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A computer-controlled laser test rig (using a CO2 laser) offers an interesting alternative to traditional
flame-based thermal gradient rigs in evaluating thermal barrier coatings (TBCs). The temperature gra-
dient between the top and back surfaces of a TBC system can be controlled based on the laser power and
a forced air back-face cooling system, enabling the temperature history of complete aircraft missions to
be simulated. An air plasma spray-deposited TBC was tested and, based on experimental data available
in the literature, the temperature gradients across the TBC system (ZrO2-Y2O3 YSZ top coat/CoN-
iCrAlY bond coat/Inconel 625 substrate) and their respective frequencies during air-to-air combat
missions of fighter jets were replicated. The missions included (i) idle/taxi on the runway, (ii) take-off and
climbing, (iii) cruise trajectory to rendezvous zone, (iv) air-to-air combat maneuvering, (v) cruise tra-
jectory back to runway, and (vi) idle/taxi after landing. The results show that the TBC thermal gradient
experimental data in turbine engines can be replicated in the laser gradient rig, leading to an important
tool to better engineer TBCs.

Keywords air plasma spray (APS), simulated fighter jet
mission, thermal barrier coating (TBC), thermal
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1. Introduction

1.1 Thermal Barrier Coatings (TBCs)

Thermal barrier coatings (TBCs) engineered via ther-
mal spray processing are applied on the static metallic
parts of the hot zones of gas turbines for aerospace
applications. TBCs are employed to allow turbine engines
to operate at higher temperatures, thereby, improving
their performance. TBCs also improve the durability and
lifetime of these superalloy components, by reducing their
overall temperature and protecting them against the harsh
environment of the turbine engines. Peak combustion
temperatures up to 1500 �C and pressures up to 40
atmospheres can be reached around the combustion
chamber region; therefore, these temperature levels ex-
ceed the melting point of the metallic parts (typically be-
low 1400 �C). The thermally sprayed TBC-protected parts

include the combustion chambers, vanes, transition ducts,
thrust reversers, and afterburners (Ref 1, 2).

A thermally sprayed TBC system generally consists of a
two-layered architecture (deposited on a Ni-based super-
alloy component), i.e., a ceramic top coat (e.g., ZrO2-
8 wt.%Y2O3, a.k.a., YSZ) and a superalloy metallic
MCrAlY bond coat (BC) (M=Ni, Co, CoNi, or NiCo). In
thermally sprayed TBCs for aerospace applications, the
typical BC and YSZ top coat thickness ranges are 125-250
and 250-500 lm, respectively (Ref 2).

The main function of the MCrAlY BC is to increase the
high temperature oxidation and corrosion resistance of
the underlying superalloy (Ref 2). In addition, it also
increases the bonding of the YSZ top coat on the
component and serves as a buffer layer to mitigate
residual stresses (e.g., coating deposition+ coating aging
effects at high temperature) and differences in the
coefficient of thermal expansion (CTE) between the
metallic superalloy substrate and the YSZ ceramic top
coat (Ref 3). Due to its low thermal conductivity values
(~1 W/mK) and high melting point (~2700 �C), the main
function of the YSZ top coat is to provide a thermal
insulating layer to avoid having the superalloy metallic
components reach their softening or melting tempera-
ture levels (Ref 1, 2).

1.2 Thermal Spraying TBCs

The air plasma spray (APS) technique is the standard
thermal spray deposition system for the YSZ top coat
(static parts of the turbine engine), whereas different types
of systems can be employed to deposit the MCrAlY BC.
These standard BC deposition systems include APS itself,
as well as high velocity oxygen-fuel (HVOF) and low-
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pressure plasma spray (LPPS) techniques, a.k.a., vacuum
plasma spray (VPS).

1.3 Flame-Based Thermal Gradient Rigs

Flame-based thermal gradient rigs replicate the ther-
mal gradient (DT) between the YSZ top coat and the
substrate back side by using a flame (e.g., natural gas and
O2) to heat the YSZ top coat and by cooling the substrate
back side with a compressed air jet. Pyrometers are used
to monitor the temperatures at the front and back sides of
the samples. By using this approach, the desired temper-
ature gradient across the TBC system can be achieved and
different types of cycles can be set up (Ref 4). The typical
substrate samples for this type of test are puck-shaped,
exhibiting diameters of 2.5-3.0 cm and thicknesses of 3-
6 mm. This is a well-regarded testing system by the tur-
bine community.

