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ABSTRACT

Ytterbium disilicate (YbSi:07) is a state-of-the-art topcoat
material used in environmental barrier coatings (EBCs) to
protect SiC-SiC composites from water vapor induced corrosion
in gas turbine engines. However, its degradation by
thermochemical and thermomechanical particle interactions
may limit its use in next generation engine systems. Yb»Si>;O7 is
susceptible to recession due to solid particle erosion. Similarly,
ingested particles in the engine can become molten and
thermochemically corrode Yb,Si;O; by dissolution and
reprecipitation. Several static furnace tests have been performed
on YbySi:O; to elucidate methods of degradation, although
dynamic testing in an engine-relevant environment has not been
carried out. Ultimately, testing and evaluation of materials that
incorporates all environmental damage modes will allow for an
accurate assessment of long-term durability and operating
lifetime. This work details the investigation of particle-induced
erosion and corrosion of YbySi>O; in NASA Glenn's Erosion
Burner Rig Facility. Coating durability was investigated as a
function of test temperature, particle size, and deposition rate.
Thermal cycling was also incorporated into testing to determine
the interplay of heating/cooling cycles with particle degradation.
Overall, these analyses will be used to determine coating
robustness in an engine relevant environment, which will
contribute to greater understanding in the design of future
coating systems.
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1. INTRODUCTION

The implementation of silicon carbide (SiC)-based ceramic
matrix composites (CMCs) in the hot section of gas turbines [1]
has been enabled by the development of environmental barrier
coatings (EBCs) to protect components from water vapor
induced corrosion in the harsh engine environment. By reducing

oxidation and preventing the recession of SiC-based CMCs, their
lighter weight as well as higher temperature capability over
traditional nickel-based superalloys will result in greater fuel
efficiency for next generation engine systems. Prevailing state-
of-the-art (SOA) EBCs typically utilize ytterbium disilicate
(YDb2Si,07) as a topcoat material, as it has comparable thermal
expansion behavior to SiC-based CMCs and suitable water vapor
volatility resistance [2,3]. The harsh engine environment,
however, introduces a host of additional concerns for EBC
material selection and design. These can include degradation due
to foreign object damage (FOD), fatigue and thermal expansion
mismatch due to thermal cycling, and thermochemical
(corrosion) and thermomechanical (solid particle erosion)
damage due to particle ingestion during engine operation.
Through several static laboratory studies, the
thermochemical degradation of Yb,Si,O; by molten particles is
well understood as a dissolution-reprecipitation mechanism.
Across varying test temperatures, particle compositions, and
loadings, Yb,SiO; is readily dissolved by these particles
primarily comprised of calcium magnesium aluminosilicates
(CMAS), resulting in glass saturation and reprecipitation of
Yb,Si,07 itself along with other extraneous phases [4-9].
Additionally, CMAS glass has been shown to infiltrate Yb,Si,O
via grain boundary transport, providing another pathway for melt
ingress.  These  thermochemical and  microstructural
consequences of molten particle interactions will be exacerbated
by other environmental factors in the engine. For example, water
vapor can result in porosity/void formation as well as reduce melt
viscosity leading to faster reaction, and thermal cycling will
worsen thermal expansion mismatch and cyclic fatigue between
extraneous phases and the coating. Finally, further mechanical
(erosion/FOD) and corrosive damage can be initiated by
successive ingestion of particles into the jet stream. Altogether,
these damage mechanisms reduce the durability of the EBC
system. It is crucial to understand the synergies of degradation to
predict operating lifetimes of coatings and components. There is
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a dearth of literature, however, in investigating Yb,Si,O7 in an
environment that incorporates these degradation modes
simultaneously.

A few past studies on thermal barrier coating (TBC) damage
by molten particles have highlighted the importance of combined
degradation testing to capture engine environment failure modes.
In the authors’ own previous study [10], synergistic burner rig
testing was carried out on a SOA 7 wt.% yttria stabilized zirconia
(7YSZ) thermal barrier coating (TBC). While varying test
temperature and particle size, the investigations were able to
establish the interplay of erosion and corrosion by CMAS
particles, as well as demonstrate the thermochemical degradation
of 7YSZ previously observed on in-service components [11,12].
As observed on flight hardware, 7YSZ undergoes “progressive
exfoliation” due to CMAS deposition along with thermal cycling
of the engine [13]. The destabilization of the tetragonal structure
along with CMAS solidification causes stress accumulation and
stiffening, resulting in coating spallation. Consequently, a new
unaffected layer of 7YSZ is exposed to further deposition,
causing this process to repeat. These results contrasted with
degradation previously reported in static furnace investigations
of 7YSZ in which coatings were fully infiltrated by molten
particles in minutes. Such differences in failure modes reinforce
the need for laboratory scale testing that can replicate CMAS
deposition observed on in-flight hardware. Given the immense
expense and time required for full-scale engine testing,
establishing the feasibility of burner rig testing for accurate
assessment of materials durability, especially for SOA
architectures, can aid in rapid evaluation of prospective
materials, speeding up development of future coating systems.
While the in-service degradation of Yb,Si»O7 and other silicate-
based EBCs have not been published in open literature, such
evaluations will also be valuable in observing differences
between different SOA materials in an applicable test
environment.

