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Abstract 
 

Environmental barrier coatings (EBCs) were developed to reduce the susceptibility of 

SiC-based composites to the rapid volatilization and surface recession that occurs in the 

presence of water vapor. Extensive research and development has been performed on EBCs, 

and their corresponding failure mechanisms under different environmental conditions. 

However, one key failure mechanism, solid particle erosion (SPE), has not been thoroughly 

investigated. As a result, the present work investigates the SPE behavior of a ytterbium 

disilicate (Yb2Si2O7) environmental barrier coating (EBC) deposited via plasma spray-physical 

vapor deposition (PS-PVD). Erosion testing was performed at elevated temperature (1,200 °C) 

in a simulated combustion environment at the NASA Glenn Research Center Erosion Burner Rig 

Facility. Alumina (Al2O3) particles were used as the eroding media. A range of particle kinetic 

energies and impingement angles were investigated along with the effect of coating surface 

roughness. The post-erosion damage morphology was characterized using scanning electron 

microscopy (SEM). The SPE behavior of the PS-PVD EBC was shown to be comparable to other 

EBC systems reported in the literature. 
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1. Introduction 
 

Implementing ceramic matrix composites (CMCs) in the hot-section of gas-turbine 

engines can lead to increased thermal and propulsive efficiency as a result of their low density, 

high strength, toughness, and high temperature capability [1]. However, with respect to silicon 

carbide fiber-reinforced silicon carbide (SiC/SiC) CMCs (herein referred to solely as CMCs), the 



SiO2 scale responsible for oxidation resistance at high temperature is susceptible to 

volatilization by water vapor generated as a by-product of the combustion process. In turn, 

enhanced oxidation and rapid surface recession occurs resulting in a loss of structural integrity 

and decreased life [2-3]. 

To combat the volatilization and surface recession due to water vapor, environmental 

barrier coatings (EBCs) were developed to protect CMCs and are critical for the long life 

requirements of CMC components [3-4]. In order to achieve these requirements, the key EBC 

failure mechanisms need to be well understood. Central contributors to EBC failure are 

recession by water vapor, steam oxidation, thermal and thermal-mechanical fatigue, 

degradation by calcium-magnesium-aluminosilicate (CMAS) deposits, solid particle erosion 

(SPE), and foreign object damage (FOD) [3]. Many of these key contributors to EBC failure have 

been investigated with regard to a fundamental understanding and through the development 

of mitigation strategies [3-15]. However, despite its importance, there exists very little work on 

the SPE behavior of EBCs [16-17]. Conversely, the SPE behavior of ceramic thermal barrier 

coatings (TBCs) for hot section metallic materials have been characterized more extensively 

[18-33]. In addition, efforts to characterize and understand the SPE behavior of CMC substrate 

materials have also been undertaken [34-36]. As such, the purpose of this study was to 

investigate the SPE behavior of a ytterbium disilicate (Yb2Si2O7) EBC deposited via plasma spray 

– physical vapor deposition (PS-PVD). Erosion testing was performed at elevated temperature 

in a simulated combustion environment using alumina (Al2O3) particles over a range of particle 

kinetic energies and impingement angles. Scanning election microscopy (SEM) was used to 

characterize the resultant damage morphology and understand the erosion mechanisms. A 

comparison of the PS-PVD EBC erosion behavior to other EBC systems reported in literature is 

also presented and discussed. 

 
2. Materials and Methods 

 
The target material system used in this work was a ytterbium disilicate (Yb2Si2O7) EBC. 

The Yb2Si2O7 coatings were deposited via PS-PVD [26, 37, 38] on 25.4-mm diameter by 3-mm 

thick SiC Hexoloy® SE, and 25.4 by 25.4 by 3-mm SiC Hexoloy® SA monolithic substrates. Prior to 



deposition, the SiC substrates were grit blasted with cubic boron nitride (CBN) powder at 60-psi 

to roughen the substrate surface for adhesion [8]. The substrate surface root mean square 

(RMS) values after grit blasting were approximately 6 to 8-µm. The EBC was deposited directly 

onto the SiC substrates with no bond coat.   

During deposition, the substrates were secured in place along the corners, or edge, by a 

nickel-chromium (NiCr) strapping that was spot welded to a 177 by 177-mm steel plate. The 

amount of masked area for each sample was minimized where possible. The steel plate was 

mounted perpendicular to the plasma at a distance of 1.0-m from the torch. The conditions for 

deposition are shown in Table 1. EBC thicknesses ranged from 225 – 275-µm, and the 

deposition time was 30 minutes. 

