022 (online)

Q. Fouliard, R. Ghosh, S. Raghavan, “Thermal Barrier Coating Delamination
Monitoring Through Thermally Grown Oxide Spectral Characterization” 2022
AIAA SciTech Forum, January 3, 2022 (online)

Q. Fouliard, R. Ghosh, S. Raghavan, “In-situ Optical Monitoring of Operating
Gas Turbine Blade Coatings Under Extreme Environments” 2021 Virtual Uni-
versity Turbine Systems Research (UTSR) Project Review Meeting, November
10, 2021 (online)

Q. Fouliard, J. Hernandez, H. Ebrahimi, K. Vo, F. Accornero, M. McCay, J-
S. Park, J. Almer, R. Ghosh, S. Raghavan ”Synchrotron X-Ray Diffraction To
Quantify In-Situ Strain On Rare-Earth Doped Yttria-Stabilized Zirconia Ther-
mal Barrier Coatings”, ASME Turbo Expo 2021: Turbomachinery Technical
Conference & Exposition. American Society of Mechanical Engineers, June 7-
11, 2021 (online)

Q. Fouliard, R. Ghosh, S. Raghavan, “In-situ Optical Monitoring of Operating
Gas Turbine Blade Coatings Under Extreme Environments” 2021 Fossil Energy
Sensor & Control Project Review Meeting, May 19, 2021 (online)

J. Hernandez, Q. Fouliard, R. Ghosh, S. Raghavan, ”A Study on Phosphor
Thermometry Thermal Gradient Sensitivities for Gas Turbine Environments”
(poster) Industrial Affiliates Symposium, UCF CREOL, The College of Optics
and Photonics, April 15-16, 2021

Q. Fouliard, R. Ghosh, S. Raghavan, “Delamination of Electron-Beam Physical-
Vapor Deposition Thermal Barrier Coatings using Luminescent Layers” AIAA
SciTech 2021 Forum, 11-15 & 19-21 January 2021

Q. Fouliard, R. Ghosh, S. Raghavan, “In-situ Optical Monitoring of Operating
Gas Turbine Blade Coatings Under Extreme Environments” 2020 University
Turbine Systems Research Project Review Meeting, November 19, 2020 (online)

Q. Fouliard, R. Ghosh, S. Raghavan, “In-situ Optical Monitoring of Operating
Gas Turbine Blade Coatings Under Extreme Environments” 2020 Sensors and
Controls Project Review Meeting, August 26, 2020 (online)

Q. Fouliard, K. Vo, J. Hernandez, R. Ghosh, S. Raghavan, “Revealing Ther-
mal Barrier Coating Temperature Gradients via Phosphor Thermometry” 2nd
International Conference on Phosphor Thermometry (ICPT 2020), Magdeburg,
Germany, July 27-29, 2020 (online)

Q. Fouliard, R. Ghosh, S. Raghavan, “Thermal Barrier Coating Delamination
Evaluation using Luminescence Modeling” American Vacuum Society (AVS),
2020 International Twitter Poster Competition, July 8, 2020 (online)

Q. Fouliard, R. Ghosh, S. Raghavan, “Thermal Barrier Coating Delamination
Monitoring via Luminescence Sensing” Southeast Grad Symposium of the Soci-
ety for Experimental Mechanics, Lexington, KY, June 15, 2020 (online)
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Q. Fouliard, R. Ghosh, S. Raghavan (2020) Doped 8% Yttria-Stabilized Zirconia
for Temperature Measurements on Thermal Barrier Coatings using Phosphor
Thermometry”, 2020 AIAA SciTech Forum, 6-10 January 2020, Orlando, Florida

Q. Fouliard, “In-Situ Optical Monitoring of Gas Turbine Blade Coatings Under
Operational Extreme Environments” 2019 University Turbine Systems Research
Project Review Meeting, Orlando, FL, November 5, 2019

Q. Fouliard, B. Heeg, R. Ghosh, S. Raghavan, “Luminescence characterization
of temperature sensitive phosphor doped Thermal Barrier Coatings” Surface
Protection for Enhanced Materials Performance: Science, Technology, and Ap-
plication, MS&T19, Portland, OR, October 2, 2019