The current study continues burner rig evaluation of SOA
engine coatings with investigation of the particle-induced
degradation of a Yb,SiO; EBC system. In addition to
characterizing interplay of erosion and corrosion in this system,
it is also desired to carry out longer term corrosion testing of this
EBC system to elucidate mechanisms of failure in a relevant
testing environment, compared to previous static testing
literature.

2. MATERIALS AND METHODS

A ~250 pm Yb,Si,0O7 topcoat was deposited via air plasma
spray (APS) onto 25.4 mm diameter SiC Hexoloy substrates. A
~125 pm Si metal bondcoat was utilized to improve adhesion
between the bondcoat and the substrate. All burner rig testing
was carried out in NASA Glenn’s Erosion Burner Rig Facility,
which is Mach 0.3-1 Jet-A combustor modified to incorporate
particle injection and deposition [14,15]. Particles were injected
into the burner rig using a screw-driven particle feeder. Each
sample was held with a clamshell fixture at the end of 305 mm
unattached duct (19 mm in diameter). The samples were affixed
30 mm from the exit of the duct. A model four-component glass

frit based on previously observed engine deposits [11] was
synthesized with a nominal composition of 30.67Ca0-8.25
MgO-12.81A10,.5—48.27Si0,. The glass frit was sieved to three
different particle sizes (~43 um, ~86 pm, and ~168 um) for
testing. ~60 pm Al,Oj3 particles were also utilized in testing. As
detailed in the authors’ previous publication [10], calibration
trials were carried out to set the particle loading rate as ~1
mg/cm? per deposition increment for each particle size (~2.8 mg
per increment). This loading was chosen as being representative
of'a “fine” dust concentration, and what could be expected for an
engine at standard cruise conditions. Images of the burner rig test
set-up are shown in Figure 1.

These investigations were performed in three phases: Phase
1 evaluated the effect of particle size, test temperature, and
deposition rate on the erosion/corrosion degradation of
Yb,Si,07. These experiments mirror testing previously carried
out on SOA 7YSZ and were performed to determine the
crossover of erosion/corrosion for a Yb,Si,07 EBC system. Each
glass frit particle size was deposited on the samples at three
different flame temperatures: 650°C (below the glass transition
temperature), 950°C (above the glass transition temperature),
and 1300°C (above the melting temperature [~1240°C]).
Additionally, as most standardized erosion testing is carried out
using Al,O; particles, the ~60 um Al,Oj3 particles were also used
in erosion testing at each temperature to determine how
deposition rate affected mass change compared to literature
values. ~60 pum Al,Os particles were chosen for direct
comparison to earlier erosion studies using this particle size.
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FIGURE 1. a) Burner rig torch in “off” position, b)
Burner rig torch in “on” position, c) coating sample
after testing and d) optical image of glassy deposits on
the surface of the coating after testing.



The velocity of the particles at each temperature were measured
using a double disk velocimeter [16]. For Phase 1, each sample
was exposed to 10 increments of particle deposition, with mass
measurements taken before and after each exposure to determine
mass gain or loss.

Phase 2 was performed to determine the effects of thermal
cycling on coating durability under CMAS deposition. To the
best of the authors’ knowledge, this is the first reported study on
the evaluation of a Yb,Si»O; EBC system under CMAS
degradation in a burner rig environment, and a SOA 7YSZ APS
coating deposited on a CMSX-4 superalloy substrate was also
tested under the same conditions. Testing in this phase was
carried out utilizing the smallest glass frit particles (~43 um) at
1300°C flame temperature. Each cycle consisted of 1 minute of
hot time (torch on sample with CMAS deposition) and 1 minute
of cold time (torch off sample with no CMAS deposition). After
testing, optical images were acquired (Keyence VHX optical
microscope) before the samples were cross sectioned, mounted
in epoxy, and polished to a 1 um finish. The cross sections were
then imaged via back scattered (BSE) scanning electron
microscopy (SEM) (Phenom ProX, Hitachi S4700).

Finally, Phase 3, provides an assessment of literature studies
on CMAS testing of Yb,Si»O; along with the current set of
analyses to compare dynamic to static results. The assessment is
framed within previous estimations of proposed damage and
engine failure for dust concentrations in flight.

3. RESULTS AND DISCUSSION
3.1. Phase 1: Effects of temperature, particle size, and
deposition rate

Figure 2 displays the cumulative mass change plots of the
coatings exposed to the CMAS glass frit. At both 650°C (Figure
2(a)) and 950°C (Figure 2(b)), mass loss was primarily observed
for all particle sizes, indicating that the coatings were being
eroded at these test conditions. The mass change curves at these
temperatures exhibited a sharp drop in mass, followed by fairly
linear mass loss. The high initial mass loss is characteristically
attributed to the removal of surface asperities before reaching a
steady state erosion rate. There was an overall decrease in
magnitude of mass loss at 950°C compared to 650°C. 950°C is
above the glass transition temperature of the glass frit, meaning
that partially softened particles may not be as effective in eroding
coatings as the particles used at 650°C, which are expected to be
fully solid.