After deposition, the EBCs were heat treated in air at 1450 °C for three hours to 

crystallize the coating. X-ray diffraction (XRD) was performed using a Bruker (Milwaukee, WI) 

D8 Diffractometer to confirm the composition and crystal structure. Representative XRD 

patterns are shown in Figure 1 for the as-deposited coating and after heat treatment. In the as-

deposited state, there is a significant amount of amorphous phase and the crystalline content is 

a mixture of ytterbium disilicate, ytterbium monosilicate, and ytterbia. Upon heat treating to 

1450 °C for three hours in air, the coating fully reacts and crystallizes to a composition of 

ytterbium disilicate with some excess SiO2. The coating composition was determined to be 

approximately 77-vol% Yb2Si2O7
a with 23-vol% SiO2

b. Image analysis showed that the EBC 

porosity was ~5%. Based on this, the bulk density of the Yb2Si2O7 EBC was estimated to be 

ρYb2Si2O7/EBC = 5.01-g/cm3. The surface roughness values, Sa [µm], of the post heat treated EBC 

surfaces were measured using a Zygo 3D optical profilometer. Six locations with dimensions of 

0.86 by 0.86-mm were averaged to determine the surface roughness of a given sample. 

A representative cross-section of the EBC after heat treatment is displayed in Figure 

2(a). Figure 2(b) shows a top-down view of the EBC surface post heat treatment where mud 

cracking is evident. The mud cracking that was observed post heat treatment is likely due to 

stresses arising as a result of a volumetric change due to crystallization and potential sintering 

 
a Yb2Si2O7, ρ = 6.15-g/cm3 (PDF card 04-007-8967) [39] 
b SiO2 (low cristobalite) ρ = 2.32-g/cm3 [40] 



of the coating at temperature. Ultimately, mud cracking limits the long-term practical use of 

this coating, especially in terms of environmental protection as cracks allow the penetration of 

water vapor or other corrosive media which can accelerate material degradation. Stresses 

arising during thermal cycling have been shown to be a driving factor for mud cracking in EBC 

systems [6]. As such, information on the SPE behavior, even with the presence of mud cracking, 

can still be of value. Future efforts to optimize the processing parameters to prevent mud crack 

formation and its effect on SPE are warranted.  

The erosion experiments were conducted at the NASA Glenn Research Center Erosion 

Burner Rig Facility [41]. The facility was developed to more accurately represent gas turbine 

engine erosion conditions and has historically been used to characterize the SPE behavior of 

TBCs [20, 22, 23], and more recently, CMCs [36]. While the development of the erosion burner 

rig, along with computational fluid dynamics (CFD) modeling and experimental validation have 

been described in detail elsewhere [20, 22, 23], an overview of the facility is described here 

briefly. 

The facility is a modified NASA Glenn Mach 0.3 to Mach 1.0 burner rig that operates on 

Jet-A fuel and pre-heated air [41]. Erodent is delivered using a screw-driven powder feeder (HA 

5000F-SA, Hardface Alloys, Inc.) where it is injected into the burner chamber, passes through a 

19-mm exit nozzle, and accelerates downstream through a 19-mm diameter, 305-mm long 

unattached duct to the sample. A high temperature, spring-loaded clamshell fixture fabricated 

from Inconel® 601 is used to hold the sample during testing. The standoff distance between the 

duct exit and the center of the sample was set to 30-mm. A representative photograph and 

schematic of the erosion burner rig are shown in Figures 3(a) and 3(b). The burner rig can be 

pivoted on and off the sample for heating and cooling, and is displayed in the off, or cooling 

position, in Figure 3(a).  

Samples were heated to 1,200 °C (2,192 °F) as measured by an Ircon Modline 7.9-µm 

single-color pyrometer. After reaching the target temperature, samples were exposed to 

alumina (Al2O3) particles that were fed into the burner at a rate of 2-g/min. Alumina was 

chosen as the erodent since it is readily available and shown to produce erosion ‘scars’ or 

damage similar to that observed in engine hardware [22-24]. Three different mean particle size 



Al2O3 particles were used in this study. As determined through a particle size distribution 

analysis, the mean particle sizes, d, were: 27, 60, and 150-µm. The range of particle sizes used 

in this work falls within the range reported in the literature for SPE studies of thermal barrier 

coatings (TBCs), and other gas-turbine materials [16-36].   SEM images of the particles are 

shown in Figure 4.  

