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High-Temperature Solid Particle Erosion Behavior of an
Environmental Barrier Coating

Michael J. Presby
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44315

Summary

The solid particle erosion (SPE) behavior of a state-of-the-art environmental barrier coating (EBC)
was assessed at 1,200 °C, using alumina (Al.O3) erodent. The effect of particle velocity, particle size, and
impingement angle were investigated. Results show that the erosion damage in the EBC is primarily
controlled by particle kinetic energy. In addition, the effect of impingement angle demonstrates the
contribution of the tangential component of velocity.

Introduction

Advancements in hot-section materials technology are critical for next-generation gas-turbine engines
as the aeronautics industry pushes towards improving thermal and propulsive efficiency while reducing
harmful emissions to the environment (Ref. 1). Ceramic matrix composites (CMCs) are revolutionizing
the industry because of their high-temperature capability, high strength, toughness, and low density
(Refs. 1 and 2). However, silicon-carbide- (SiC-) based CMCs are susceptible to surface recession as a
consequence of thermochemical reactions with water vapor, which is a byproduct of combustion (Ref. 2).
Environmental barrier coatings (EBCs) were developed to combat this mode of degradation, resulting in
enhanced durability and improved life of SiC-based CMC materials and components (Refs. 2 and 3).

Significant advancements in EBC and CMC technology have occurred over the past three decades:
the first CMC component with an EBC, a high-pressure turbine shroud, entering service in the LEAP
engine designed by CFM International for the Airbus A320neo in 2016 and the Boeing 737 MAX in 2017
(Refs. 2 and 3). Today, advancements continue with the goal of extending EBC-CMC technology to the
development and integration of combustor liners, vanes, and blades (Refs. 2 and 3).

In service, EBC-CMC components will experience both thermochemical and thermomechanical
modes of degradation. Thermochemical degradation includes water-vapor-induced oxidation and
recession and calcium magnesium aluminosilicate (CMAS) attack. The thermomechanical mode includes
degradation due to mechanical loading such as fatigue and creep, foreign object damage (FOD), and solid
particle erosion (SPE). Ultimately, each of these degradation modes will be operative to varying degrees,
and the synergy between them will lead to complex EBC failure modes (Ref. 3).

The objective of this work is to investigate the SPE response of a state-of-the-art EBC to characterize
the effect of particle velocity, particle size, and impingement angle. Erosion testing is performed at
1,200 °C (2,192 °F) using alumina (Al.O3) erodent in a simulated combustion environment.

Experimental Procedure

The SPE experiments in this work were performed at the NASA Glenn Research Center Erosion
Burner Rig Facility. The facility was initially developed to characterize the SPE behavior of thermal
barrier coatings (TBCs) in a simulated combustion environment (Refs. 4 to 6) and has recently been used
to characterize current and next-generation EBCs and CMCs (Refs. 7 and 8).
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Material System

The EBC system used in this work is proprietary. As a result, the EBC composition, microstructure,
and spray parameters cannot be disclosed. The EBC was deposited on a silicon-carbide-fiber-reinforced
silicon carbide (SiC/SiC) CMC substrate. The EBC-CMC erosion test samples were machined into
25.4-mm-diameter disks.

Erosion Facility and Testing

The erosion test facility is a modified NASA Glenn burner rig (Ref. 9) that operates on Jet-A fuel
and preheated air. The development of the erosion rig, along with computational fluid dynamics (CFD)
modeling and experimental validation have been described in detail elsewhere (Refs. 4 to 6), but
an overview is described here briefly. Erodent is delivered using a screw-driven powder feeder
(HA 5000F-SA, Hardface Alloys, Inc.): it is injected into the burner chamber, passes through a 19-mm-
diameter exit nozzle, and accelerates downstream through a 19-mm-diameter, 305-mm-long unattached
duct to the sample (Refs. 4 to 8). A high-temperature, spring-loaded, clamshell fixture fabricated from
Inconel® 601 (Special Metals Corporation) is used to hold the sample during testing. A photograph of the
burner exit nozzle, the unattached duct, and the sample holder is displayed in Figure 1(a), and a schematic
of the burner placed just before the duct is shown in Figure 1(b). The burner rig can be pivoted to heating
and cooling positions using a pneumatic actuator and is shown in the cooling position in Figure 1(a). The
standoff distance between the duct exit and the center of the sample was set to 30 mm.

Samples were heated to 1,200 °C as measured by an Ircon® Modline® (Fluke Process Instruments)
7.9-um single-color pyrometer. After reaching the target temperature and letting the temperature stabilize
for approximately 5 min, the samples were exposed to Al,Os erodent that was fed into the burner at a rate
of 2 g/min. Two particle sizes d, two particle velocities v, and two impingement angles o were used in
this study. The overall test matrix is shown in Table I. Three samples were tested at each condition. The
particle size d reported in Table I is the mean equivalent spherical diameter that was determined through a
particle size distribution analysis. The particle velocities were measured using a double-disk velocimeter
that was adapted for use at high temperature (Refs. 7, 8, 10, and 11).