At 1300°C (Figure 2(c)), while exposures with both the 86
and 168 pm particles resulted in mass loss, exposure with 43 um
particles resulted in mass gain. The observed mass gain
suggested adhesion of the CMAS particles to the coating.
Additionally, the initial steep drop in mass loss for samples
experiencing erosion was not observed at 1300°C. As previously
mentioned, 1300°C is above the melting temperature of the glass
frit. Thus, while the smaller particles were probably susceptible
to complete melting (resulting in adhesion) while passing
through the torch, larger particles may have only become
partially molten, resulting in both adhesion and erosion
occurring simultaneously and exhibiting an overall mass loss
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FIGURE 2. Cumulative mass change plots for CMAS
deposition at a) 650°C, b) 950°C, and c) 1300°C. Note
the secondary axis for the 43 ym sample in Figure 2(c).

response. Like results at 950°C, the overall magnitude of mass
loss for the erosion-dominated samples at 1300°C was lower
with increasing temperature, although mass loss did not trend
with particle size.

ALO; particles are typically used in erosion testing of
coating materials [17-20], so was important to use Al,O3 under
similar conditions to determine the effects of particle chemistry
and deposition rate. Figure 3 shows the mass change curves of
two samples tested with 60 pm Al,Os particles at 650°C and
1300°C (the lowest and highest flame temperatures in this
study). Exposures at both temperatures resulted in erosion
behavior, as indicated by the consistent mass loss. Interestingly
at 1300°C, there was little to no change in mass observed at the



beginning of the test before exhibiting a sharp decrease in mass
loss followed by steady state behavior, indicating that flame
temperature also influenced erosion for Al,Os particles as well.
Like the mass change exhibited with CMAS particles, the
magnitude of mass loss was lower at 1300°C than at 650°C.
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FIGURE 3. Cumulative mass change plots for 60 ym
Al;03 deposition at 650°C and 1300°C.

Although an influence of temperature was observed in the
mass loss plots with both the CMAS frit and ALlO;3 particles,
mass loss did not trend with particle size. For example, at 650°C
(Figure 2(a)), the sample eroded with 86 pm particles exhibited
the greatest mass loss, while the mass losses for the samples
eroded with the 43 pm and 168 um particles were roughly equal.
The steady-state erosion rate E is calculated by taking the slope
of the linear region of the erosion curves (usually the last five
points) as

e (2)- o
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where m. is the mass of erodent and m; is the mass of the sample.
However, it is not possible to directly compare the rate calculated
from Eq. 1 due to variations in particle size, which will affect the
number of particle impacts at the surface of the coatings even
when the total erodent mass per increment remains equal (i.e.
more particle impacts for smaller particles vs larger particles for
the same mass of erodent). Instead, the erosion rate can be
calculated as mass loss per particle impact by multiplying by the
mass of an individual particle (utilizing the density of the
particles and approximating as spheres) [21,22]. For brittle
materials, the erosion rate has shown to be related to particle
kinetic energy U utilizing a power-law dependence

E( mg )=)/Ub ()
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where b is the kinetic energy exponent and y is a proportionality
constant that is a function of erosion test conditions [17,23-25].

Utilizing this relationship in Eq. 2, it is then possible to directly
compare erosion rates between different particle sizes.

The relationship between particle kinetic energy and erosion
rate is plotted in Figure 4. The regression fits for the kinetic
energy model are displayed with dashed lines. The YbDS sample
tested with the 43 pm particles at 1300°C was not included in
this plot since mass gain and CMAS accumulation was primarily
observed. At both 650°C and 950°C, the erosion data agrees well
with the kinetic energy model, suggesting that YbDS undergoes
brittle erosion during particle impingement. For comparison to
previous testing in literature, data points from Presby et al. from
the erosion of APS YbDS coatings using Al,Os are also plotted
[26]. As shown in the figure, this earlier data also follows the
kinetic energy model, with a slope of b=1.22 calculated from
regression analysis. The slopes for the CMAS eroded samples at
650°C and 950°C were b=1.24 and b=1.18, respectively. This
suggests a similar mechanism of erosion between the particle
chemistries, demonstrating that when CMAS particles maintain
their hardness and are not fully molten, the CMAS acts as an
effective erodent.