Q. Fouliard, “Modeling and experimentation of temperature sensing Thermal
Barrier Coatings for turbine in-situ characterization” The Advanced Photon
Source User Science Seminar Guest Speaker, Argonne National Laboratory,
Lemont, IL, USA, July 19, 2019

P. Warren, S. Haldar, S. Raghavan, R. Ghosh (2019) “Modeling Thermally
Grown Oxides in Thermal Barrier Coatings using Fractal Patterns”, Proceedings
of ASME Turbo Expo 2019, Phoenix, AZ, June 2019

S. Haldar, P. Warren, Q. Fouliiard, D. Moreno, M. McCay, J.S. Park, P. Ke-
nesei, J. Almer, R. Ghosh. S. Raghavan, "Synchrotron XRD measyrements of
Thermal Barrier Coating Configurations with Rare Earth Elements for Phos-
phor Thermometry", Proceedings of ASME Turbo Expo 2019, Phoenix, AZ,
June 2019

Q. Fouliard, S. Haldar, R. Ghosh, S. Raghavan, ” Configurations of Luminescence-
based Temperature-Sensing Thermal Barrier Coatings.” Burnett Honors College
Match Day, May 17, 2019

Q. Fouliard, S. Haldar, R. Ghosh, S. Raghavan, ” Configurations of Luminescence-
based Temperature-Sensing Thermal Barrier Coatings.” Mechanical and Aerospace
Engineering Research Day, Graduate Research Forum, University of Central
Florida, March 22, 2019

Q. Fouliard, S. Haldar, R. Ghosh, S. Raghavan, ” Configurations of Luminescence-
based Temperature-Sensing Thermal Barrier Coatings.” Industrial Affiliates Sym-
posium, UCF CREOL, The College of Optics and Photonics, March 14-15, 2019

S. Haldar, Q. Fouliard, P. Warren, D. Moreno, M. McCay, J.S. Park, P. Kene-
sei, J. Almer, R. Ghosh, S. Raghavan, “Synchrotron X-Ray Diffraction Measure-
ments of Thermal Barrier Coating Configurations with Rare Earth Elements for
Phosphor Thermometry”, University Turbine Systems Research Project Review
Meeting, Daytona Beach, FL, November 2018

Q. Fouliard, S. Haldar, R. Ghosh, S. Raghavan, ” Configurations of Luminescence-
based Temperature-Sensing Thermal Barrier Coatings”, University Turbine Sys-
tems Research Project Review Meeting, Daytona Beach, FL, November 2018

Q. Fouliard, S. Jahan, L. Rossmann, P. Warren, R. Ghosh, S. Raghavan, "Con-
figurations for Temperature Sensing of Thermal Barrier Coatings", 1st interna-
tional Conference on Phosphor Thermometry, Glasgow, UK, July 2018

(b) Website(s) or other Internet site(s)
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(i) http://aerostructures.cecs.ucf.edu/ , the Raghavan Research Group website,
contains a page describing the equipment and capabilities associated with the
project.

(c) Technologies or techniques
The most promising technologies developed in this project resulted in patent filing
(see in next section).

An analysis code for phosphor thermometry lifetime decay measurements using sur-
face area enabled by high-speed camera was developed.

A software package for phosphor thermometry was developed to acquire raw signal
and post-process it into temperature data.

An algorithm model to optimize the composition of luminescent TBCs is was devel-
oped. The program allows for decisions of dopant type and concentration to be used
as a sensor turbine blade coating.

A model for sensitivity of sensors coatings to thermal parameters was produced to
allow for estimations on temperature precision using phosphor thermometry.

An optical model for TBC delamination was created to facilitate coating degration
evaluation and maximize safety on coatings as well as optimize maintenance.