Samples were subject to multiple exposures of 30 s (1 g of erodent), and the sample mass was
measured before and after each successive exposure using a scale with precision of 0.01 mg. The steady-
state erosion rate was determined from a regression fit in the linear region of the cumulative mass loss
versus cumulative mass of erodent curve. For consistency, the regression analysis was performed on the
last six data points of each curve.

Preheated air -
Fuel inject —
Ignitor —_

—Clamshell sample fixture o Pyrometer

Erodent feed line -

AS
Combustion ~
pressure tap

<« BN R e ““—Combustion
(a - RS TE b) thermocouple

Figure 1.—Erosion test facility burner configuration. (a) Burner exit nozzle, unattached duct, and sample holder
(Ref. 7). (b) Burner placed before duct (Refs. 7 and 9).

NASA/TM-20230003935 2



TABLE |.—TEST MATRIX FOR EBC EROSION BY ALUMINA

Test condition Particle size, Particle velocity, | Impingement angle,
d, v, o,
pm m/s deg
1 60 100 30
2 60 100 90
3 60 135 30
4 60 135 90
5 150 100 30
6 150 100 90
7 150 135 30
8 150 135 90

Results and Discussion

The erosion rate dependencies are presented for the test conditions shown in Table I. The cumulative
mass loss versus cumulative mass of erodent is determined for the different test conditions. The steady-
state erosion rate is then assessed with respect to v, d, and particle kinetic energy Ui for the two different
angles a. Finally, the effect of a is further assessed to demonstrate the contribution of the tangential
component of particle velocity vr.

Cumulative Mass Loss Versus Cumulative Mass of Erodent

Exemplary cumulative mass loss mi versus cumulative mass of erodent me curves are shown in
Figure 2 for d = 60 um (Figure 2(a)) and d = 150 um (Figure 2(b)). The curves exhibit fairly linear
behavior throughout the entire 10-g exposure. For a fixed d and a., the cumulative mass loss increases as v
increases from 100 to 135 m/s. Likewise, for a fixed d and v, the cumulative mass loss increases as .
increases from 30° to 90°. On the basis of cumulative mass of erodent, the cumulative mass loss for fixed
v and o are similar for d = 60 and 150 pm.

Steady-State Erosion Rate

The steady-state erosion rate E as a function of v is shown in Figure 3 for d = 60 and 150 um and
o = 30° and 90°. To account for the fact that the cumulative number of particles, and hence the total
number of impact events per gram of erodent, is different for d = 60 and 150 pum, E is defined as mass
loss per particle impact (mg/impact) as follows:

_dm,

E p

d me (1)
where dmi/dme is the slope of the linear region (last six data points) of the cumulative mass loss versus
cumulative mass of erodent curve and mp is the mass of an individual particle. The mass of an individual
particle was determined using the mean particle size (d = 60 and 150 um) and density of Al,Os (3.95 g/cm?®),
while approximating the particles to be spheres. Despite only two particle velocities being used in this work, it
has been established previously that E follows a power-law dependence with v of the form:

E=¢v" @)

NASA/TM-20230003935 3



250 Test v, o, 250~ Test v, o,

condition m/s  deg condition m/s  deg
o 1 100 30 2 o 5 100 30 .
20005 2 100 90 0 2007, & 100 90 o
= 3 135 30 ® o 7 135 30 °
o 150 @ 4 135 90 e o 150 e 8 135 90 e
S £ o
= o = ] o]
& 100f . g o & Joof- o .
® o o
o m ® O ] .
501 ° B S g 50 * 5 ] = ]
*oa ™ : g o 8 ° ¢ 5o, B s o °
o B 5 O B o D
O 8 5 sl I ! ! I Oa (- O S ! ! 1 |
0 2 4 6 8 10 12 0 2 4 6 8 10 12

(a) me, g (b) Me. 9

Figure 2.—Cumulative mass loss, mi, versus cumulative mass of erodent, me, curves for EBC erosion test
conditions in Table | by alumina erodent of different particle sizes d with velocities v = 100 and 135 m/s and
impingement angles o = 30° and 90°. (a) d = 60 um. (b) d = 150 pum.
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Figure 3.—Steady-state erosion rate E of EBC as function of alumina
erodent particle velocity v for particle sizes d = 60 and 150 um and
impingement angles o = 30° and 90°.