However, the A,O3 erosion data on APS YbDS previously
acquired by Presby et al. is roughly an order of magnitude lower
than the erosion rates estimated in this study These results are
akin to the authors previous study on the erosion of 7YSZ [10],
where an effect of deposition rate on erosion rate was
conjectured. It is important to note that the tests conducted by
Presby et al. utilizing Al,O3 were carried out at a deposition rate
of ~2 g/min, whereas both the CMAS and Al,Os particles in this
study were deposited at a maximum of ~0.0068 g/min. At higher
deposition rates, it was hypothesized that the lower erosion rates
were primarily caused by particle shielding, meaning that some
incoming AlO; particles were interacting with rebounding
particles, and therefore, not all particles contributed equally to
the erosion process. While particle deposition and erosion are
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FIGURE 4. Steady-state erosion rate versus particle
kinetic energy for APS YbDS.



both very complex phenomena, the current results do highlight
the influence of particle flux on erosion rate and should be
considered when evaluating coating materials. High particle
fluxes are typically utilized in erosion testing, as they produce
scars that are resemble damage seen from flight components over
a shorter test period [27]. However, lower particle fluxes can be
more relevant to engines in normal cruise conditions and may be
more instructive in estimating true mass loss rates over time.

There was a slight dependence on temperature in the CMAS
data, with erosion rates overall being lower with increasing
temperature. As mentioned earlier, the CMAS particles were
expected to become softened or even molten at higher
temperatures, which would reduce the effectiveness of eroding
the samples. A dependence on temperature can also be observed
by looking at the erosion data acquired in this study utilizing the
60 pm Al,Os particles. At 650°C, the erosion rate was 5.96x107
mg/impact and 3.65x10-° mg/impact at 1300°C. Conversely,
there was little to no effect of temperature observed in the Presby
et al. data, which includes exposures done at 800°C, 1200°C, and
1316°C. Based on the Presby et al. data, it was presumed that
erosion tests conducted with Al,Os particles were less sensitive
to temperature, given that Al,O; melts at a much higher
temperature (~2100°C) and changes in particle state (i.e.
softened/molten) were not expected. It is important to note,
however, that material mechanical properties can change as a
function of temperature, including hardness, which is an
important property in the estimation of volume loss in brittle
materials due to particle impacts[28,29]. The hardness of
sapphire (single crystal Al,O3) is ~20 GPa at room temperature,
although its hardness has been measured to be ~5 GPa at 1000°C
[30]. Additionally, across multiple grain sizes, the strength of
Al,O3 has been shown to decrease between 30-60% from 800°C
to 1500°C [31]. Overall, the possible decrease in mechanical
durability of ALbO; at increased temperatures may reduce the
effectiveness of Al,O; as an erodent. Based on current results,
this effect may be more pronounced at lower particle deposition
rates where individual impacts on coating surfaces are more
probable over interactions with other particles. Thus, long-term
flight relevant erosion phenomena may require extended testing
at low particle fluxes to elucidate how coatings degrade over a
service lifetime.

3.2.Phase 2: Effects of CMAS cyclic deposition on
coating degradation

The degradation of 7YSZ by CMAS degradation on flight
hardware is well documented in literature, and it was desired to
carry out analyses to determine if YbDS as an EBC material
underwent the same dramatic failure mechanism under similar
test conditions. By utilizing a burner rig test setup, the effects of
dynamic particle deposition, thermal cycling as well as the effect
of a thermal gradient can be assessed. Initially in Phase 2, a
7YSZ sample and a YbDS sample were cycled for a total of 20
minutes, resulting in 10 total minutes of hot time (and equal to
the amount of CMAS deposited in the 10 increments for the 43
um particles during Phase 1). Optically, large portions of the
7YSZ coating (Figure 5(a)) spalled off after deposition, whereas

the YbDS sample remained intact and no large changes in the
coating were readily observed (Figure 5(b)). An additional
YbDS sample was then cycled for 40 minutes (Figure 5(c)) (20
total minutes of hot time), and the largest change observed was
the presence of a distinct CMAS layer adhered to the surface
with no variation in coating microstructure.

Micrographs of an additional region of the corroded 7SYZ
coating are displayed in Figure 6. In Figure 6(a), the micrograph
of the full thickness of the remaining 7YSZ coating displays
propagation of horizontal cracking, as well as regions of molten
deposits remaining at the surface of the coating. The higher
magnification micrograph of Figure 6(a) is shown in Figure 6(b),
in which additional cracks were observed at the surface where
several pockets of residual CMAS were observed. Particularly,
CMAS films were also observed between the lamellar splats in
this region. Finally, with higher magnification (Figure 6(c)), in
addition to CMAS infiltration between the lamellar splats, the

FIGURE 5. Optlcal and SEM images of a) APS 7YSZ
coating exposed to 43 pym CMAS cyclic deposition at
1300°C for 20 minutes, b) APS YbDS coating exposed
to 43 ym CMAS cyclic deposition at 1300°C for 20
minutes, and c) APS YbDS coating exposed to 43 pym
CMAS cyclic deposition at 1300°C for 40 minutes.
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FIGURE 6. Higher magnification micrographs of the
APS 7YSZ coating exposed to 43 ym CMAS cyclic
deposition at 1300°C for 20 minutes.