1.4 Laser-Based Thermal Gradient Rigs

Laser-based thermal gradient rigs can also be employed
to replicate the thermal gradient (DT) between the YSZ
top coat and the substrate back side (Ref 5). In this case, a
3 kW CO2 laser can be employed to generate the heat flux
on the YSZ top coat and a compressed air jet cools the
back surface of the substrate. By controlling the laser
power and the intensity of the substrate back cooling,
different DTs can be achieved. Pyrometers are used to
monitor the temperatures at the front and back sides of
the samples. The 3 kW CO2 laser is the choice for mate-
rials like YSZ because it can yield a continuous beam
exhibiting a wavelength of 10.6 lm. The YSZ, specifically,
is non-transparent to wavelengths from 6 to 20 lm, i.e., it
absorbs the laser radiation within this wavelength range,
as shown by Manara et al. (Ref 6). The typical substrate
samples for this type of test are puck-shaped, exhibiting
diameters of ~2.5 cm and thicknesses of ~3 mm.

1.5 Simulating Service Conditions of Turbine
Engines

The service conditions of turbine engines are typically
treated as confidential information by the original engine
manufacturers (OEMs) and aircraft end-users (e.g., the
military). Little information is available in the open lit-
erature. Nonetheless, Mom and Hersbach (Ref 7) pub-
lished a paper on the performance of coatings on the F100
first-stage turbine blades under simulated services condi-
tions. The F100 is a Pratt and Whitney turbine employed
in fighter jets, like the F-15 Eagle and F-16 Fighting Fal-
con. This was a joint study of the National Aerospace
Laboratory (NRL) of Holland and the Dutch Air Force. A
burner rig was employed to simulate 300 h using flight-by-
flight test procedure, i.e., different missions involved dif-
ferent types of temperature profiles and their frequencies.
Four mission types were defined: (i) air combat aero, (ii)
air to ground, (iii) combat profile, and (iv) general flying.
The blade substrate material in that study (Ref 7) was the
directionally solidified Mar-M200+Hf and the coatings
were aluminide and NiCoCrAlY. The exact service tem-

perature (~1425 �C) could not be achieved because of the
maximum gas temperature (1070 �C). Consequently, the
blades were not air cooled. Nevertheless, the real metal
temperatures were achieved (military (MIL) 1050 �C,
cruise 813 �C, and idle 590 �C) (Ref 7).

For the blades in the earlier study, their relative tem-
perature profiles and relative frequencies were plotted in
graphs versus the mission time (Ref 7). The air combat
aero profile mission, as shown in Fig. 1, was chosen to be
simulated in the thermal gradient laser rig of the National
Research Council of Canada (NRC, Boucherville, QC,
Canada).

In addition to the flight simulation profile mission
provided by Mom & Hersbach (Ref 7), the flight profile
mission designed for this work was complemented with
some additional information published in public sites
available on the internet about the performance of tur-
bines and fighter jet flight path characteristics in air-to-air
combat missions, e.g., (Ref 8).

2. Experimental Procedure

2.1 Thermal Spraying

The substrate material employed in this study was the
Ni-based superalloy Inconel 625. For aerospace applica-
tions in turbine engines, this material is used to engineer
the combustion chambers, transition ducts, thrust re-
versers, and afterburners. The substrates exhibited a puck
shape (2.5 cm (100) diameter and 3.2 mm (1/800) thick).
Prior to thermal spraying, the substrates were degreased
with acetone and grit-blasted (both sides) with white
alumina (Al2O3) grit #60 (average size ~254 lm) at 60 psi
(414 kPa). The roughness (Ra) value was 2.5 ± 0.2 lm
(n=10). The CoNiCrAlY BC (Amdry 995C, Oerlikon
Metco, Westbury, NY, USA) and the YSZ top coat
(Metco 204B-NS, Oerlikon Metco, Westbury, NY, USA)
were the feedstock powders employed in this study for
TBC production. The overall particle size range (in vol-
ume) for the CoNiCrAlY powder was d10: 48 lm; d50:
61 lm; and d90: 79 lm, whereas that of the YSZ powder
was d10: 46 lm; d50: 61 lm; and d90: 80 lm. These values
were determined via laser-scattering particle size analysis.

