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Abstract: Porous (~10-20%) ZrO;-7-8 wt.% Y,0O3 (YSZ) thermal barrier coatings (TBCs) manufactured
via air plasma spray (APS) and exhibiting a thickness range of ~250-500 um, provide thermal insulation
from the hot combustion gases to the metallic parts located in the hot stationary sections of gas turbine
engines (e.g., combustion chambers of aerospace turbines). The objective of this paper was to measure
and report the thermal gradient values in a benchmark porous (~15%) APS YSZ TBC, working within
the known acceptable maximum temperature envelop conditions of a TBC/substrate system, i.e.,
T-ysz ~1300 °C and T-sub ~1000 °C. In order to accomplish this objective, the following steps were
performed. A benchmark APS YSZ TBC exhibiting two distinct thicknesses (~260 and ~460 pm) was
manufactured. In addition, a thermal gradient laser-rig was employed to generate a temperature drop
(AT) along the coated coupon, with the target operate within the acceptable maximum temperature
capabilities of this type of TBC/substrate architecture. This target was achieved, i.e., T-ysz values
were not higher than ~1300 °C while the substrate temperatures did not reach values above ~1000 °C.
The ATs for the ~260 and ~460 pm YSZ TBCs were ~280 and ~465 °C, respectively. The thermal
gradient value for both YSZ TBCs was ~0.90 °C/um, which falls within those reported in the literature
for porous APS YSZ TBCs.

Keywords: thermal barrier coatings (TBCs); ZrO,-7-8 wt.% Y,0O3 (YSZ); air plasma spray (APS);
thermal gradients; laser-rig

1. Introduction

1.1. Overall Characterics of Porous APS YSZ TBCs

Gas turbine engines have been widely employed in aerospace, power generation and marine
applications. It is one of the most advanced and efficient engines ever engineered by mankind.
Among the many critical components of gas turbines, this paper emphasizes the ones located
in the static or stationary hot-sections, e.g., combustion chambers, vanes, ducts and afterburners.
These components, made from Ni-based superalloys (melting point ~1300-1400 °C), typically exhibit a
wall thicknesses in the range of only ~1-2 mm. Moreover, they are subjected to high heating flows
resulting from the hot stream of the combustion gases, which can reach maximum temperatures of
2000 °C at the flame core (primary zone) inside the combustion chamber [1,2].

In order to avoid damage and potential catastrophic failure of these metallic stationary components,
they are protected by porous ceramic (ZrO,-7-8 wt.% Y,03; a.k.a. YSZ) thermal barrier coatings (TBCs)
manufactured via air plasma spray (APS). According to the author’s best knowledge (specifically
regarding combustion chambers of aerospace turbines), these porous APS YSZ TBCs typically exhibit
porosity levels of ~10-20% and thicknesses varying from ~250 to 500 pm.
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The 7-8 wt.% YSZ (tetragonal t’-phase) is the current state-of-the-art material for TBC application
for different reasons, highlighting among those: (i) high melting point (~2700 °C), (ii) high coefficient
of thermal expansion (CTE) for a ceramic material (~10 X 107%/°C) and similar to those of Ni-based
superalloys (~12 X 1076/°C) (room temperature (RT) values), (iii) low APS YSZ TBC thermal conductivity
(TC) (~0.7-1.0 W/mK @RT—as sprayed), (iv) initial absence of the cracking-induced tetragonal to
monoclinic martensitic transformation (3-5% volume expansion) that occurs upon cooling to RT
(e.g., 04 wt.%YSZ), (v) higher toughness than that of the cubic phase (e.g., 13-20 wt.%YSZ) and
(vi) high chemical-phase-mechanical stability in the aggressive high-temperature environment of the
hot-sections. A thermally sprayed TBC system typically exhibits a bilayered structure which, besides
the YSZ ceramic top coat also includes a metallic MCrAlY (M = Ni, Co. NiCo or CoNi) bond coat
(BC). The metallic BC (~100-200 um) is an oxidation-/corrosion-resistant metallic layer. It protects the
underlying component and improves the adhesion of the ceramic YSZ top coat on the part [3-11].

1.2. Maximum Operational Temperatures across APS YSZ TBC/Substrate Systems

The maximum APS YSZ TBC operational temperature in turbine engines is usually considered
to be ~1300 °C, whereas that of the substrate is ~1000 °C [2,12]. The main reasons for the
~1300 °C upper temperature limit for APS YSZ TBCs are found on the degradation caused by
(i) calcium-magnesium—-alumino-silicate (CMAS) glass deposits, (ii) phase transformations and
(iii) sintering.

CMAS deposits are formed when environmentally ingested aerial dust, runway/airborne sand and
hovering volcanic ash particles melt in the flame of the combustion chamber and get deposited onto the
TBC-coated surfaces of the engine, similarly to what occurs in “flame-spray processing”. According to
Borom et al. [13], CMAS melt initiates at ~1200 °C and is complete by ~1300 °C. Therefore, when the
CMAS layer is exposed to temperatures of ~1300 °C, a glassy phase penetrates into the porosity
network of the TBC, leading to stiffening, loss of strain tolerance, undesirable chemical reactions with
the YSZ (e.g., aging) and TBC delamination [13,14].

In respect to phase transformations, as highlighted by Brandon and Taylor [15], at ~1300 °C the
“desired” non-transformable tetragonal-t’ phase of the 7-8 wt.% YSZ slowly begins to decompose
into regular tetragonal-t (low yttria—0-4wt.%YSZ) and cubic-c (high yttria—13-20wt.%YSZ) phases,
which are the equilibrium high temperatures phases. These two phases are not preferred. For example,
upon cooling to RT the tetragonal-t phase can transform into the monoclinic-m phase, which is followed
by an increase of volume (~3-5%). As ceramic materials exhibit negligible plasticity atlow temperatures,
the stresses associated with this phase transformation tend to be released by microcraking, thereby
leading to YSZ loss of mechanical strength and failure. Regarding the cubic-c phase of YSZ, its lower
toughness values when compared to those of the tetragonal-t’ phase lead to an inferior thermal cycling
lifetime of the TBC.