presence of globular precipitates as well as CMAS films between
grain boundaries indicate dissolution and precipitation occurring
in the sample. While there was evidence of CMAS presence at
the remaining surface of the coating, there was no evidence of
CMAS infiltration deeper into the coating thickness. Along with
the widespread spallation of the 7YSZ coating shown in Figure
5(a), this result correlates with previous observations of peeling
layers of 7YSZ as it is exposed to CMAS deposits at high
temperature [13]. Once cooled, the stresses due to phase
transformation result in gradual delamination and fresh layers of
coating to be exposed for further degradation. Unlike 7YSZ,
cyclic exposure of YbDS for 20 minutes (10 minutes hot time)
did not result in wide-spread coating spallation. Instead, a thin
layer of CMAS deposit was observed at the surface, with little to
no evidence of interaction or infiltration after deposition. As
more CMAS was deposited, a continuous bumpy layer of molten
silicate built up on the surface of the YbDS coating, as shown in
Figure 5(c). Figure 7 displays higher magnification images of the
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FIGURE 7. Higher magnification micrographs of the
APS YbDS coating exposed to 43 um CMAS cyclic

deposition at 1300°C for 20 minutes.

the YbDS coating cycled with CMAS deposition for 40 minutes
(20 minutes of hot time). This layer was ~50 pm thick at its
highest point in some areas. Large cracks formed within the
CMAS layer (Figure 7(a)), extending partially into the region of
coating in contact with the molten deposit. Phase contrast in the
BSE micrograph indicated some crystallization of the CMAS
itself upon cooling, as evidenced by dendritic-like structures
present in the image. These large cracks are possibly the result
of stresses due to the thermal expansion mismatch between the
CMAS deposit (~8-10x10%/K) [32,33] and YbDS (~4-4.5x10"
%/K) [34-36]. The crystallization of the CMAS upon cooling
could also lead to volumetric expansion/contraction, leading to
stress accumulation as well. Needle-like (Figure 7(a)) as well as
smaller precipitates (Figure 7(b)) were also observed at the
surface, suggesting that dissolution of the YbDS coating and
reprecipitation of phases were also occurring after deposition.
The needle-like precipitates are silicate apatite phases that
commonly form in interactions of YbDS with molten silicates,
whereas YbDS typically reprecipitates as equiaxed grains at
equilibrium. Still, this corrosion was primarily limited to the
surface and only extended ~10 um into the coating.

Because little damage was observed in the YbDS samples
with the shorter CMAS exposures, additional YbDS samples
were tested for 2 hours (1 hour of hot time) and 4 hours (2 hours
of hot time). A micrograph of the YbDS sample tested for 2 hours
is displayed in Figure 8(a), in which a discontinuous layer of
CMAS was observed at the surface of the coating. Energy
dispersive spectroscopy (EDS) was utilized to determine the
presence of CMAS in the sample (using calcium (Ca) as the
identifying element). The map presented in Figure 8(b) indicated
that CMAS was only present in deposits at the surface, with no
traces of Ca within the depth of the coating. A higher
magnification image of the interface between the deposit and the
coating is displayed in Figure 8(c). Like the shorter exposures,
precipitates observed in the residual CMAS suggested
dissolution and reaction occurring between the glassy deposit
and the coating, but no substantial degradation was present. Even
the sample tested for a total of 4 hours (shown in Figure 8(d))
did not exhibit immense degradation, with residual CMAS also
observed at the surface of the coating along with several traverse
and vertical cracks. The cracks are consistent with cracking
within the CMAS layer observed at 40 minutes of testing time,
correlating with conjecture of thermal expansion mismatch
between the glass and the coating from thermal cycling.
However, the residual glassy deposits observed at both 2 hours
and 4 hours of testing did not appear as a consistent layer across
the surface of the coating, as observed in the sample cycled for
40 minutes (Figure 5(c)). With additional cycles, the cracks due
to thermal cycling may have propagated, causing regions of the
previously deposited CMAS to spall off. Hence, large globules
of CMAS built up along the surface, as shown in Figure 8(d),
were observed next to much thinner regions of glass.

3.3.Phase 3: Comparisons to static testing and
damage regimes for flight hardware
It was interesting that limited degradation of the YbDS



FIGURE 8. a) APS YbDS coating exposed to 43 pm
CMAS cyclic deposition at 1300°C for 2 hours, b) EDS
map of Figure 8(a), c) higher magnification image of
Figure 8(a), and d) APS YbDS coating exposed to 43
pum CMAS cyclic deposition at 1300°C for 4 hours.