A constant fuel/air mixture to reach the desired surface temperature was used 

throughout the experiment. As a result, the particle velocity, v, for each particle size varied. 

Particle velocities were measured using a high temperature double disk velocimeter [36, 42, 

43]. The angle of particle impingement, α, was fixed at 90° for the 27 and 150-µm particle sizes, 

and was varied between 30° and 90° for the 60-µm particle size. Three samples were tested at 

each condition. Table 2 summarizes the erosion conditions used in this study. 

Samples were subjected to multiple exposures of 30 seconds each (1-g of erodent) 

where the sample mass was measured before and after each successive exposure using a scale 

with precision of 0.01-mg. A total of 10 exposures equating to a cumulative exposure of 10-g of 

erodent was used for each test condition (Table 2). This amount of erodent was determined to 

be sufficient to reach steady-state without eroding through the EBC to the substrate. The 

steady-state erosion rate, E, at each condition was determined from a regression fit in the 

linear region of the cumulative mass loss versus cumulative mass erodent curve. For 

consistency, the regression analysis was performed on the last six data points of each curve. 

The erosion damage was characterized using SEM by assessing the damage morphology directly 

from the eroded surfaces as well as polished cross-sections.  

 

3. Results and Discussion 

3.1 The Effect of Particle Kinetic Energy 

Representative cumulative mass loss versus cumulative mass erodent curves are shown in 

Figure 5 for the PS-PVD EBC at normal (90°) impingement for the three different particle sizes. 

For each particle size, a well-defined linear region (representing steady-state) is observed after 

an initial, nonlinear transient region. The transient region is represented by a higher initial rate 

of mass loss followed by a decrease to steady-state. 



The steady-state erosion rate, E, determined as the slope of the linear portion of the 

cumulative mass loss versus cumulative mass erodent curve (Figure 5) is plotted as a function of 

particle kinetic energy as shown in Figure 6. Since the erosion rate is ultimately a function of the 

cumulative number of impact events, E is converted from mass loss per mass erodent [mg/g] to 

mass loss per particle impact [mg]. This was accomplished by multiplying E [mg/g] by the mass 

of an individual particle [g]. The mass of an individual particle was estimated using the density 

of Al2O3 (ρAl2O3 = 3.95 g/cm3), mean particle size, d, and approximating the particles as spheres, 

as commonly performed in other erosion studies in literature [43-45]. This conversion was 

performed since the number of particles, and hence the number of impact events, per gram of 

erodent will decrease as the particle size increases from 27 to 150-µm. As a result, a regression 

analysis between the steady-state erosion rate, E, and particle kinetic energy, Uk, yields the 

following power law formulation: 

 𝐸 =  Φ𝑈𝑘
𝑏 (1) 

 

where Φ = 1.3 x 10-6 and b = 1.26. 
 

Currently, there is little precedence in the literature on velocity, or kinetic energy (𝑈𝑘 =

½𝑚𝑣2) dependence for SPE in EBCs. Singh et. al. [16] investigated the velocity dependence of a 

barium-strontium-aluminosilicate (BSAS) EBC deposited via plasma spray. Erosion testing was 

performed in a vacuum at a 90° impingement angle using nominal 63-µm Al2O3 erodent. Two 

particle velocities, 𝑣 = 50 and 100 m/s, were used. A power law dependence with respect to 

velocity, 𝐸 ∝ 𝑣𝑛 was observed with a velocity exponent 𝑛 = 2.7. Since only a single particle size 

was used, the kinetic energy dependence can be determined simply based on the relationship 

between kinetic energy and velocity (𝐸 ∝ 𝑈𝑘
𝑏 ⟹ 𝐸 ∝ (½𝑚𝑣2)𝑏 ⟹ 𝑛 = 2𝑏). This implies a 

kinetic energy exponent, b = 1.35 for the BSAS EBC.  

For other advanced ceramic coating systems, namely TBCs, Shin et. al. [28] showed that 

the velocity dependence for plasma spray 7 wt.% yttria-stabilized zirconia (7YSZ) at 980°C using 

27-µm Al2O3 ranged from 1.75 ≤ 𝑛 ≤ 2.27 which implies a kinetic energy dependence of 0.875 ≤ 

𝑏 ≤ 1.135. Similar results for other plasma sprayed TBCs were reported by Cernuschi et. al. [18]. 