Regarding sintering, this leads to YSZ densification and thereby an increase of TC values and loss
of strain tolerance. Tan et al. [9] measured the TC values of free-standing as-sprayed (~10-15% porous)
and heat-treated (1050-1200 °C for 225 h) APS YSZ TBCs from RT to 1200 °C. There were no significant
signs of TC stabilization, i.e., TC values were increasing the longer the heat treatment time and
measurement temperature. Higher TC values will translate into lower TBC insulating effectiveness to
the component, which is not desirable. Thompson and Clyne [16] measured the elastic modulus values
at RT of as-sprayed and heat-treated free-standing APS YSZ TBCs. The heat-treated free-standing
coatings were subject to isothermal temperatures of 1000, 1100, 1200, 1300 and 1400 °C for different time
intervals up to 100 h. Briefly, the elastic modulus values of the free-standing YSZ TBCs heat-treated
up from 1000 to 1200 °C exhibited an initial sharp growth but then nearly stabilized after 10 h of
sintering. On the other hand, those of the free-standing YSZ TBCs heat-treated at 1300 and 1400 °C
exhibited a steady-state linear growth up to 100 h of sintering. Consequently, at 1300 °C and higher
temperatures, the sintering/densification begin to induce a significant increase in stiffness (i.e., elastic
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modulus values) of the YSZ TBC, which lowers the ability of the top coat to resist stresses/strains
related to thermal cycling.

Therefore, mainly due to the key reasons above cited, the maximum operational temperature for
APS YSZ TBCs in turbine engines is typically accepted to be ~1300 °C [12].

Regarding the metallic parts of the engine, the maximum operational temperature for the Ni-based
superalloy substrates is estimated to be ~1000 °C [2,12]. In a “simplistic way”, the main reason for this
specific temperature value can be found by looking at Figure 1. It shows the yield strength values in
function of temperature for different Ni-based superalloys employed in the hot-sections of gas turbine
engines [17]. The yield strength indicates the limit of elastic behavior and the beginning of plastic
behavior of materials. For this reason, it is possible to infer that, at ~1000 °C, the yield strength values
of these alloys are “dangerously” approaching their respective plastic deformation zones.
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Figure 1. Yield strength versus temperature for different Ni-based superalloys employed in the
hot-sections of gas turbine engines—adapted from [17].

Of course, besides temperature, it needs to be stressed that these strength and temperature values
can also depend on mechanical loading in which the alloy in being subjected, as well as, if the material
is polycrystalline, directionally solidified or single crystal (e.g., turbine blades) [2]. Nonetheless, as a
general “safety limit”, the temperature of ~1000 °C is considered to be the maximum temperature that
Ni-based alloys operate in gas turbine engines for the components located in the stationary hot-sections
(e.g., combustion chambers) [2,12].

In addition, Figure 1 gives an interesting perspective about the paramount importance of TBCs
in gas turbine engines, mainly the ones employed in aerospace applications. As one can assume,
if the turbine had to operate without TBCs and if temperature levels reached ~1300 °C on the metallic
components, a catastrophic failure would definitely occur. Typically, the melting points of Ni-based
superalloys are found in the range of ~1300-1400 °C.

On the other hand, by observing Figure 1, one may ask why the maximum temperatures in gas
turbines need to reach values higher than those of the yield strength or perhaps even the melting
point of metals. The need for the continuing increase of the turbine operational temperatures can be
explained by looking at Figure 2, which is a plot adapted from Perepezko [18]. It shows the ideal
relationship between the turbine specific core power as a function of its turbine inlet temperature
(TIT—a.k.a. combustion chamber outlet temperature), which is the temperature of the combustion
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gases as they leave the combustion chamber and enter the turbine unit. Between ~900 °C to ~1700 °C,
this relationship is essentially linear. Fundamentally, the higher the temperature attained in combustion
chamber the greater the expansion of the gases and hence the greater efficiency of the engine. Therefore,
higher combustion temperatures are needed in order to fulfil the insatiable demand for more efficient
and powerful turbines. This is even more critical for aerospace turbines, where generating lift is a
must, and concepts like power and/or thrust-to-weight ratio are chief. The current maximum TITs will
be discussed later on in this manuscript.
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Figure 2. Specific core power versus turbine inlet temperature—adapted from [18].

It is very important to point out that the TBC/component systems are not subjected at these
maximum temperature limits (i.e., T-ysz ~1300 °C and T-sub ~1000 °C) during the entire length of
operation. In fact, Figure 3 shows the typical required turbine power per mission segment for a
representative flight of a 150-passenger single-aisle aircraft with a 5600-km (3000 nautical miles) design
range flying a 1900-km (1000 nautical miles) mission [19].

It is possible to observe that, under standard flight conditions, a commercial jet will work at full
turbine power (i.e., 100%) only during the so-called “rated takeoff” segment of the flight. After the
aircraft has “enough lift”, the turbine power will be reduced to ~90% for the climb segment. At cruise
altitude, which is typical the longest part of the flight, the turbine will be operating at ~1/3 of its
full power.

It needs to be stressed that the “rated takeoff power” or “rated takeoff thrust” is the maximum
peak performance in terms of power/thrust of a gas turbine within the specifications defined by
the original engine manufacturer (OEM). This condition usually generates the highest temperatures
and stresses in the engine. As a result, the TBC/component systems will tend to be subjected at the
maximum temperature and stress limits (i.e., T-ysz ~1300 °C and T-sub ~1000 °C) only during the
takeoff segment. This is so critical that aeronautical regulations limit the use of this rating to up only
5 min of operation. If an engine exceeds this 5-min limit when running at “rated takeoff”, it is no longer
considered airworthy [20]. Consequently, the TBC/component systems of commercial jet aircrafts will
be subjected at these maximum temperature limits (i.e., T-ysz ~1300 °C and T-sub ~1000 °C) for no
more than 5 min for each single flight. Of course, an aircraft may fly without employing the “rated
takeoff” in order to reduce the deterioration on the engine, extend its life and reduce maintenance
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costs. This strategy, called “derated takeoff”, can be applied when (i) the aircraft does not carry a heavy
payload and/or (ii) there is a “long enough runway” for takeoff.
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Figure 3. Typical required turbine peak power per mission segment for a representative flight of a
150-passenger single-aisle aircraft with 5600 km (3000 nautical miles) design range flying a 1900 km
(1000 nautical miles) mission—adapted from [19].