coating from CMAS deposition in this study was observed, given
that several static testing studies at both short (minutes) and long
exposure (100s of hours) times resulted in immense infiltration
and reaction. YbDS does not undergo deleterious phase
transformations as a function of temperature like 7YSZ, nor
experiences any destabilization due to leaching of cations,
although the propensity of reaction of disilicates with CMAS has
been shown to depend on deposit chemistry and disilicate cation
size [37,38]. Smaller cation disilicates tend to exhibit limited
interaction with CMAS, and instead, degradation proceeds by
infiltration via grain boundaries. In cases of dissolution, excess
Si0, from the reactions can drive further infiltration. Although
several CMAS studies have been conducted on bulk YbDS
samples, very few have investigated the degradation of APS
YbDS microstructures. The reaction pathway becomes more
complex due to the presence of deposition morphology and
defects, such as pores, unmelted particles, and phase
inhomogeneity. The most relevant investigation to the current
study was conducted by Zhao et al., in which CMAS was applied
at a loading of ~10 mg/cm? to plasma sprayed YbDS coatings
and heat treated from 1 minute up to 200 hours to assess
reactivity [5]. Selected micrographs from Zhao et al. are shown
in Figure 9(a) and 9(d) along with the micrographs of the 2-hour
(Figure 9(b)) and 4-hour (Figure 9(c)) cycled samples from this
study to compare reaction extent. The red dashed line in each
micrograph indicates reaction and interaction layer depth. The
Zhao et al. static sample tested at 1300°C for 1 hour is displayed
in Figure 9(a) and exhibited a ~25 pm thick reaction layer in the
~100 um coating. Large-grained precipitates comprised this

interaction region, along with cracks. Conversely, the 2-hour
cycled (1 hour hot time) sample, exhibited limited reactivity with
the CMAS deposits. The reaction layer was ~10 pum thick in the
~350 pm coating with very small precipitates present. For the 2-
hour cycled sample, roughly 60 mg/cm?> would have been
injected from the burner to the sample. Though, even with a
greater amount of CMAS deposited over time, substantially less
infiltration was observed compared to the static sample.
Similarly, with greater time and subsequent deposition, the 4-
hour cycled samples exhibited roughly the same damage
morphology as the 2-hour sample, albeit with greater layer
thickness of residual CMAS deposits (as previously displayed in
Figure 8). This contrasts with the static study in which greater
exposure time (100 hours) with the same amount of CMAS
resulted in further infiltration into the coating (Figure 9(d)).

Unlike static isothermal exposures, the samples tested in this
study were only heated from one side, inadvertently driving a
thermal gradient through the coating. While it is unknown the
exact magnitude of that gradient, the viscosity and thus mobility
of glasses decrease with decreasing temperature [39], meaning
that some infiltration may have been halted simply by the lack of
driving force of temperature. Additionally, as CMAS
accumulated at the surface, these deposits could have acted as an
insulating layer, reducing heat transfer through the sample. All
these factors are expected to occur during engine operation,
meaning that the speed at which reactions occur at relevant
conditions may be lower than previously assumed based on
isothermal results. It was originally planned to continue testing
with the 4-hour sample; however, after several hours of being at
25°C and upon reheating in the burner rig, part of the coating did
spall. Although not picture here, cross sectional SEM analysis of
the region indicated that no CMAS had substantially infiltrated
the coating before spallation. During cycling, the surfaces of the
coatings cooled to ~500°C during burner “off” times. This
suggests that failure of the coating was not due to CMAS
reaction per say, but rather thermal shock after heating rapidly
again from room temperature. Due to instrumentation
limitations, it was not possible to conduct a continuous exposure
beyond 4 hours, although it is desired to induce CMAS-driven
failure in a YbDS-based coating system and compare to failures
observed from static tests. Still, this vast difference in damage
observed between burner rig and static investigations
emphasizes how the amount of CMAS, application methods, and
testing conditions affect degradation results. These results also
stress the importance of framing CMAS testing results within
various flight conditions that may occur on in-service
components.

Borom et. al published one of the first studies to document
particulate damage of TBCs from flight hardware [11]. In this
paper, the authors theorized that short-term and long-term
damage would greatly depend on surface temperature, exposure
time, and “dirt load”, as shown in a diagram in Figure 10(a), with
investigations from aircraft operating in the Middle East as well
as the southwestern United States as the basis for these
observations. Equally, Clarkson et al. developed a duration of
exposure versus ash concentration (DEvAC) chart (Figure 10(b))
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FIGURE 9. SEM images of a) Zhao et al. [5] static APS
YbDS coating heat treated with 10 mg/cm? of CMAS at
1300°C for 1 hour, b) APS YbDS coating exposed to 43
um CMAS cyclic deposition at 1300°C for 2 hours c)
APS YbDS coating exposed to 43 ym CMAS cyclic
deposition at 1300°C for 4 hours, and d) Zhao et al.
static APS YbDS coating heat treated with 10 mg/cm?
of CMAS at 1300°C for 100 hours.

from flight data across multiple technologies to determine engine
susceptibility to particle damage [40,41]. To frame the current
results within the failure regimes depicted by Clarkson et al. in
Figure 10, an approximate ash concentration was estimated using
combustion calculations of the burner rig set up. As discussed in
the materials and methods section, the burner rig is a Jet-A
combustor utilizing pre-heated, pressurized air as the oxidizer.
Basic combustion analyses were carried out using the Chemical
Equilibrium with Applications (CEA) program, developed by
NASA [42]. Using this program, equilibrium combustion
products and adiabatic flame temperature were determined. The

Dirt Load

Heavy Med. Light
Far East
Sini A
. Combustor Phase Changes,
; Bondcoat Oxidation,
etc.