Phosphor thermometry using luminescence lifetime decay is the main method applied
in this project to measure the temperature of the TBC at operating condition. The
major goal is to increase precision and accuracy of temperature measurements to
enable enhancement of gas turbine engine efficiencies and better control of coating
degradation parameters. Additionally, the instrument that was designed and assem-
bled was made portable and easy to handle at lab-scale. The measurement system
eliminates some of the limitations of the concurrent temperature measurement sys-
tem (infrared, thermocouples, paints) as it is based on luminescence parameters that
are largely independent from combustion radiation and gas flow parameters. This
instrumentation will create a new benchmark for high-temperature measurements in
highly constrained extreme environments.

(d) Inventions, patent applications, and/or licenses

Quentin Fouliard, Ranajay Ghosh, Seetha Raghavan, “Method For Forming a Tem-
perature Sensing Layer Within a Thermal Barrier Coating”, U.S. Patent Serial No.
17/649,929, 02/2022 (Pending)

Quentin Fouliard, Ranajay Ghosh, Seetha Raghavan. “System and Method to Reveal
Temperature Gradients Across Thermal Barrier Coatings Using Phosphor Thermom-
etry”, U.S. Patent Serial No. 17/034,156, 09/2020 (Pending)

Quentin Fouliard, Ranajay Ghosh, Seetha Raghavan. “Phosphor Thermometry Sys-
tem for Synchronized Luminescence Life-time Decay Measurements”, U.S. Patent
Serial No. 62/944,390, 12/2019 (Pending)

Quentin Fouliard, Ranajay Ghosh, Seetha Raghavan. "Rare-earth doped thermal
barrier coating bond coat for thermally grown oxide luminescence sensing." U.S.
Patent No. 11,346,006. 31 May 2022.

(e) Other products
Nothing to report.
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3 PARTICIPANTS & OTHER COLLABORATING ORGA-
NIZATIONS

Who has been involved?
a. What individuals have worked on the project?

Name
Seetha 

Raghavan

Ranajay 

Ghosh

Quentin 

Fouliard
Khanh Vo

Peter 

Warren

Hossein 

Ebrahimi

Sandip 

Haldar

Linda 

Rossmann

Sanjida 

Jahan

Johnathan 

Hernandez

Kyle 

Rushton

Title Professor
Associate 

Professor

Post-doctoral 

Scholar

Graduate 

Research 

Assistant

Graduate 

Research 

Assistant

Graduate 

Research 

Assistant

Post-doctoral 

Scholar

Graduate 

Research 

Assistant

Graduate 

Research 

Assistant

Graduate 

Research 

Assistant

Undergrad.  

Research 

Assistant

Country of 

residence
USA USA France USA USA Iran India USA Bangladesh USA USA

# of months 

(Fiscal 

years)

60 (FY18-

FY22)

60 (FY18-

FY22)

60 (FY18-

FY22)

39 (FY20-

FY22)

19 (FY18-

FY19)

19 (FY19-

FY20)

15 (FY18-

FY19)
13 (FY18) 10 (FY18)

7 (FY20-

FY21)

6 (FY18-

FY19)

Task # All All All T3-T6 T2-T3 T3-T4 T1-T4 T4 T4 T3-T6 T4

Traveled to 

foreign 

country 

(collaborator

Yes, 

Netherlands 

(Lumium)

No No No No No No No

Yes, 

Netherlands 

(Lumium)

No No

Contribution to the project

Individuals who contributed to the project.

b. Has there been a change in the active other support of the PD/PI(s)
or senior/key personnel?
No.

c. What other organizations have been involved as partners?

Partner 
GE Aviation / GE 

Global Research
Lumium Siemens

Florida Institute of 

Technology

Argonne National 

Laboratory

Location of 

organization

1 Neumann Way, 

Cincinnati, OH 45215 / 1 

Research Cir, Niskayuna, 

NY 12309

Eewal 84, 8911 GV, 

Leeuwarden, 

Netherlands

11842 Corporate Blvd, 

Orlando, FL 32817

328 W. Hibiscus Blvd, 

Melbourne, FL 32901

9700 Cass Av, Lemont, 

IL 60439

Partner’s 

contribution

Expertise support and 

sample manufacturing 

and preparation

Configuration / 

Calibration of the 

equipment for 

luminescence 

Expertise support, 

materials procurement

Manufacturing expertise 

support

Synchrotron expertise 

support

Collaboration with other organizations.