Both powders were deposited using an APS torch
(Metco 3MB, Oerlikon Metco, Westbury, NY, USA). The
complete set of spray parameters is considered as an

Fig. 1 Air combat aero mission profile as simulated in a burner
rig (Ref 7). The Y-axis represents temperature (�C) and flight
mode
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intellectual property (IP) of the NRC, and therefore, it
cannot be disclosed in this publication. The Ra values
(n=10) of the CoNiCrAlY BC and YSZ top coat were
5.4 ± 0.6 and 3.7 ± 0.6 lm, respectively. The CoNiCrAlY
BC and YSZ top coat thicknesses of all TBCs were pro-
duced to be in the range of 200-250 and 350-400 lm,
respectively.

2.2 Microstructural Characterization

In order to better preserve their real microstructures,
the TBC samples were vacuum impregnated in epoxy re-
sin prior to producing samples for characterization. These
mounted samples were then cut to produce cross sections,
which were re-mounted in epoxy and then ground/pol-
ished according to standard metallography procedures for
TBCs. The cross-sectional microstructural features of the
as-sprayed and mission-simulated TBCs were analyzed by
scanning electron microscopy (SEM) coupled with an
energy dispersive x-ray (EDX) chemical analysis device
(S4700, Hitachi Ltd., Tokyo, Japan). The SEM pictures
were taken in back-scattered mode. For the as-sprayed
and mission-simulated TBCs, the EDX chemical analysis
was performed on the CoNiCrAlY BC on 5 random zones
at an SEM magnification of 9500, which corresponded to
a probed area of ~250 lm 9 180 lm. Therefore, it is
important to highlight that the EDX chemical results
represent a relatively broad area of the coating, and not a
single detailed point. Each EDX data acquisition was
performed during a 60-s probing time.

X-ray diffraction (XRD) (D8 Discovery, Brucker AXS
Inc., Madison, WI, USA), using CrKa radiation in Bragg-
Brentano configuration, was employed to evaluate the
phase compositions of the YSZ powder and as-sprayed
and mission-simulated YSZ top coat. The XRD 2h values
ranged from 40� to 130� (scanning step size of 0.05� and
step time of 2.5 s).

2.3 Thermal Diffusivity and Conductivity Values

Thermal diffusivity (TD or a) and thermal conductivity
(TC or j) measurements were performed both at room
and high temperatures on free-standing YSZ coatings (as-
sprayed and annealed). The free-standing coatings were
produced by firstly plasma spraying ‘‘table salt’’ on low
carbon steel substrates, for the subsequently spraying of
YSZ. The YSZ coatings were easily detached from the
substrates upon water dissolution, and dried in a furnace
at 150 �C for 12 h. To produce annealed YSZ samples, as-
sprayed coatings were heat treated in air at 1150, 1300,
and 1400 �C for 10 h in a box furnace (heating rate
300 �C/h and natural cooling to room temperature inside
the furnace). Three groups of three coatings each were
annealed at these three temperatures individually, i.e., no
samples were annealed more than one time. The laser-
flash technique (FlashLine 5000, Anter Corp., Pittsburgh,
PA, USA), based on the work developed by Parker et al.
(Ref 9), was employed to measure the TD values. For TD
measurements, a ~1-2-lm-thick graphite layer (Graphite

Spray Paint CX-01, TA Instruments, New Castle, DE,
USA) was sprayed on the YSZ samples to increase the
absorption of the yttrium aluminum garnet (YAG) laser
(k=1.1 lm) radiation energy and maximize the accuracy
of the measurement by the infrared sensor. The TD
measurements were performed at 1 atm (101 kPa) with
constant Ar gas flow of ~0.25 lpm at different temperature
intervals (typically 250 �C), from RT up to 1400 �C. A
total of 2 or 3 samples per YSZ coating were used for TD
measurements. For each single sample, the laser-flash
equipment performed three TD measurements at each
pre-programed temperature level.

The density (q) values of the as-sprayed and heat-
treated YSZ samples were measured via the Archimedes
technique: q (kg/m3) = (mdry/(mwet � mimmersed)) 9 1000,
where m is mass in grams. A total of 2 or 3 samples per
coating were used to generate the density values.