-~
o Desert
B Shroud SW USA
g' Shroud
L Infiltrati
[_‘ ation
o
Q 2
] X A
E Infant 5 = A
7))} Mortality Erosion )3
Q 2 SR
= 3
= | | %

100 1,000 10,000

Time (hrs)

Regions of deterioration in
‘ safety margins
o

Threshold for discernible
by satellite IR instrument

~—_ 02 2 20 200
. ol i

2000
1000 -~ 1 p—| L

100 -

[hrs]

Duration of Engine Exposure
- >
1 1

el e e ot
/

0.1 —
Visible ash
threshold
0.01 = -
1
1 T 1 1 I I I
0.01 0.1 1 10 100 1000 10000
Ash or Sand/Dust Concentration [mg/m?]
Regg:,:‘;zi:zﬁmg Negligible damage Long term damage Exigent damage ~ Safety implications
economic damage | Volcanic Ash | [Volcanic Ash | [ | Event
| e B | seaoe | | sanaoust | § senavusi § | EMipses

FIGURE 10. a) Hypothetical in-service failure regimes
for APS 7YSZ TBCs from Borom et al. [11] and b)
exigent and long-term damage regions for volcanic
ash exposures in airplane engines from Clarkson et al.
[40,41]



calculations were performed with the fuel entering the burner at
25°C, the pre-heated air at 205°C, and the burner pressure at 16.7
psi (1.14 atm).

The equivalence ratio () is defined as

_ (mf/mox)a (3)

T (np/mox)st

where ri1rand i, are the mass flow rates of the fuel and oxidizer,
respectively, and “a” and “st” represent the actual and
stoichiometric ratios of fuel to oxidizer. At 1300°C test
conditions, the mass flow rate of the fuel was measured as 0.871
g/s and the mass flow rate of the air was 18.144 g/s. Taking the
ratio of these values, the actual fuel to air ratio was 0.048. From
CEA the stoichiometric ratio for Jet-A/air combustion, is 0.0681.
Thus, the equivalence ratio was determined to be

113

(mf/mox)a 0.048
=——"—=—=0.70 4
¢ (g /mox)st  0.068 4)

The combustion products and adiabatic flame temperature as a
function of equivalence ratio are plotted in Figure 11, with the
equivalence ratio of the 1300°C burner rig tests marked by the
vertical dashed line. The adiabatic flame temperature (~1700°C)
at the current test conditions was higher than the flame
temperature measured by thermocouple, although this was
somewhat expected given heat losses to the surrounding
environment. Utilizing the equivalence ratio, it was then possible
to estimate the Mach number and subsequent volumetric gas
flow with combustion. The Mach number was calculated from a
relationship for steady one-dimensional flow from an infinite
reservoir from which gas is accelerated isentropically to its
actual speed [43]. The Mach number M is expressed as
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FIGURE 11. Combustion species concentration and
adiabatic flame temperatures from CEA analysis as a
function of equivalence ratio.

n= [T - g

where Py/p. = 1.14 is the ratio of the back (combustion) pressure
(16.7 psi) to the exit (atmosphere) pressure (14.7 psi) and y =
1.24 is the ratio of specific heats obtained from CEA for an
equivalence ratio of 0.7. The Mach number M was determined to
be 0.46. The sonic velocity from CEA was 844.5 m/s, meaning
that the velocity ¥ of the gas was

V =M x 8445 = 0.46 » 844.5 = 38543 m/s  (6)

Higher fidelity CFD modelling of the same combustor showed
good agreement with the current set of analyses, with respect to
gas velocity [15,44]. Therefore, while the current set of
calculations are comparatively quite simple, the set of
assumptions used for these estimations appear reasonable.
Taking into consideration the diameter of the nozzle (0.019 m),
the volumetric gas flow at the nozzle exit would be 0.11 m?/s (the
gas velocity times the cross-sectional area). Finally, the particle
feed rate was ~3.6 mg/min, so the estimated particle
concentration of the burner during testing was ~0.55 mg/m?) (the
particle feed rate divided by the volumetric gas flow).