d. Have other collaborators or contacts been involved?
Dr. Jeffrey Bunn, HFIR, ORNL, Oak Ridge, TN (discussions for future research) Dr.
Kareem Ahmed, Mechanical and Aerospace Engineering Department, University of Central
Florida, Orlando, FL (engine testing, Task 6)
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4 IMPACT

What was the impact of the project? How has it contributed to advance re-
search in the field?
It is envisioned that the outcomes of this research will support the goal of improving the
operational capability of current TBCs and further lead to innovative design platforms for
high temperature materials systems with the potential to extend overall material perfor-
mance and durability limits in energy and propulsion. This will impact on the economy
of the turbine engine industry as well as the research area concerning optics, chemistry,
physics etc. The project also provides the opportunity to train university researchers to
correlate fundamental, experimental research with industry applications.

a. What was the impact on the development of the principal discipline(s) of
the project?
The effectiveness of advanced online instrumentation lies in the capacity to predict phys-
ical, chemical and mechanical properties that can provide real-time actionable insight to
mitigate failure and damage thereby assuring functionality, safety and cost savings for
gas turbine operation. The research effort in this project focused directly on advancing
instrumentation to monitor thermal barrier coatings (TBCs) that have contributed signifi-
cantly to improving fuel efficiency and durability of gas turbine engines. The monitoring of
these coatings represents an important advancement toward achieving the program goals of
improved reliability availability and maintainability of existing and advanced gas turbine
power plants.

b. What was the impact on other disciplines?
The project delivered an advanced phosphor thermometry system that can be integrated
to an engine rig to measure in-situ temperatures. This equipment works using the lumi-
nescence lifetime decay and intensity variations that are sensitive temperature-dependent
properties. Additionally, a software package to analyze phosphor thermometry data was
developed for data analysis. Other spectroscopy measurements were made to demonstrate
further capabilities of luminescent sensors. For example, thermal barrier coating delami-
nation and erosion evaluation was obtained in addition to the thermometry measurements.
This project also contributed to the understanding of the effects of microstructure mod-
ifications that are done when converting a standard thermal barrier coating to a sensor
coating. For this purpose, X-ray diffraction measurements were used to determine inter-
nal stress localization therefore helping towards a better understanding of expected sensor
coating lifetime. The development of benchmark methodologies for improved accuracy in
engine thermometry was performed, using infrared cameras. A series of models was cre-
ated to enable predictions on coating optical and mechanical response, therefore enabling
optimization of sensor configurations. All the products and results of this research can be
applied to broader scientific fields/sectors.

c. What was the impact on the development of human resources?
University students and researchers gained hands-on experience on the experimental work
that was necessary to develop the instrumentation. They were guided and instructed by
their supervisors, the PI and co-PI of the project, and they benefited from active collabo-
ration with experienced industry partners. They improved communication, planning and
scheduling. and presentation skills through report writing, conferences and publications.
This project formed a number of individuals that were able to utilize the skills acquired
through this project to later face challenges of applying research solutions to industry
applications or to pursue their careers in academia or industry.

d. What was the impact on teaching and educational experiences?
Significant content regarding the spectroscopy methods for non-destructive evaluation and
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phosphor thermometry instrumentation are being taught in class (UCF EAS 6222 - Non-
Destructive Evaluation Methods for Aerospace Applications).