The RT and high-temperature specific heat (Cp) values
of the YSZ samples were estimated based on the equation
developed from the APS YSZ TBC database of Wang
et al. (Ref 10), ranging from RT up to 1400 �C. The
general curve-fitting equation is

Cp J/kgKð Þ ¼ m1þ m2T þ m3T
�0:5þ m4T

�2þ m5T
�3

� �

� 1000; ðEq1Þ

where m1 = 0.60045, m2 = 4.296 9 10�5, m3 = 0.22845,
m4 =�24201, m5 = 2.3668 9 10�6, and T is the tempera-
ture in Kelvin.

After the TD, Cp and density values were determined,
the TC (j) values were calculated by using the traditional
TC equation: j (W/mK)= a (m2/s) 9 Cp (J/kg K) 9 q (kg/
m3). It has to be highlighted that the density values of the
as-sprayed and heat-treated coatings were measured at
room temperature and used to calculate the TC values
reported in this work.

2.4 Thermal Gradient Laser Rig

The NRC thermal gradient laser rig is based on a 3 kW
CO2 laser, which yields a continuous beam exhibiting a
wavelength of 10.6 lm over the YSZ top coat of the TBC.
A compressed air jet cools the back side of the substrate.
The rig is closed-loop computer-controlled; therefore, the
front and back temperatures of the samples are continu-
ously recorded during the tests. The overall schematic of
the rig is shown in Fig. 2.

The temperature of the YSZ top coat was measured
using a 1-color 7.9 lm wavelength D/100 (500-1800 �C)
infrared pyrometer (Modline 7, Ircon Inc., Santa Cruz,
CA, USA) with a spot size of ~6 mm, centered in the
middle of the sample. For the substrate back side, a 1-
color 5.1 lm wavelength D/100 (300-1600 �C) infrared
pyrometer (IN-140/5-H, LumaSense Technologies, Santa
Clara, CA, USA) was employed and also had a spot size of
~6 mm, centered in the middle of the sample. An infrared
(IR) camera with a 384 9 288 pixel micro-bolometer
detector at 7.5-14 lm spectral range (IR-TCM 384 IR,
Jenoptik AG, Jena, Germany) coupled with a CO2 notch
filter at 8 lm was also employed to measure the overall
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distribution of temperature on the surface of the YSZ top
coat. The IR camera is used to guarantee a uniform laser
beam and temperature over the surface of the TBC. In
addition, two digital cameras record the images of the front
and back sides of the samples during testing. The emissivity
values for the YSZ top coat and oxidized Inconel 625 were
measured and found to be 0.96 and 0.90, respectively.

Due to its closed-loop computer control, the laser rig
can be operated in constant temperature or constant
power/cooling modes. In constant temperature mode, the
temperature of the YSZ top coat (Tfront) and substrate
back side (Tback) are kept constant during the operation.
This steady state is achieved because the laser power and
substrate back cooling (compressed air jet) automatically
adjust their intensity levels to maintain Tfront and Tback

constant, thereby leading to a DT constant across the TBC
system. It is important to highlight that the high-temper-
ature environment, in addition to the heating and cooling
cycles, will introduce important changes in the TBC
microstructure (e.g., sintering, TGO growth, overall BC
oxidation, and micro- and macro-cracking), which will
result in overall changes of the thermal conductivity levels
of the TBC. Therefore, in order to maintain Tfront and
Tback constant in time, laser and cooling power levels need
to be adjusted. In constant power/cooling mode, as it
states, the laser power and the substrate back cooling le-
vels are kept constant during the rig operation. Therefore,
in this case, the temperature of the YSZ top coat (Tfront)
and substrate back side (Tback) changes with time due to
the microstructural changes that will occur in the TBC
microstructure and thermal conductivity values.

2.5 Flight Simulation in the Thermal Gradient
Laser Rig

As previously stated, the air combat aero profile mis-
sion, shown in Fig. 1, based on the burner rig simulation of
Mom and Hersbach (Ref 7), was the fundamental infor-

mation for the simulation performed in the laser rig, in
addition to complementary data found in the open inter-
net literature, e.g., (Ref 8). In order to perform the sim-
ulation in the laser rig, the following approach was taken.
A TBC sample was placed in the rig (Fig. 2) for an initial
calibration. The substrate back cooling (air jet) level was
set at its maximum output. The laser power was turned on
and slowly increased (manually) up to the moment when
the YSZ top coat surface temperature reached a value of
~1100 �C. This YSZ surface temperature value was chosen
as reference because it typically represents the maximum
temperature of operation of the Inconel 625. At this
temperature level, the 0.2% yield strength value of the
Inconel 625 is ~10% that of RT (Ref 11). Therefore, this
laser power was set to be the military (MIL) power, rep-
resenting the moment when the engine is operating at
100% of its power. For the CRUISE and IDLE stages of
the turbine, the estimated power values were 75 and 25%
of the maximum MIL power. The summary of the flight
simulation performed in the rig is found in Table 1. The
graph of the profile of the laser power and substrate back
cooling levels versus simulation time is shown in Fig. 3.