Nonetheless, it is necessary to mention that this 5-min concept is not applied to fighter jets.
Mom and Hersback [21] exemplified that depending on the mission (e.g., from general flying to
“dog-fight”), maximum military turbine power/thrust can be applied from few to several times during
the flight. Moreover, this 5-min concept is also not applied for non-aeroderivative power generation
turbines because, according to Warren and Orenstein [22], they operate at lower peak T-ysz and
T-sub temperatures than those of aerospace turbines, although at much longer and continuous times
(>20,000 h).

Finally, although the information available in the open literature helps to understand the upper
operational temperature limits of TBC/component systems, one question is still not clear: why are the
typical minimum and maximum thicknesses of porous YSZ TBCs are typically considered to be ~250
and ~500 pum for combustion chambers? This question will be addressed in this paper.

1.3. Thermal Gradients across APS YSZ TBC/Substrate Systems

APS TBCs have been commercially used in gas turbine engines since the 1980s. Today, 40 years
later, it is possible to find a vast array of information on the processing, microstructure, properties
and performances of APS YSZ TBCs in the open literature. However, although it is widely known
that TBCs reduce the temperature of the metallic parts of engines, little information is in fact available
on the actual thermal gradients produced across the overall thickness of TBC/substrate architectures.
Moreover, this lack of information in the open literature is even more critical for TBC/substrate
architectures operating within their maximum temperature capabilities, i.e., T-ysz ~1300 °C and T-sub
~1000 °C [2,12]. This type of information is paramount for engineers, researchers and students working
in this field. The key reason is that turbine designers have to find the best compromise in keeping
the APS YSZ TBC surface temperature not higher than ~1300 °C while not allowing the substrate
temperatures to reach values above ~1000 °C.

In addition, as mentioned earlier, temperatures of 2000 °C (typically at maximum power) can be
reached at the flame core (primary zone) inside the combustion chamber [1,2], which is essentially
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the stoichiometry combustion temperature of kerosene in air (the amount of kerosene added to the
air will depend upon the temperature rise required). However, even with TBCs, hot-section metallic
materials cannot withstand these stoichiometry temperatures. For this reason, a batch of cold air is
bled from the compressor an introduced into the combustion chamber (via dilution holes) to lower the
flame temperature towards producing a desired TIT profile [1,2]. As a curiosity, the current TITs of
state-of-the-art jet fighter turbines are reaching values in between 1500-1600 °C at maximum engine
power [2]. Evidently, this temperature level is still higher than the maximum operational limit of YSZ
TBCs of ~1300 °C. For this reason, an engineering trade-off is needed.

In order to achieve such a trade-off, turbine designers will adjust TBC thickness (based on its
TC properties) and optimize the cooling air flow on the TBC surface and on the un-coated backside
of the metallic component (i.e., substrate). The schematic is shown in Figure 4. The cooling air flow
on the TBC surface and component backside is provided by an additional batch of cold air that is
re-directed from compressor of the turbine. For cooling the metallic component (un-coated backside),
the air flow is simply ducted from the compressor. Regarding the TBC surface, the cold air by-passed
from compressor needs to be guided thorough specifically engineered cooling holes, which create a
cooling air film that flows along right above the coated-surface of the component, thereby providing a
“cooler shielding layer” over the TBC surface [1,2]. By creating these complex engineering features,
the maximum YSZ TBC temperature of ~1300 °C is respected.

| Internal cooling air film I
r

i YSZ BC Ni-based superalloy substrate
Temperature | || _550.500 ym) (~1-2 mm)
profile Wi l
T (~100-200 pm)

Outer
cooling air
film

Figure 4. Schematic of the TBC/component in thermal gradient and air cooling.
1.4. Rationale and Objectives

As previously mentioned, there is lack of information in the open literature on TBC/substrate
architectures operating within their maximum temperature capabilities, i.e., T-ysz ~1300 °C and
T-sub ~1000 °C [2,12], as well as, the influence of the porous YSZ thickness in these gradients (i.e.,
~250-500 pm). By “anecdotal evidence” (i.e., informal statements from members of the thermal spray
community) when researchers/engineers/students are asked about the thermal gradient that occurs
from the TBC surface to the substrate backside, the answers are generally found in the statement
“anything in between 100 and 300 °C”. These answers are typically based on “educated guesses”,
considering the fact that these gradients also depend on the TBC thickness.

For this reason, the objective of this paper is to measure and report the thermal gradients in
an optimized and representative porous APS YSZ TBC, working within the temperature envelope
conditions of a TBC/substrate system (more specifically targeting combustion chambers). This optimized
and representative porous APS YSZ TBC needs to exhibit porosity and TC values within the range
of those reported in the literature for this type of coating, which are 10-20% and 0.7-1.0 W/mK,
respectively. Moreover, this type of TBC needs to be one that has demonstrated “good performance”
in thermal cycle tests. In order to simulate the typical lower and upper thickness range (~250-500 pum)
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of porous APS YSZ TBCs in combustion chambers, the same YSZ top coat but with two distinct levels
of thickness (e.g., ~260 and ~460 pm) needs to be manufactured. This TBC needs also needs to be
manufactured by using an APS torch and feedstocks that are commercially available.

Finally, by using a thermal gradient laser-rig, the TBC surface temperature must be kept constant
at ~1300 °C all times (i.e., the highest acceptable operation temperature for an APS YSZ TBC). At the
same time, it is expected that the substrate temperature should not be higher than ~1000 °C (i.e.,
the highest acceptable operation temperature for a metallic component in turbine engines) under a
constant back cooling [2,12].