For electron beam – physical vapor deposition (EB-PVD) TBCs, a lower velocity dependence has 



been reported where 1.00 ≤ 𝑛 ≤ 1.50 [18, 31] which equates to a kinetic energy dependence, 

0.50 ≤ 𝑏 ≤ 0.75. 

With regard to bulk, monolithic brittle solids, theoretical formulations to model SPE 

have been developed based on indentation fracture mechanics where subsurface lateral 

cracking is assumed to be the predominate mechanism responsible for material removal [46-

47]. For example, a quasi-static analysis presented by Wiederhorn and Lawn [46] which 

assumes that the incident particle kinetic energy is completely absorbed by the target through 

irreversible plasticity processes, predicts b = 22/18 (~1.22) while a modified model presented by 

Marshall et. al. [47] predicts b = 7/6 (~1.16). Although several experimental observations have 

been shown to be in accord with the theoretical predictions, the kinetic energy dependence for 

bulk, monolithic materials generally falls within the range 1 ≤ b ≤ 2 [43-45,47-48]. 

In view of the preceding discussion, the kinetic energy exponent, 𝑏 = 1.26 obtained for 

the PS-PVD EBC is in general accord with that observed for other coating systems (BSAS EBC 

and plasma sprayed TBCs), and falls within the dependence observed for many bulk, monolithic 

brittle materials.  

 
3.2 The Effect of Particle Impingement Angle 

The effect of impingement angle, α, on the erosion behavior was evaluated for d = 60-µm. 

Typical cumulative mass loss versus cumulative mass erodent curves are shown in Figure 7. 

Similar to normal impingement (Figure 5), a higher rate of mass loss is initially observed prior to 

decreasing and reaching steady-state for each angle. Figure 8 shows the steady-state erosion 

rate, E [mg/g], plotted as a function of α from 30° to 90°. Within this range, it is observed that E 

increases with increasing α, and reaches a maximum at 90°, which is a characteristic of brittle-

dominated erosion behavior. A similar dependency was reported by Singh et. al. [16] and Okita 

et. al. [17] on other EBC systems deposited by plasma spray. This will be shown and discussed in 

more detail in Section 3.5. 

 
3.3 The Effect of Surface Roughness 

A transient region represented by a higher initial rate of mass loss followed by a decrease to 

steady-state is observed for the three different particle sizes and impingement angles reported 



in this study. Based on previous related work on TBCs [26], it is believed that the initial erosion 

behavior is strongly influenced by the initial surface quality of the EBC. As such, the effect of the 

initial surface roughness on the initial erosion rate, E’, is evaluated for the 60-µm particle size 

and 30°, 60°, and 90° impingement angles. E’ was defined as the mass loss after one gram of 

particle exposure, and the results are displayed in Figure 9(a). It is evident that a higher initial 

surface roughness corresponds to a higher initial erosion rate at each impingement angle. For 

comparison, Figure 9(b) shows the steady-state erosion rate, E, plotted as a function of the 

initial surface roughness where it is evident that E is relatively independent of the initial 

roughness. This suggests that surface protrusions and asperities are easily fractured and 

removed upon initial particle impact events leading to a higher degree of initial mass loss, 

similar to what has been observed and reported for TBCs [19, 26].  

 
 
 
3.4 Erosion Damage Morphology 

Figure 10 shows the erosion surface morphology at two different regions of the EBC for d = 

60-µm and α = 90°. In both regions, Figure 10(a) and 10(b), plastic impressions reminiscent of 

an impacting particle (sharp indenter) are observed with micro-cracks, representative of a 

brittle mode of erosion, extending radially from the corners of the impressions.  

For α = 60°, as shown in Figure 11(a) and 11(b), visible wear scars or grooves are observed 

as a result of the particle impacting and sliding along the surface. In Figure 11(a), displaced 

material is observed around an embedded particle fragment resulting from the ploughing 

action of the particle during impact at an oblique angle. Micro-cracking near the particle impact 

areas are also evident. 

A further increase in grooving is observed as α is decreased to 30° as highlighted in 

Figure 12(a) and 12(b). This indicates that there is an increasing contribution of a plastic or 

ductile-like erosion process as the impingement angle decreases from 90°. Nonetheless, micro-

cracking, representing a brittle failure mode, is still evident, and is observed adjacent to the 

grooves.  