The overall total simulated missions (i.e., flights) lasted
for 2.5 h (150 min). A total of 50 missions were simulated
using the same profile shown in Table 1 and Fig. 3,
totaling 125 h of testing. After 50 missions, the TBC was
taken from the rig for microstructural evaluation. It is
important to highlight the fact that only the laser power
changed levels during the simulation. The intensity of the
back side cooling (compressed air jet) was set at its max-
imum output and kept constant during the simulated
mission. It is interesting to compare the similarities of the
mission designed by Mom and Hersbach (Fig. 1) (Ref 7)
and that proposed in this work (Fig. 3).

2.6 Isothermal Treatments

Isothermal treatments were employed in order to bet-
ter understand to overall TBC behavior in high tempera-
ture. One as-sprayed TBC was heat treated in a furnace in
air during 25 h non-stop at 1000 �C to induce BC oxida-
tion, whereas another as-sprayed TBC was heat treated in
a furnace in hydrogen (H2) environment during 25 h non-
stop at 1000 �C to avoid BC oxidation.

3. Results and Discussion

3.1 Thermal Properties

The TD and TC values for the as-sprayed and annealed
APS YSZ TBCs are found in Fig. 4. The TD of the an-
nealed samples measured in the temperature range of
1000-1400 �C exhibited an average value of ~2.6 9
10�7 m2/s (Fig. 4a). The average TC value from RT up to
1400 �C of the annealed samples was ~0.85 W/mK
(Fig. 4b). These values put this APS YSZ TBC within the
lowest ranges of TD and TC values reported for APS
YSZ TBCs in the same temperature range, as shown by
Wang et al. (Ref 10).

Fig. 2 Thermal gradient laser rig of the NRC
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3.2 Simulated Flight Missions: Microstructural
Behavior

A total of 50 missions were simulated in the laser rig
(using the conditions depicted in Table 1 and Fig. 3) with
one single TBC sample. As each simulated mission lasted
for 2.5 h, the total time of testing of the TBC was 125 h.
The front-view and cross-sectional pictures of an as-
sprayed TBC and the TBC after 50 simulated missions are
shown in Fig. 5. It is possible to notice that no major de-
fects are observed on the TBC surface after 50 simulated
missions. By looking at the cross section, no major
cracking, debonding, or delaminations were observed
after 50 simulated missions. The overall TBC does not
show signs of cohesion or adhesion problems. In addition,
no major thermally grown oxide (TGO) is observed at the
YSZ/BC interface. SEM observations of other high-mag-
nification images (not shown) supported these claims.

An EDX chemical analysis of the CoNiCrAlY BCs is
reported in Table 2. The 2nd column corresponds to the
nominal composition of the powder provided by its man-
ufacturer (Ref 12). It is possible to notice the similarities
between the nominal feedstock powder composition and
that of the as-sprayed BC. In addition, the low oxidation

state of the as-sprayed BC (<1 wt.%) showed that under
‘‘controlled spray conditions,’’ CoNiCrAlY BCs can be air
plasma sprayed without exhibiting major coating oxida-
tion. After 50 simulated missions, it is possible to visually
observe an increase in the oxidation state in the splat

Table 1 Steps, stages, and estimations of the flight simulation performed in the laser rig

Stage Power, % Time, min Estimation

Idle/Taxi (IDLE) 25 5 Turn-on engine and taxi to runway
Take-off and climb (MIL) 100 3 Reach 13,000 feet (4 km) altitude
Cruise to combat zone (CRUISE) 75 52 Combat radius of ~1000 km and cruise speed of ~950 km/h
Air-to-air combat (MIL-IDLE-CRUISE) 100-25-75 30 50 s intervals alternating MIL and IDLE power—2.5 min intervals of