2. Materials and Methods

2.1. APS YSZ TBC Manufacturing and Properties

Initially, it has to be stated that the TBC architecture (YSZ and BC) employed in this work is
the current porous APS YSZ TBC benchmark of the National Research Council of Canada (NRC),
in which other TBCs are tested and compared. The TBC (YSZ and BC) is manufactured by using
by the legacy Metco 3MB APS torch (Oerlikon Metco, Westbury, NY, USA), which is an industry
“workhorse equipment” highly employed in North America by OEMs and thermal spray service
centers. The porosity of the YSZ top coat (measured via Archimedes) is 15 + 1%, whereas its as-sprayed
TC at RT is ~0.80 W/mK (i.e., values that are within the range of those reported in the literature for
porous APS YSZ TBCs). Moreover, this porous APS YSZ TBC has demonstrated optimized thermal
cycle performance and deposition efficiency (DE) values in the range of 60-70%; thereby (i), it is
employed as benchmark and (ii) chosen to be evaluated in this study. The complete sets of spray
parameters for both YSZ and BC manufacturing are proprietary information of the NRC.

The TBCs were manufactured on puck-shaped (25.4-mm diameter and 3.2 mm thick) Rene
N515 substrates. Before spraying, a 0.87-mm hole was drilled at the mid-thickness of the substrate
throughout its entire 25.4-mm diameter (for thermocouple insertion during thermal gradient testing).
In addition, on the side where the TBCs were deposited, the edges were rounded up to minimize
sharp-corner stresses that arise during coating deposition and thermal gradient testing. The substrates
were grit-blasted with white Al,O3 grit #24 prior to BC spraying (R, = 3.8 £ 0.5 pum (n = 10)).

The BC feedstock composition was the NiCoCrAlY-HfSi (Amdry 386-4, Oerlikon Metco, Westbury,
NY, USA). This powder displays a particle size distribution of djg: 50 pm; dsp: 64 pm; dgg: 80 pm.
The BC was sprayed using a N single-plasma (i.e., without Hy) and exhibited a DE value of ~67%.
The BC thickness was in the range of 150200 um and its R, roughness value was 4.9 + 0.8 pm (n = 10)
(NRC ID# 191114B1).

The YSZ (ZrO,-8 wt.% Y,0O3) top coat feedstock (AuerCoat YSZ LD-B, Treibacher Industrie AG,
Althofen, Austria) exhibits an agglomerated and sintered morphology, which is manufactured from

7

fine YSZ particles rather than a mixture of ZrO, and Y,Oj3 particles. The powder has a particle size
distribution of dig: 33 um; dsp: 57 um; dgg: 89 pm. The YSZ was sprayed using a No/H; plasma and
exhibited a DE value of ~65%. In order to simulate the typical lower and upper thickness range of
porous YSZ APS TBCs (~250-500 um) and minimize possible microstructural variations, two YSZ
TBCs were manufactured in two consecutive spray runs using the same spray parameters: ~260 pm
(NRC ID# 191115B1) and ~460 um (NRC ID# 191115B2).

2.2. APS YSZ TBC Microstructure

In order to better preserve their real microstructures, the as-sprayed TBC samples were
initially vacuum impregnated in epoxy resin and posteriorly ground/polished according to standard
metallography procedures for TBCs. The cross-sectional microstructural features of the TBCs were
analyzed by scanning electron microscopy (SEM).
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2.3. Laser-Rig Thermal Gradient Testing

The NRC thermal gradient laser-rig is based on a 3-kW CO; laser, which produces a constant
laser beam (10.6-um wavelength) over the YSZ TBC top coat. The rig is set to create a laser spot size of
about 25 mm (1”) in diameter, in order to fit the dimensions of the substrate. A compressed air jet
exhibiting a flow of ~425 Ipm (at RT) cools the un-coated backside of the substrate in order to generate
the thermal gradient along the TBC/substrate profile. The rig is closed loop and computer controlled;
therefore, the temperature of the YSZ top coat (T-ysz) and the temperature of the substrate (T-sub) are
continuously monitored during the tests. This type of laser-rig system has been previously developed
at the National Aeronautics and Space Administration (NASA) by Zhu and Miller [23] to test TBCs in
gradient configuration. The overall image of the laser-rig is found in Figure 5.

Back cooling
flowmeter

ik

. TBC-coated

"/}ﬁ, ‘coupon

IR
camera

Figure 5. Schematic image of the NRC’s thermal gradient laser-rig.

The temperature of the YSZ top coat (T-ysz) was monitored using a one-color 7.9-um-wavelength
pyrometer with a spot size of ~7 mm at the center of the sample. An infrared (IR) camera (7.5-14 um
spectral range) coupled with a CO, notch filter at 8 pm was also employed to measure the overall
distribution of temperature on the surface of the YSZ top coat (Figure 5). The IR camera is used as a
guide to guarantee that a uniform laser beam is right centered on surface of the TBC. The emissivity
value for the YSZ was measured and set as 0.96. It is important to highlight that this is the average value
reported in the literature by Gonzalez-Fernandez et al. [24] for an APS YSZ coating at the 8-12-pm IR
wavelength range.

The substrate temperature (T-sub) was evaluated at the sample center by using a thermocouple
(Omega, KMQIN-032U-12, Nicrosil/Nisil, Norwalk, CT, USA) that was inserted into a hole drilled at
the mid-thickness position of the substrate. For this reason, as the substrate is 3.2 mm thick, the T-sub
was measured at a position of ~1.6 mm beneath the BC/substrate interface, as schematically presented
in Figure 6. This position is considered to be representative of the back-side a combustion chamber
wall thickness, if its total thickness was 1.6 mm. As the wall thicknesses of combustion chambers are
typically found within the range of ~1-2 mm, this is considered to be a representative approach.

For creating the thermal gradient via the laser-rig along the TBC/substrate system, initially the RT
cooling air jet on the un-coated backside of the substrate was set to be constant at ~425 Ipm. The laser
power was set to “run free” in order to keep T-ysz at ~1300 °C. In other words, the laser power would
automatically adjust itself (if necessary), by lowering or increasing its value in order to maintain the
T-ysz at ~1300 °C during the duration of the test. In other words, even if the substrate back cooling
intensity and/or the YSZ TC levels changed significantly during the testing, the laser power would
adjust itself to maintain T-ysz at ~1300 °C. Due to safety reasons, the laser-rig can only be operated
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during regular working-hours. Consequently, a total of 4 consecutive thermal gradient tests of 6 h each
(totaling 24 h) were performed for the two porous APS YSZ TBCs of this study (i.e., ~260 and ~460 um).