The PS-PVD EBC tested in this study has a lamellar microstructure similar to air plasma 

spray (APS) coatings. In APS coatings, material removal is generally associated with the 

delamination of single or multiple splats due to cracks propagating along splat boundaries [18, 

28]. Analysis of the eroded cross-sections, displayed in Figure 13, show that similar behavior is 

observed in the PS-PVD EBC where near-surface cracking generally encompasses multiple splats 

resulting in delamination and subsequent material removal.    

 
3.5 Comparison of Erosion Behavior for PS-PVD EBC and Plasma Sprayed EBCs 

The erosion rate and dependencies for the PS-PVD Yb2Si2O7 EBC in this study is compared to 

the work reported by Singh et. al. [16] on a plasma spray BSAS EBC, and Okita et. al. [17] on a 

plasma spray EBC. The composition of the EBC in Okita et. al. was not reported. Table 3 

summarizes the erosion conditions used and results of those works as compared to those 

obtained in this study. 

Okita et al. also investigated the effect of surface roughness by conducting erosion testing 

on as-deposited (unpolished) and polished EBC surfaces as noted in Table 3. Results showed a 

correlation to surface roughness where the polished samples (Ra = 0.25) had a lower erosion 

rate than the unpolished samples (Ra = 6.1). This is in relative agreement with the results 

presented in this work where the initial erosion rate increases with surface roughness. It should 

be noted that Okita et. al. employed a single dose of 2-g of erodent for all testing, so the 

reported erosion rates would also include the effect of any initial transient region. 

To better elucidate a comparison between the results reported in Table 3, the erosion rate, 

E, is converted from mass loss per mass erodent [mg/g] to mass loss per particle impact [mg] as 

performed previously in Section 3.1. This conversion was performed to account for differences 

in the cumulative number of impact events arising from different particle sizes and densities. 

The densities ρAl2O3 = 3.95-g/cm3 for Al2O3, and ρQuartz = 2.65-g/cm3 for quartz (silica) were used 

for the calculations. 

Figure 14 shows the data in Table 3 for the normal (90°) and near-normal (80°) test 

conditions. Notwithstanding the assumptions used within the analysis (estimating the mass of 

an impacting particle), and variations in test parameters, the erosion performance among the 

three EBCs are similar when compared on the basis of mass loss. While a volumetric erosion 



rate is preferred to account for differences in EBC composition and density, the relative density 

of the BSAS EBC investigated by Singh et. al., was not reported. However, considering the 

theoretical density of BSASc is approximately 3.3-g/cm3, and that the bulk density of the plasma 

sprayed EBC is likely lower when accounting for inherent porosity (i.e. ρBSAS/EBC ≤ 3.3-g/cm3), it is 

reasonable to conclude that the PS-PVD EBC (ρYb2Si2O7/EBC = 5.01-g/cm3) is more erosion resistant 

on a volumetric basis with respect to the test conditions used between the two studies. For the 

study performed by Okita et. al., the EBC composition and density were not reported so 

determining or extrapolating a relative erosion resistance on a volumetric basis between the 

EBC systems could not be performed.  

It should also be noted for the comparison that the EBC system investigated by Okita et. al. 

incorporated a bond coat between the substrate and the top coat while the BSAS EBC 

investigated by Singh et. al., and the PS-PVD EBC in this work did not incorporate a bond coat. 

Since SPE damage is highly localized to the surface, the presence, or lack thereof, of a bond coat 

is not anticipated to play a significant role in the overall erosion rate of the EBC top coat. 

Nonetheless, investigations into the effect of a bond coat may be warranted; for example, 

understanding the influence of dynamic stress wave interactions during particle impact. 

The effect of impingement angle on the erosion rate for the data reported in Table 3 is 

shown in Figure 15. The erosion rate is normalized with respect to the normal (90°) data for the 

BSAS EBC investigated by Singh et. al., and for the PS-PVD EBC from this study. For the EBC 

investigated by Okita et. al., the data is normalized with respect to the near-normal (80°) data. 

Under the assumption that the erosion rate at 80° is approximately equal to 90° [17], 

normalizing with respect to 80° for this case is not expected to significantly alter the observed 

dependence. As shown in Figure 15, a similar dependence for the erosion rate with respect to 

impingement angle is observed among the three EBC systems. The overall angular dependence 

observed by the three EBC systems is representative of brittle-dominated erosion where the 

maximum erosion rate occurs at 90° and decreases as the impingement angle decreases. 