Researchers in this project contributed to the STEM event at the AIAA Space Conference
held in Orlando, 17-19 September, 2018. and to STEM events organized by the University
of Central Florida and held yearly on its campus.

e. What was the impact on physical, institutional, and information resources
that form infrastructure?
The optimization algorithm and other models that were developed in this project help
towards fast selection of TBC configurations (in terms of compositions, topology, optical
performance for sensor, thermal properties). The measurement technologies including the
instrumentation buildup that were developed in this project will help improve gas turbine
reliability and efficiency through more accurate monitoring of operational conditions in gas
turbine engines. The methods developed in this project provide means to better understand
factors of coating degradation and lifetime. For phosphor thermometry measurements
specifically, viable sensor coating configurations were demonstrated and details on the
optimal optical setup was published. Methods for delamination monitoring was presented
and approved by the scientific community through various conferences and publications.

f. What was the impact on technology transfer?
Instrumentation, methodologies and key concepts developed in this project were patented.
It is expected that the technology will gain attractiveness in the future as more advanced
gas turbine engines are produced. The research led in this project will positively contribute
to accelerate transition to greener and safer gas turbine engine operation. Phosphor ther-
mometry luminescence lifetime measurements through sensor TBCs is rapidly developing
and concepts were largely demonstrated in this research, improving TRL of this technology.

g. What was the impact on society beyond science and technology?
Improving the accuracy and reliability of in-situ measurements of gas turbine engine com-
ponents will improve engine efficiency, which is highly beneficial to reduce emission and
fuel consumption. The research performed through this project is a step forward towards
zero carbon emission and safer engine operation.

h. What percentage of the award’s budget was spent in foreign country(ies)?
6.95% of overall budget spent in a foreign country (Netherlands) as part of the collaboration
with Lumium for the development of the $51,000 multipoint phosphor thermometry system,
as described in the proposal.

5 CHANGES/PROBLEMS

(a) Changes in approach and reasons for change
This project received a two-year extension following the successful demonstration of
lab-scale instrumentation over the initial duration of the awarded project to adapt it
to an engine rig. During the initial period (October 2017 - September 2020), tasks 1
to 5 were successfully completed, Task 6 was successfully completed by the end of the
project (September 2022). Results are presented in reports and pending publications.

(b) Actual or anticipated problems or delays and actions or plans to resolve
them
N/A.

(c) Changes that have a significant impact on expenditures
The extension of the project to modify the instrumentation and adapt it to an engine
rig required significant modification on the setup, mounting and optics.
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(d) Significant changes in use or care of human subjects, vertebrate animals,
biohazards, and/or select agents
N/A.

(e) Change of primary performance site location from that originally proposed
N/A.

6 SPECIAL REPORTING REQUIREMENTS

None.

7 BUDGETARY INFORMATION

See attached spreadsheet.

8 PROJECT OUTCOMES:

What were the outcomes of the award?
Precise determination of temperatures in TBCs result in large benefits in terms of fuel
savings, reduction of emission, as well as better monitoring of TBC lifetime. This award
allowed to:

• Develop sensor coating configurations and phosphor thermometry instrumentation.
Through this research:
- We enabled the extension of the range of measurable temperatures using phosphor
thermometry with higher sensitivity by capturing simultaneously luminescence de-
cays and intensities using a co-doped YSZ:Er,Eu sensor TBC.
- We demonstrated surface temperature measurement capabilities using a phosphor
thermometry system with a high-speed camera setup for in-situ engine measurements.

• Quantify stress in sensor coatings through synchrotron transmission X-ray diffraction.
- Sensor coatings exhibit similar residual / in-situ top coat stresses (compared to
state-of-the-art)

• Highlight luminescence spectroscopy capabilities for damage detection in coatings.

• Demonstrate capabilities for accurate delamination quantification

• Develop representative models to extrapolate to different coating configurations

Results were published in Applied Optics (2019) for the prediction models for the selection
of sensor coating configurations. Measurement Science Technology (2020, 2022) for the
design and demonstration of the phosphor thermometry system. Surface and Coatings
Technology (2020, 2022) for delamination monitoring using embedded luminescence sensors
and for the determination of phosphor coating thermomechanical integrity . Research was
presented at conferences including: AIAA Scitech (2020, 2021, 2022), ASME Turbo Expo
(2019, 2021), ICPT (2018, 2020), AVS (2020), SEM (2020), MS&T (2019).
Four patent submissions were completed on instrumentation, material configurations and
data processing methodologies developed for improved temperature measurement accuracy
using phosphor thermometry.
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