T-sub
(thermocouple) -E 1.6 mm
v
Thermocouple
position o 3.2mm
Substrate

Figure 6. Schematic of TBC/substrate architecture displaying T-ysz and T-sub measurement locations.

3. Results and Discussion

3.1. Porous APS YSZ TBC Microstructures and Laser-Rig Thermal Gradient Setup

Figure 7 shows (i) the as-sprayed cross-sectional microstructure, (ii) snap-shot of sample in the
laser-rig at setup and (iii) IR camera image after the thermal gradient started for the ~260 um thick
(Figure 7a) and ~460 um thick (Figure 7b) porous APS YSZ TBCs. Both TBCs display similar features
as those typical of porous APS coatings, exhibiting a lamellar microstructure and a porosity network,
but no through-thickness vertical cracks. Additionally, there are no major horizontal cracks or gaps
in between the substrates and BCs, or in between the BCs and YSZ the top coats, or within the YSZ
top coats, thereby denoting a well-adhered TBC. The IR camera images show that the laser beam was
well-adjusted at the center of the YSZ TBC surface at the start of the thermal gradient testing. This is
important to guarantee the uniformity of the thermal gradient along the TBC/substrate profile.

~260 um YSZ TBC ~460

i

Mm YSZ TBC

1

Figure 7. As-sprayed cross-sectional microstructure, sample snap-shot in the laser-rig at setup and IR
camera image after the thermal gradient started and stabilized: (a) ~260 um thick porous APS YSZ
TBC and (b) ~460-pm-thick porous APS YSZ TBC.
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3.2. Laser-Rig Thermal Gradient Testing

Figure 8 shows the laser-rig thermal gradient results for the ~260 um thick porous APS YSZ TBC.
It includes the temperature values on the TBC surface and substrate, as well as, the air cooling jet flow
for the substrate backside and the laser power employed to keep the T-ysz at ~1300 °C. It is interesting
to observe the overall stability of the experiment.

o I I o I-
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Figure 8. Laser-rig thermal gradient results for the ~260 um thick porous APS YSZ TBC: (a) 0-6 h;
(b) 6-12 h; (c) 12-18 h; (d) 18-24 h.

It is import to stress that the test was performed for a total of four consecutive days (6 h each day).
As previously stated, turbine designers have to find the best compromise in keeping the APS YSZ
TBC surface temperature not higher than ~1300 °C, while not allowing the substrate temperatures
to reach values above ~1000 °C. Briefly, the laser-rig system was able to keep constant the T-ysz at
~1310 °C during a total of 24 h of testing, which was the target of the experiment. Coincidentally,
the temperature of the substrate (T-sub) was also kept within the limits, i.e., T-sub ~1030 °C. The overall
temperature drop between the TBC surface and the substrate (AT) was ~280 °C.

By seeing the results of Figure 8, one may imagine why the “minimum thickness” of porous APS
YSZ TBCs is considered to be ~250 um. For example, if the thickness of the YSZ top coat was ~160 pm
for the same T-ysz at ~1310 °C, most likely the T-sub would reach values within their yield strength
limits, thereby leading to a catastrophic failure. Consequently, the ~250 um minimum thickness limit
was probably not established randomly.

Figure 9 shows the laser-rig thermal gradient results for the ~460-pm-thick porous APS YSZ TBC.
It also includes the temperature values on the TBC surface and substrate, as well as the air-cooling jet
flow for the substrate backside and the laser power employed to keep the T-ysz at ~1300 °C. Just like
the previous results, it is interesting to observe the overall stability of the experiment.
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Figure 9. Laser-rig thermal gradient results for the ~460-um-thick porous APS YSZ TBC: (a) 0-6 h;
(b) 6-12 h; (c) 12-18 h; (d) 18-24 h.

The target of the experience was again respected. The laser-rig was able to keep T-ysz constant at
~1305 °C during a total of 24 h of testing. However, due to the larger YSZ top coat thickness, and as the
substrate back cooling was kept at the same level (~425 lpm), the overall substrate temperature was
~840 °C. As a consequence, the general temperature drop between the TBC surface and the substrate
(AT) increased to ~465 °C.

By seeing the results in Figure 9, one may infer why the “maximum thickness” of porous APS YSZ
TBCs is considered to be ~500 um for combustion chamber applications. Ata YSZ thickness of ~460 pum,
the T-sub was kept at ~840 °C, which is well below the maximum temperature limit of ~1000 °C [2,12],
thereby offering a good protection and safety window against high temperature deterioration. Even if a
thicker porous YSZ was produced (e.g., ~660 um), most probably there would not be major advantages.
In fact, manufacturing a much thicker YSZ TBC in this case could be detrimental, based on the fact that
it would increase production costs and even add un-wanted extra weight on the turbine. Moreover,
Helminiak et al. [10] compared the short and long-duration furnace cycle test (FCT) performance
at 1100 °C of porous 375-750-1125-um-thick APS YSZ TBCs. For both tests, the best thermal cycle
FCT performance was provided by the 375-um-thick TBC (short at 155 cycles and long at 480 cycles),
followed by the 750 (short at 110 cycles and long at 420 cycles) and 1125-pm-thick (short at 25 cycles
and long at 300 cycles) TBCs. In this case, it seems that when the porous YSZ APS YSZ TBC becomes
“too thick”, the residual stresses begin to deteriorate the top coat performance in thermal cycling.

Consequently, it is predicted that for combustion chambers, porous APS YSZ TBCs in the range
of ~400-500 pm are preferred. They will induce the needed extra thermal protection and safety for
the metallic component and BC (Figure 9), thereby decelerating the thickening of the thermal grown
oxide (TGO) on the BC, which is one of the mechanisms that provoke spallation of TBCs [3-6,10].
At the same time, at these thicknesses levels (i.e., ~400-500) the residual stresses are probably not still
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“high enough” to cause a significant detriment in thermal cycle performance. Thus, it will increase the
lifetime of the TBC and consequently the number of hours of “turbine airworthiness”, extending its
life and reducing maintenance costs.