However, as shown in this work, a plastic erosion process resulting in wear scars or grooves 

 
c Hexacelsian BSAS, ρ = 3.3-g/cm3 (PDF card – 00-026-0182) [39] 

  Celsian BSAS, ρ = 3.314-g/cm3 (PDF card – 00-038-1451) [39] 



contributes to material removal at lower impingement angles in the PS-PVD EBC. The 

comparable angular dependence suggests that a similar process may be operative in the other 

EBC systems as well. 

 
4. Conclusions 

 
SPE is a complex phenomenon that can cause detrimental effects to engine hardware. 

Owing to the implementation of CMCs into gas turbine engines, it is important to characterize 

the SPE behavior of EBCs because they are a critical technology required to protect CMCs from 

the harsh, water-vapor-containing combustion environment.  

There are numerous factors that will affect the SPE behavior of EBCs which include EBC 

properties (composition, microstructure, surface condition, hardness, toughness, etc.), engine 

operational conditions (temperature, pressure, combustion environment, etc.), and 

erosion/impact conditions (particle type, particle shape, velocity/kinetic energy, impingement 

angle, etc.). Ultimately, the enormity of factors and their combinations requires 

interdisciplinary approaches in experimental characterization, modeling, and simulation to aid 

in the understanding of SPE and for the design and fabrication of EBCs. 

In the present work, the PS-PVD Yb2Si2O7 EBC exhibited a power law dependence of the 

steady-state erosion rate, E, with respect to particle kinetic energy of the form: 𝐸 =  Φ𝑈𝑘
𝑏 

where Φ = 1.3 x 10-6 and b = 1.26. The functional dependence with respect to kinetic energy is 

in general accord with other coating systems and bulk, monolithic ceramic materials reported in 

literature. The EBC exhibits a brittle-fracture-dominated erosion response as exemplified by the 

dependence on impingement angle from 30° to 90° where the EBC exhibits a maximum erosion 

rate at normal (90°) impingement, and decreases with lower impingement angles. SEM analysis 

of 90° impingement samples show plastic impressions, representative of a sharp indenter, with 

micro-cracking extending radially from the corners of the impression. However, SEM analysis of 

the eroded surfaces shows an increasing contribution of a plastic process at lower impingement 

angles as exemplified by wear scars, or grooves, reminiscent of the particles impacting, and 

sliding along the surface. Nonetheless, evidence of brittle fracture (micro-cracking) is still 

observed at the lower impingement angles. Cross-sections of the eroded samples show near-



surface cracking encompassing single and multiple splats leading to delamination and 

subsequent material removal. The surface roughness of the EBC influences the initial erosion 

behavior as a higher surface roughness corresponds to a higher initial erosion rate, E’ 

suggesting that surface asperities and protrusions are easily fractured and removed upon 

impact. Finally, the PS-PVD Yb2Si2O7 EBC erosion rate is comparable on a mass loss basis and 

impingement angle dependence to other EBC systems reported in the literature.  
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Figures 

Fig. 1. Representative XRD patterns of the as-deposited Yb2Si2O7 EBC, and after heat treatment 
in air at 1450 °C for three hours. 
 

 
 
 
 
 
Fig. 2. Post heat treatment SEM images of the PS-PVD Yb2Si2O7 EBC: (a) Cross-section. (b) Top-
down view of the EBC surface showing mud crack.  
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Fig. 3. Erosion burner rig configuration: (a) Burner exit nozzle, 305-mm unattached duct, 
pyrometer and clamshell sample fixture. (b) Schematic of the burner placed before the duct 
[36, 41]. 
 

 
 

(a)                                                                            (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. SEM images of the Al2O3 particles used in this study: (a) 27-µm. (b) 60-µm. (c) 150-µm. 
 

 
 

(a)                                                  (b)                                                    (c) 
 



Fig. 5. Cumulative mass loss versus cumulative mass erodent for particle sizes, d = 27, 60, and 
150-µm, and impingement angle, α = 90°. 
 

 
 
 
 
 
 
 
 
 
 
Fig. 6. Steady-state erosion rate, E [mg/impact] plotted as a function of particle kinetic energy, 
Uk [µJ], and impingement angle, α = 90°. 
 