CRUISE power—Fig. 1 (Ref 7)
Cruise back to base 75 55 Combat radius of ~1000 km and cruise speed of ~950 km/h
Idle/taxi (CRUISE) 25 5 Taxi to hangar and turn-off engine

Fig. 3 Laser power level and substrate back cooling profiles and
occurrence frequency in the simulated mission

Fig. 4 (a) TD and (b) TC values for as-sprayed and annealed
APS YSZ TBCs employed in this study
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boundaries of the BC (Fig. 5b); nonetheless, the results of
Table 2 demonstrated that it is still less than 1 wt.%, i.e.,
the oxidation that occurred during the mission simulation
was probably not severe. The lack of a well-defined TGO
(Fig. 5b) also supports this observation.

Figure 6 corroborates with this previous statement. It
shows the two TBCs isothermally treated at 1000 �C
during 25 h non-stop. The TBC isothermally treated in a
H2 atmosphere was dubbed the ‘‘non-oxidized’’ (Fig. 6a),
whereas the one isothermally treated in air was dubbed
‘‘oxidized’’ (Fig. 6b). There was a minimum TGO for-
mation on the oxidized TBC when comparing both
microstructures. In fact, the microstructure of Fig. 5(b)
(9100) and 6(b) (9100) are much alike. Therefore, at
1000 �C, no major oxidation of the BC was observed.

Therefore, due to the low TC values of the YSZ top
coat at high temperatures (~0.85 W/mK) (Fig. 4), in

addition to its relatively high thickness (~375 lm) (Fig. 5),
as well as the natural ‘‘good’’ oxidation resistance exhib-
ited by the BC, one may consider that the drop of tem-
perature across the YSZ top coat was significant enough to
avoid a major oxidation of the BC during the 125 h of
mission simulation.

The XRD spectra of the YSZ feedstock powder, as-
sprayed, and 50 mission-simulated YSZ top coats can be
found in Fig. 7. No major changes in the phase structure of
the powder and the YSZ top coat were observed, even
after 50 simulated missions.

3.3 Simulated Flight Missions: Temperature
Profiles

The profiles of the surface temperatures of the YSZ top
coat and Inconel 625 substrate back side are found in

Table 2 EDX chemical analysis of the CoNiCrAlY BC of Fig. 5a and b

Element CoNiCrAlY powder, wt.%a CoNiCrAlY as-sprayed, wt.% (n=5) CoNiCrAlY 50 missions, wt.% (n=5)

Co Balance (~40) 40.1 ± 0.3 38.7 ± 1.1
Ni 29-35 35.5 ± 0.3 34.6 ± 1.1
Cr 18-24 18.5 ± 0.4 19.8 ± 0.3
Al 5-11 5.6 ± 0.2 6.5 ± 0.3
Y 0.1-0.8 Not detected Not detected
O n.a. 0.4 ± 0.1 0.7 ± 0.2
aNominal powder composition provided by manufacturer

Fig. 5 Front-view and cross-sectional pictures of (a) an as-sprayed TBC and (b) TBC after 50 simulated missions
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Fig. 8. It corresponds to the profiles of the 1st and last
(50th) simulated missions. It is possible to observe that the
attempt to simulate the air combat mission proposed by
Mom and Hersback (Fig. 1) (Ref 7) was successful.
Therefore, it is possible to simulate flight missions in the
thermal gradient laser rig, as long as the profile of the
flight mission is previously known or estimated, like data
provided in Table 1 and profiled in Fig. 3. The overall
YSZ top coat surface temperature distribution during the

take-off stage is shown in the IR camera picture (Fig. 8). It
is possible to observe that the temperature distribution is
highly uniform at the center of the TBC sample. The
simulation was performed under different sets of constant
power and cooling conditions for each step of the mission
(Fig. 3), i.e., they were not changed to keep the DT across
the TBC constant. Therefore, the TBC aging effect was
observed in the testing. The maximum surface tempera-
tures of the YSZ top coat changed or evolved with time
(Fig. 8 and 9). On average, the maximum YSZ top coat
surface temperature dropped ~15%, from the 1st to the
50th simulated mission. For example, for the very 1st take-
off, the maximum TBC surface temperatures (YSZ and
Inconel 625) were ~1100 and ~750 �C, whereas for the
50th take-off, there were ~900 and ~700 �C.