Specifically regarding reducing maintenance costs, combustion system components often have
the shortest life in gas turbines. It happens because they operate under the highest temperatures and
stresses in the engines. For this reason, turbine engines need to pass by a preventive evaluation called
hot-section inspection (HSI) [24,25]. Traditionally, an HSI is required when the engine reaches the
halfway point of its time between overhaul (TBO), which means having to perform a complete overhaul
on an engine at the OEM’s recommended times. When an HSI is done, the hot-section components of
the engine are inspected (e.g., combustion chamber, vanes, shrouds and blades). If all the components
of the hot-section are still in acceptable conditions (e.g., no major TBC spallation), the turbine keeps
flying. However, if necessary, those components will be repaired or replaced; leading to un-wanted
maintenance costs. Consequently, one can realize how paramount TBC R&D is regarding improving
engine efficiency, longevity while reducing operational costs.

As a brief note, one may have observed that for Figures 8b—d and 9a, in the first ~15-45 min of
thermal gradient test, there was a noticeable fluctuation of the laser-rig power, which was translated to
discernible variations of T-ysz and T-sub. These fluctuations may occur in the beginning of the testing,
because the overall system of the laser-rig (e.g., lenses, mirrors and operation temperature) need “some
time” to warm up, dilate and stabilize. The average data values reported in Figures 8 and 9 represent
those obtained after laser power was stabilized.

Finally, it has to be clarified that the so-called dense-vertically-cracked (DVC) APS YSZ TBCs are
typically thicker than ~500 um. In fact, they can reach thickness values in the order of ~800-1000 pm or
higher. APS YSZ DVC-TBCs exhibit porosity values lower than 10%. These lower porosity values will
translate into TC values higher (e.g., ~1.5 W/mK) than those of porous (10-20%) YSZ APS TBCs (e.g.,
~0.7-1.0 W/mK). Consequently, in order to keep their thermal insulating effectiveness at “acceptable”
levels, they are thicker than the typical porous YSZ TBCs [5,7]. However, DVC-TBCs were not the
subject of this study.

3.3. Porous APS YSZ TBC—Thermal Resistance

By comparing the laser power levels of Figures 8 and 9, it is possible to observe that the power
required to keep T-ysz at ~1300 °C is lower for the thicker YSZ TBC; i.e., ~375 W versus ~470 W. As both
were subjected to the same back cooling intensities (air flow ~425 Ipm at RT), the thinner TBC exhibits
a lower thermal resistance, thereby requiring additional laser power to keep T-ysz at ~1300 °C and
yielding higher T-sub values (i.e., ~1030 °C versus ~840 °C).

Helminiak et al. [10] introduced the concept of thermal resistance of a TBC (Riherm), which is
given by:

heeramic top coat

Rinerm = (mZK/W) 1)

Keeramic top coat

where £ is the thickness and k is the TC of the ceramic top coat. The thermal resistance is a measure of
the thermal insulating effectiveness of a TBC. It can be maximized by increasing the top coat thickness
and/or by minimizing the TC of the top coat. In this study, as both YSZ TBCs were the same (i.e., same
TC), it is fair to say that the thicker one exhibited the higher insulating effectiveness, i.e., higher thermal
resistance at the same T-ysz and back cooling intensity.

3.4. Understanding the Porous APS YSZ TBC Stability at High Temperatures

Additional important understandings and concepts can be interpreted from the results of Figures 8
and 9. Initially it is observed that for each individual TBC/substrate system, all T-ysz and T-sub
values, their respective ATs, laser power levels and back cooling flows (considering their averages and
standard deviations) remained nearly constant during the 24 h of testing (more specifically, after the
initial period of laser power stabilization). Based on these facts, it is hypothesized that during thermal
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gradient testing the sintering/densification levels on both YSZ TBCs were negligible, even after 24 h of
high temperature exposure.

As a practical example, if a TBC displayed some significant sintering and densification, its TC
value would increase. As a consequence, the thermal resistance of the TBC would drop. A thermal
resistance value drop would trigger the laser-rig power to be automatically increased in order to
maintain the T-ysz at ~1300 °C, as the substrate back cooling was kept constant at ~425 Ipm. Besides,
the T-sub value would also increase. However, by looking at the data of Figures 8 and 9, none of these
events materialized in a significant manner.

One may suggest that the total time of high temperature exposure (24 h) is still “too short” to
produce distinguishable sintering/densification effects. Another one may argue that due to the thermal
gradient profile, just the very upper layers of the YSZ TBC were exposed to temperatures levels of
~1300 °C. As a consequence, if sintering/densification indeed developed, it would be so localized to
yield observable effects in the overall TBC/substrate system. These facts probably influenced the results
seen in Figures 8 and 9.

However, there are other events that need to be considered. Rangaswany et al. [26] measured
the CTE of APS oxide ceramics, from RT up to 1000 °C. Two types of samples were analyzed:
(i) free-standing coatings and (ii) coatings attached to steel substrate. They reported that the CTE values
of the free-standing ceramic APS coatings were in the range of those of bulk ceramics, whereas those of
the coatings attached to steel substrate nearly matched that of the steel substrate. This near-match
proceeded probably because at high temperatures, the splats followed the expansion of the substrate.
As the lamellar microstructure of thermal spray coatings allow the splats to slide and adjust over
each other, they tend to exhibit “good” strain tolerance thereby accommodating CTE mismatch effects.
According to Yanar et al. [27], the CTE values of Rene’ N5 (similar to Rene’ N515 employed in this
work) at ~840 °C and ~1030 °C are ~14.5 and ~15.7 x 107%/°C, while that of APS YSZ from 800 to
1200 °C is nearly constant at ~11 x 1076/°C. Therefore, the CTE of the metallic substrate is on average
~37% higher than that of the APS YSZ within the respective temperature range. For this reason, it is
hypothesized that the higher CTE of the metallic substrate pulled the splats apart during the thermal
gradient testing, thus slowing down sintering and densification developments.