where ¢ is a constant of proportionality that is a function of target and particle properties, test conditions,
and so forth, and n is the velocity exponent (Refs. 11 to 14). Table Il displays the values of ¢ and n for the
data shown in Figure 3. The exponent n varies between 1.62 and 2.36 and is within the range reported by
other studies on ceramics and coatings (Refs. 7, 8, and 11 to 20). As shown in Figure 3, E increases with v
for a fixed d and a.. Similarly, E increases as o and d increase for a fixed v. For comparison, Figure 4
shows the same data plotted in Figure 3, but with E expressed as mass loss per gram of erodent (mg/g).
Although similar trends are observed in Figure 4 as in Figure 3, the effect of increasing d for fixed v and
o is not as readily apparent. This is because the erosion rate is dependent upon the damage and material
loss associated with the cumulative number of impact events and less dependent on the absolute mass of
erodent used.
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TABLE I.—CONSTANT OF PROPORTIONALITY ¢ AND VELOCITY EXPONENT
N FOR THE EROSION OF EBC BY ALUMINA

Particle size, Impingement angle, Proportionality Velocity
d, a, constant, exponent,
gm deg o n
60 30 1.69x10°10 2.01
60 90 1.54x10710 2.25
150 30 5.39x10710 2.36
150 90 5.60x1078 1.62

30~ d, a,
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m 150 90
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Figure 4.—Steady-state erosion rate E of EBC as function of
alumina erodent particle velocity v for particle sizes d = 60 and
150 um and impingement angles o = 30° and 90°.

Despite the complexity and stochastic nature of the erosion process, the velocity exponents in Table |1
appear to average out to a value close to 2, suggesting the erosion behavior is directly proportional to

particle kinetic energy Uy, defined as Uy =%mpv2.

The steady-state erosion rate as a function of particle kinetic energy is shown graphically in Figure 5.
A regression analysis yields the following relationship:

E=puy ©

where the constant p = 2.20x107° and exponent b = 1.04 for the 90° data set; also, p = 7.80x10~" and
b = 1.02 for the 30° data set.

For erosion processes controlled by brittle fracture, it has been suggested (Refs. 14 to 17) that the
erosion response at oblique impingement angles should be controlled by the normal component of
velocity vy, where

vy =Vsina 4
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Figure 5.—Steady-state erosion rate E of EBC as function of alumina
erodent particle kinetic energy Uk for impingement angles o = 30°
and 90°.

However, several studies (Refs. 7, 8, 14 to 18, and 20) on the erosion of brittle materials have shown that
the tangential component of velocity vr, defined as

VT =VCosa (5)

contributes to the overall erosion response where the impacting particle slides along the surface,
generating wear scars or grooves that are typically associated with a ductile erosion process. To
understand the contribution of vt to the erosion process of the EBC, the erosion data were plotted versus
the kinetic energy of the normal component of velocity Uk, which is defined as

1
Ui n =§mp(VN )?

(6)

and the result is shown graphically in Figure 6. A regression analysis yields the following:
E=yUPy (7

where y =2.20x107 and b = 1.04 for the 90° data set, and y = 3.23107° and b = 1.02 for the 30° data set.

If there was no contribution from vr to the erosion process, then the 30° and 90° data sets would be
represented by a single regression fit. However, the 30° data set is displaced upward from the 90° data set.
The upward displacement of the 30° data set can be quantified by calculating a percent upward
displacement parameter (Ref. 14), PUD, given as

E30 — E90

90

PUD = x100 (8)

where E3o and Eg are the steady-state erosion rate for 30° and 90°, respectively, at the same UknN. The
average PUD for the data, shown in Figure 6, is approximately 47 percent.
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Figure 6.—Steady-state erosion rate E of EBC as function of particle
kinetic energy Uk of normal component of velocity Ukn of alumina
erodent for impingement angles o of 30° and 90°.

Conclusions

Solid particle erosion (SPE) in gas-turbine engines is a complex process and a function of many
variables that will change with operating conditions and environment. The target properties, erosion
conditions (particle size, shape, velocity, impingement angle, etc.), engine operating conditions
(temperature, pressure, etc.), and environment (particle composition) will all play a role in the overall
erosion response. As the use of environmental-barrier-coated ceramic-matrix-composite (EBC-CMC)
hardware in gas-turbine engines increases, it is important to develop an understanding of the operative
erosion mechanisms. Developing a fundamental understanding of the erosion processes in EBC-CMC
systems can lead to improved design and fabrication of erosion-resistant materials and to the formulation
of appropriate physics-based erosion models.

In this work, the SPE behavior of a state-of-the-art EBC was characterized at 1,200 °C using Al,O3
erodent. Two particle sizes, d = 60 and 150 pm; two velocities, v = 100 and 135 m/s; and two
impingement angles, o = 30° and 90°, were investigated. The steady-state erosion rate E was shown to
increase as particle size, particle velocity, and impingement angle increased. Particle kinetic energy was

shown to be the controlling variable, where E «c U and b = 1. Finally, the contribution of the tangential

component of the impacting particle was assessed. This contribution was quantified using a percent
upward displacement value, PUD. A PUD value of 47 percent was obtained for this EBC system.
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