This behavior can be partially explained based on the
data of Fig. 4 and data available in the literature. Patter-
son and Sohn (Ref 13) measured the TC values of APS
CoNiCrAlY coatings. The average TC values for an as-
sprayed and air-annealed (1124 �C-300 h) APS CoN-
iCrAlY BC, measured in the 800-1100 �C range, were ~28
and ~25 W/mK, respectively (in spite of the BC oxida-
tion). Here there are two competing effects. The oxidation
is probably decreasing the TC values of the BC; in con-
trast, the sintering effects are increasing those same val-
ues. Therefore, the low ~10% TC value reduction of the
annealed BC is understandable. It needs to be pointed out
that the 1st take-off (Fig. 7a) occurred with an as-sprayed
TBC, whereas the 50th take-off (Fig. 7b) occurred with
the same TBC after 120 h of thermal exposure. Figure 4

Fig. 6 Cross-sectional pictures of TBCs isothermally treated at 1000 �C during 25 h non-stop (a and c) in H2 atmosphere (non-oxidized)
and (b and d) in air (oxidized)

Fig. 7 XRD spectra of the YSZ powder, as-sprayed, and 50
mission-simulated YSZ top coats. The XRD intensity is given in
arbitrary units (a.u.)
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shows that the as-sprayed TC value of the YSZ coating of
this study increases to about 29 that of RT after annealing
and when measured at high temperatures. This TC growth
of ~100% was also reported by Tan et al. (Ref 14) for APS
YSZ TBCs. Therefore, as the TC value of the YSZ top
coat increases after the simulation begins, and that of the
BC remains almost unchanged for the same conditions,
one may hypothesize that the YSZ top coat surface tem-
perature value should drop with time. This happens be-
cause the laser power and substrate back cooling levels
remain unchanged for each single step of the simulation,
during the 50 simulated missions. As the TC value of the
YSZ top coat increases, the heat transfer to the metallic
substrate also increases, thereby lowering the surface
temperature of the top coat. Once again, the substrate
back cooling level was kept constant at its maximum
intensity during the whole stage of the simulated mission
(Fig. 3).

It needs to be pointed out that during the heat treat-
ment of the free-standing YSZ coatings in a box furnace
(for further TD and TC measurements (Fig. 4)), there was
no temperature gradient (DT) along the thicknesses of the
YSZ top coats. In contrast, during the flight simulation in
the laser rig, the DT was present (Fig. 7). Therefore, one
can hypothesize that only a small thickness (next to the
coating surface) of the YSZ TBC was subjected to the
highest temperature levels during the flight simulations.
The YSZ TBC zone adjacent to the bond coat was prob-
ably at lower temperatures, and consequently its TC val-
ues may have been closer to those of the as-sprayed ones,
even after 50 simulated missions. In other words, a gra-
dient of TD and TC values along the YSZ TBC thickness
was probably generated during the flight simulation.

Surprisingly, it is noticeable that the Inconel 625 back
side surface temperature levels remained relatively con-
stant from the 1st to the 50th simulated mission (Fig. 9).
Therefore, the significant lowering of the DT values across
the TBC from the 1st to the 50th simulated mission
(Fig. 10) was mainly related to the YSZ top coat. This
effect may be related to the gradient of TD and TC values

Fig. 8 TBC surface temperature profiles of the (a) 1st and (b)
last (50th) flight simulated missions

Fig. 9 IR picture of TBC surface during take-off (1st simulated
mission)

Fig. 10 Maximum TBC and back side substrate surface tem-
peratures at the 1st and last (50th) flight simulated missions
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in the YSZ top coat, as discussed in the last paragraph.
Figure 11 shows in detail the DT values across the TBC-
substrate system in different regions of the flight, for the
1st and 50th simulated missions.

4. Conclusions

Closed-loop computer-controlled thermal gradient la-
ser rig systems can be employed to simulate the DT across
TBCs of different regions of a turbine engine during flight
missions, including complex ones like that of a fighter jet
in air-to-air combat (as long as the mission profile is
known or estimated). This work showed that such studies
can provide valuable information about the gradient
across the TBC during different stages of the flight, as well
as the heating/cooling rates with respect to their evolution
in time as a response to the TBC aging. This type of test
could become very important for TBC engineering and
life prediction in the different components of gas turbines
engines.
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