Thompson and Clyne [16] observed a similar event that supports this hypothesis. They measured
the elastic modulus values of as-sprayed and heat-treated (i) free-standing and (ii) attached-to-Nimonic
80A substrate APS YSZ TBCs. As previously highlighted in this manuscript, at 1300 °C the elastic
modulus values of the free-standing TBC displayed a continuous increase up to 100 h of high
temperature exposure, reaching ~55 GPa. However, for the attached-to-substrate TBC, after an initial
steep increase of stiffness during the initial 10 h of heat treatment, the elastic modulus values nearly
stabilized at ~15 GPa and remained nearly un-changed until the 100 h of heat treatment (1300 °C)
was completed. Hence, here the substrate also probably created a barrier that counter-acted higher
densification and sintering levels on the attached-to-substrate YSZ TBC. Similar to the event reported
by Rangaswany et al. [26], the YSZ top coat most likely tended to follow the expansion of the metallic
substrate at high temperatures, which would occur via inter-splat sliding. This action would retard
sintering and densification.

Another factor that probably has played a role in the stability of the porous APS YSZ TBCs under
the 24 h of thermal gradient is the purity of the YSZ feedstock. For comparison sake, Table 1 shows
the chemical composition of the YSZ feedstock employed in this work (AuerCoat YSZ LD-B) and
that of a known commercial benchmark powder used for YSZ APS TBC manufacturing (204B-NS).
A YSZ feedstock is generally denominated “high purity” when its level of impurities (particularly SiO,
and Al,O3) is below than 0.1wt.%. For this reason, the AuerCoat YSZ LD-B is a high purity powder,
whereas the commercial benchmark is a conventional purity one. Xie et al. [28] compared the sintering
properties of APS YSZ TBCs produced from conventional and high-purity YSZ feedstocks by heat
treating free-standing YSZ TBCs at 1400 °C for 20 h. YSZ TBCs with impurity contents of 0.2 wt.% of
Aly,Os3 and SiO, exhibited linear shrinkages in the order of ~1.4%, whereas that of the high purity was
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less than 0.4%. Therefore, it is also hypothesized that the high purity of the YSZ feedstock employed in
this work influenced the stability of the results observed in Figures 8 and 9, as it decelerates sintering
and densification.

Table 1. Chemical compositions of YSZ feedstock powders: AuerCoat YSZ LD-B (high purity) [29] and
204B-NS [30] (conventional purity).

YSZ Feedstock ZrO, Y,03 wt.%  SiO; wt.% (Max) TiO, wt.% (Max) Al,O3 wt.% (Max) Fe; 03 wt.% (Max)
AuerCoat YSZLD-B[29] Balance 7.6 0.01 0.05 0.0005 0.0005
204B-NS [30] Balance 7-8 0.3 0.2 0.2 0.2

3.5. Thermal Gradient Values at Maximum T-ysz and T-sub Limits

As previously highlighted, according to the author’s best knowledge, porous (10-20%) APS YSZ
TBCs employed on the combustion chambers of aerospace turbines typically exhibit thickness levels of
~250 to 500 pm and operate at maximum T-ysz and T-sub limits of ~1300 and ~1000 °C, respectively.

It is well beyond the scope of this work to determine the thermal gradients within the YSZ TBCs
temperature of the BC (T-bc) via complex modelling and simulation. Nonetheless, by using the data of
Figures 8 and 9, their approximate values can be estimated via the heat-flow equation, assuming that
the heat-flow through the YSZ-TBC/substrate architecture is the same at a steady state:

AT
=KA—— 2
Q thick @
stz = Qsub (3)
Tys: =T Tgc — T
ysz BC BC sub
KyszA thickys: """ thickgy, @
(KyszthiCksubTysz) + (KsubthiCkysszub)
Tpc = ©)

(Kysz tthkSllb + Ksubthlckysz)

where “K”, “thick” and “T” represent TC, thickness and temperatures values; respectively. The letter
“A” represents the puck-shaped coupon area. The TC of the YSZ TBC (Kys;) was considered to be
0.80 W/mk, which is the as-sprayed TC value of the TBC employed in this study. The substrate+BC was
accepted to be as a single-system (thick,,;, and Kj,;), exhibiting a total thickness of 1.6 mm (substrate) +
0.2 mm (BC) = 1.8 mm (thicks,;) and TC values of 28.4 W/mK (Kg,,;,) at 1030 °C and 24.8 W/mK (Kj,;) at
840 °C, from CMSX-4 data [23].

Based on these figures, the summary of the thermal gradient related values obtained in this
experiment is found in Table 2. It needs to be highlighted that these thermal gradient values are
representative of newly-manufactured and optimized porous APS YSZ TBCs, operating within the
acceptable maximum temperature capabilities, i.e., T-ysz ~1300 °C and T-sub ~1000 °C [2,12].

Table 2. Porosity, TC, thermal gradient temperatures, temperature drops and gradients of newly
manufactured and optimized porous APS YSZ TBCs, operating within the acceptable maximum
temperature capabilities, i.e., T-ysz ~1300 °C and T-sub ~1000 °C [2,12].

YSZ TBC Porosity . . T-bc (°C) - ° ATYSZ-SUB O ATYSZ O YSZ Gradient
Thickness (um) (%) TC (W/mK) Tysz (O calculated T-sub (°O) T-ysz—T-sub T-ysz—Tgc (°C/um)
~260 ~151 ~0.801 ~1310 ~1075 ~1030 ~280 ~235 ~0.90
~460 ~151 ~0.801 ~1305 ~895 ~840 ~465 ~410 ~0.90

1 As-sprayed values at RT.

It is interesting to note that the T-bc values are ~45 and ~55 °C higher than their respective T-sub
values. These ranges are similar to those reported by Vaflen et al. [31] (i.e., 30-55 °C) for porous APS
YSZ TBCs deposited onto puck-shaped substrates (30 mm diam. x 3.0 mm thick), which are subjected
to burner-rig testing. The T-sub in their burner-rig system is also measured by inserting a thermocouple
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at the mid-thickness of the substrate, while T-ysz is also measured via a pyrometer. By using the
average thermal conductivities of the coatings and the substrate, they estimate T-bc, in the similar
manner applied to this work.