Figure 12 displays a recreated DEVAC chart from Clarkson
et al. depicting the calculated ash/dust concentration versus
duration of engine exposure for the burner rig tests conducted in
this study. The purple oval denotes the burner rig exposures
conducted on YbDS, while the blue circles denote the exposures
carried out on YSZ. In addition to the current study of exposures
done at ~1 mg/cm?, an additional data point was included from
the author’s previous study [10], in which YSZ was exposed to
~630 mg of CMAS over a 5 minute exposure (~25 mg/cm?/min)
under the same test conditions, resulting in an approximate
ash/dust concentration of ~19 mg/m?>. At these test conditions,
the coating experienced immediate catastrophic failure after
testing, with >80% of the coating exhibiting immense spallation
down to the substrate. The ash/dust concentrations calculated
herein place the YbDS and low concentration YSZ exposures in
the “long term damage” (yellow) region of the chart, which
Clarkson et al. describes as “detectable abnormal deterioration
in engine performance or reduction in the service life of one or
more components”. Although the YbDS coating itself did not
display any microstructural damage on its own, the buildup of
CMAS deposits over time could affect acrodynamic efficiency,
or cause coating spallation due to thermal shock, as previously
discussed. YSZ exhibited spallation and peeling during testing,
which correlates to a reduction in service life of a particular
component with that coating. Overall, the implication of “long-
term damage” from this DEvVAC chart agrees well with
observations of coating behavior during burner rig testing.
Similarly, Clarkson et al. described “exigent damage” (orange
region of the chart) as the most problematic category of
economic damage”, meaning “engine damage that needs
immediate attention (e.g. extensive cleaning or aircraft repair)
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FIGURE 12. Clarkson et al. [40] DEVAC chart with APS
YbDS and APS 7YSZ burner rig tests.

and potentially immediate removal of the engine from the
aircraft.” This explanation correlates well with observations of
widespread catastrophic failure of YSZ at the higher ash/dust
concentration. Though the Borom and Clarkson charts differ in
particulate type (desert sand versus volcanic ash) in general, both
diagrams indicate that a high concentration of dirt ingestion
along with high surface temperatures will result in shorter
operating lifetimes of protective coatings for engine
components. While static tests do not necessarily capture the
effects of gradual CMAS deposit build up over time, the total
accumulation observed in testing by Zhao et al. is analogous to
what could be expected for an engine experiencing “high” dirt
load at very short times (~100s of hours according to the chart
by Borom et al.). Meanwhile, the samples tested in the current
study would be classified as “light” dirt load. Even though these
samples were only cycled for a maximum of 4 hours, based on
the current observations of limited interaction at a shorter time
scale, their long-term damage would probably be akin to what
was expected for sintering and phase changes, occurring
thousands of hours into service.

Most static exposures are often representative of worst-case
scenarios of high concentrations of dust ingestion. Lower
deposition rates in dynamic exposures incorporating additional
environmental damage mechanisms can aid in elucidating
discrete differences in reactivity between materials and longer-
term degradation pathways. In the current study, it was shown
that 7YSZ undergoes immense spallation with high temperature
particulate exposure at fine concentrations, whereas YbDS
seemed to be more resistant than 7YSZ to degradation under the
same set of conditions, demonstrating the usefulness of
determining differences in reaction propensity between
materials. Although it is important to note that with increased air
traffic and expansion into markets in dustier regions of the world
like Northern Africa or the Middle East, medium to heavier dirt
loads may become an even greater issue at standard cruise

conditions. Overall, this study demonstrates that more work is
needed to fully understand the effects of CMAS deposition and
test methodology on understanding coating durability and life.

Burner rig testing has been emphasized in this paper as an
improvement over static testing methods, as additional damage
mechanisms (thermal cycling, thermal gradient, dynamic
particle deposition) can be introduced to a sample, leading to
greater relevancy in testing. However, there are limitations to the
use of atmospheric burner rigs. Because this specific burner rig
was run at atmosphere, the influence of higher pressures as well
as increased water vapor concentration (a key EBC and SiC-
based CMC failure mechanism) could not be investigated. It
would be prudent in future investigations to conduct such a study
in a combustion rig in which all these damage mechanisms
would be incorporated. However, burner rigs still offer valuable
data as a test rig capable of introducing high temperature particle
deposition to prospective coating materials and assessing
differences in pertinent environments.

4. CONCLUSIONS

Environmental barrier coatings (EBCs) are integral to the
continued use of SiC-based CMCs in next generation gas turbine
engines. Their degradation by particle interactions, however,
must be investigated to determine their operating lifetimes. In
this study, a SOA ytterbium disilicate (YbDS) EBC was tested
at various temperatures with varying particle sizes of glass frit
and ALO;s to determine the relationship between erosion and
corrosion, as well as the effects of thermal cycling and gradient
on damage propagation. Regarding erosion mechanisms, the
influence of test temperature was exacerbated when testing with
lower particle fluxes. On the corrosion of YbDS by molten
deposits, YbDS does undergo dissolution and reprecipitation,
albeit at much slower rates than previously expected from static
exposures in literature. YbDS was more robust against particle
corrosion compared to a SOA 7YSZ TBC, and the presented
results were compared to hypothetical service regimes from
flight components. The current set of analyses contributes to
ongoing understanding on improving future coating systems
against particle degradation and improving testing methods for
accurate assessments of operating lifetime.
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