 



 
Fig. 7. Cumulative mass loss versus cumulative mass erodent for particle size, d = 60-µm and 
impingement angles, α = 30°, 60°, and 90°. 
 

 
 
 
 
 
 
 
Fig. 8. Steady-state erosion rate, E [mg/g] plotted as a function of impingement angle, α [°] for 
particle size, d = 60-µm. 
 

 



Fig. 9. The effect of surface roughness: (a) Initial erosion rate, E’ [mg/g] (defined as the mass 
loss after 1-g of particle exposure) plotted as a function of initial surface roughness [µm]. (b) 
Steady-state erosion rate, E [mg/g] plotted as a function of initial surface roughness [µm]. 
 

 
(a)                                                                                    (b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Erosion surface morphologies for particle size, d = 60-µm, particle velocity, v = 135 m/s, 
and impingement angle, α = 90°: (a) Region 1. (b) Region 2.  
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Fig. 11. Erosion surface morphologies for particle size, d = 60-µm, particle velocity, v = 135 m/s, 
and impingement angle, α = 60°: (a) Region 1. (b) Region 2. 
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Fig. 12. Erosion surface morphologies for particle size, d = 60-µm, particle velocity, v = 135 m/s, 
and impingement angle, α = 30°: (a) Region 1. (b) Region 2.  
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Fig. 13. Cross-section damage morphology showing sub-surface damage at impingement angle, 
α = 90° for: (a) particle size, d = 27-µm, and particle velocity, v = 150 m/s. (b) particle size, d = 
60-µm, and particle velocity, v = 135 m/s. (c) particle size, d = 150-µm, and particle velocity, v = 
100 m/s. Sub-surface cracking highlighted for clarity. 
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Fig. 14. Comparison of the erosion rate, E [mg/impact] plotted as a function of particle kinetic 
energy, Uk [µJ] for the normal (90°) and near-normal (80°) for the data presented in Table 3.  
 

 



 
Fig. 15. Comparison of the normalized erosion rate, E* plotted as a function of impingement 
angle, α [°] for the data presented in Table 3. 
 

 

 

 

 

 

 

 

 

 

 

 

 



Tables 

Table 1. PS-PVD processing parameters for the Yb2Si2O7 EBC evaluated in this study. 

PS-PVD Processing Parameters 

Current [A] 1640 
Argon/Helium Ratio [NLPM] 30/60 

Standoff Distance [m] 1.0 
Pressure [torr] 0.83 

EBC Target Thickness [µm] 225-275 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2. Erosion test conditions used in this study. 

Mean Particle 
Size, d [µm] 

Impingement angle, α [°] Velocity, v [m/s] 
Kinetic Energy1, 𝑼𝒌 

[µJ] 

27 90 150 0.46 
60 30, 60, 90 135 4.07 

150 90 100 34.90 
1 Kinetic energy, 𝑈𝑘 = ½𝑚𝑣2, was calculated by using the velocity, v [m/s], and the mass of an individual 
particle [kg]. The mass of an individual particle was estimated by using the density of Al2O3 (ρAl2O3 = 3.95 
g/cm3), mean particle size, d, and approximating the particles as spheres.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3. Comparison of the erosion rate, E for the PS-PVD Yb2Si2O7 EBC (this study), and other 
EBCs reported in the literature.  

Reference 
Temperature 

[°C] 
Particle 

Type 
Particle Size, d 

[µm] 
Impingement 

Angle, α [°] 
Velocity, v 

[m/s] 
Erosion Rate, E 

[mg/g] 

Singh et. al. 
[16] 

(BSAS) 

- 
(vacuum) 

Al2O3 63 

90 
 
 

20 
 

50 
100 

 
50 

100 

1.57 
9.88 

 
0.97 
4.19 

Okita et. al. 
[17] 1037 

Quartz 
(Silica) 

50 
80 

225 
29.571 (39.972) 

60 
30 

23.451 (31.612) 

9.321 (19.052) 

This study 
(Yb2Si2O7) 

1200 Al2O3 

27 
 

90 
 

150 
 

10.723 

 
 

60 
 
 

150 

90 
60 
30 

 
90 

 
135 

 
 

100 

21.753 

17.253 

10.513 

 
14.953 

1Polished EBC surface erosion rate, E; Ra = 0.25 [17] 
2Unpolished EBC surface erosion rate, E; Ra = 6.1 [17] 
3Steady-state erosion rate, E (average of three samples) 
 