It needs to be remembered that in FCT evaluation of TBCs, the testing temperature is typically
1100 °C [6,10], which is chosen to induce an accelerated oxidation on the BC of the TBC in order to
quicken TBC spallation. By looking at Table 2, the calculated T-bc for the ~260-pum-thick TBC was
~1075 °C (next to typical FCT levels); while that of the ~460-pum-thick TBC was ~895 °C. Consequently,
these sets of estimated data also corroborate on what was previously predicted; in the sense that
porous APS YSZ TBCs in the range of ~400-500 um are probably preferred for combustion chambers.
They would provide an extra thermal protection and safety for the BC and substrate, thereby prolonging
TBC and turbine operational lifetime.

3.6. Thermal Gradient Values for Porous APS YSZ TBCs Reported in the Literature

The summary of thermal gradient values for porous APS YSZ TBCs reported in the literature
can be found in Table 3. It needs to be stressed that the thermal gradient data reported in Table 3 are
the results of different experiments, distinct TBCs and non-identical objectives. Therefore, the T-ysz,
T-bc and T-sub values are randomly distributed. However, overall, the thermal gradient values for
porous APS YSZ TBCs are found within the ~0.43-1.06 °C/um range, which the current results of this
manuscript fall within (~0.90 °C/um—Table 2). Besides, it is important to realize that these values are
coming from two unique types thermal gradient rigs (i.e., laser and burner-rigs), which have been
reported by independent R&D groups. Due to these reasons, this overall outcome of findings outlined
from different teams is thought to be “surprisingly comparable” and, therefore, the results reported in
this work are considered to be representative of porous APS YSZ TBCs.

Table 3. Summary of thermal gradient values for porous APS YSZ TBCs reported in the literature.

. Substrate e rpi YSZ Thick Ysz Thermal b The  Teuwb V2
Material Shape (um) (um) P ity (%) Gradient €0 €0 ©0) Gradient Ref.
Dimensions pm. pm. orosity (% Source (°C/um)
Puck-shaped
Inconel 738 diam: 30 mm ~150 ~290 ~12% Burner-rig  ~1333 ~1067 ~10222 ~0.92 VaBlen et al. [31]
thick: 3.0 mm

Puck-shaped
Inconel 738 diam: 30 mm ~150 ~260 ~12% Burner-rig  ~1322 ~1047 ~1002 2 ~1.06 VaBlen et al. [31]
thick: 3.0 mm

Puck-shaped
Inconel 738 diam: 30 mm ~150 ~320 ~12% Burner-rig  ~1333 ~1064 ~10192 ~0.84 Vaflen et al. [31]
thick: 3.0 mm

Puck-shaped
Inconel 738 diam: 30 mm ~150 ~260 ~12% Burner-rig  ~1326  ~1074 ~1029 2 ~0.97 Vaflen et al. [31]
thick: 3.0 mm

Puck-shaped
Hastelloy X diam: 25.4 mm ~64 ~560 na.! Laser-rig ~ ~1140 ~900 ~840 ~0.43 Tan et al. [32]
thick: 3.2 mm

Puck-shaped
Inconel 738 diam: 30 mm ~150 ~300 ~12% Burner-rig  ~1280  ~10452 ~1000 ~0.78 Vaflen et al. [33]
thick: 3.0 mm

Puck-shaped
Inconel 738 diam: 25 mm ~150 ~450 ~15% Burner-rig  ~1269 ~1070 ~1045 ~0.50 Karger et al. [34]
thick: 3.0 mm

1 Not available. 2 Estimated.

3.7. Final Remarks on Thermal Gradients

Finally, as stated in this manuscript, turbine designers have to find the best compromise in keeping
the TBC surface temperature not higher than a pre-determined limit at the same time not allowing the
metallic substrate to reach another pre-determined temperature value. Certainly, the concept of TBC
thermal resistance proposed by Helminiak et al. [10] is very important in this case. To achieve this
compromise they need to work on the range of TBC thicknesses (based on their TC properties), as well as
the intensities of TBC film cooling and substrate back cooling flows, with the objective to keep increasing
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the TIT values. The driving force behind this objective is found on the non-stoppable demand for
more efficient propulsion and energy generation systems. The use of computer modelling/simulation
to achieve this target is paramount. Nevertheless, it is necessary to provide reliable data for these
computer models. The results of this work show that a laser-rig can be very useful to provide data
regarding the ranges of thermal gradients in which TBC/component architectures can operate safely.
This is also valid for environmental barrier coatings (EBCs) deposited on ceramic matrix composites
(CMCs). For this reason, besides being able to provide regular thermal cycling in gradient (e.g., 5 min
hot and 2 min cool), a laser-rig can be an asset instrument in providing important information to
turbine designers.

4. Conclusions

Benchmark (previously optimized) porous (~15%) YSZ TBCs were manufactured via APS at
two different YSZ thicknesses (~260 and ~460 um) on the same bond-coated superalloy substrate.
These features are considered to be representative of TBCs applied on the combustion chambers
of aerospace turbines. A thermal gradient laser-rig was employed to generate a temperature drop
(AT) along the coated coupon, with the target operate within the acceptable maximum temperature
capabilities of this type of TBC/substrate architecture, i.e., T-ysz ~1300 °C and T-sub ~1000 °C. This target
was achieved, i.e., T-ysz values were not higher than ~1300 °C, while the substrate temperatures did
not reach values above ~1000 °C for up to 24 h of thermal gradient testing. The ATs for the ~260
and ~460 pum YSZ TBCs were ~280 and ~465 °C, respectively. The thermal gradient value for both
YSZ TBCs was ~0.90 °C/um, which falls within those reported in the literature for porous APS YSZ
TBCs. Finally, based on the experimental results it is hypothesized that (i) the high purity of the YSZ
feedstock employed in this study and (ii) the higher CTE value of the substrate (when compared to
that of the YSZ) are limiting YSZ sintering and densification, thereby reducing the augmentation of
its TC levels and (probably) elastic modulus values in thermal gradient environments. If they are
confirmed true, these data would be of paramount towards engineering porous APS YSZ TBCs with
enhanced efficiency and longevity.
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