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Abstract 

Environmental Barrier Coatings (EBCs) are used as protective coatings for silicon 

carbide components in gas turbine engines to inhibit surface reactions with water vapor 

released by hydrocarbon combustion. In this high temperature environment, oxidizing 

species such as H2O and O2 react with SiC to form gaseous CO and a solid SiO2 layer on 

the SiC surface. However, subsequent reaction of the normally protective silica layer with 

water vapor leads to the formation of gaseous Si(OH)4, and volatilization of the silica 

scale at a rate that increases with temperature, water vapor pressure and flow rate over the 

surface. All three of these parameters are high in modern gas turbine engines, leading to 

severe volatility issues for SiC-based ceramics. The primary objective of an 

environmental barrier coating (EBC) then is to impede access of oxidizing species to the 

underlying component while maintaining adherence over long durations (in the range of 

5,000 hours). The target use temperature of current EBCs is 1316 °C (2400 °F) with 

repeated cycling between this and the ambient temperature. While several EBC concepts 

have been proposed, there has been no fundamental study of their response to 

thermocyclic loading in water vapor environments, and little is known about the 

mechanisms that govern their performance and durability. Materials property data is also 
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unavailable for many of the candidate materials in their bulk (fully dense) and coating 

structure forms, and little is known about the relationships between coating 

microstructure and the way in which the coating is applied.  

One promising coating system with very low steam volatility is the ytterbium 

monosilicate/mullite/silicon (Yb2SiO5/Al6Si2O13/Si) tri-layer EBC. EBCs are generally 

applied by an air plasma spray (APS) deposition process in which particles of the coating 

material are melted in an atmospheric pressure, Ar-based plasma jet, and the molten 

droplets sprayed onto the component surface. In collaboration with the NASA Glenn 

Research Center, this coating system was deposited on α-SiC substrates using a high 

power APS approach, and the relation between the coating structure and the process 

environment characterized. Some of the coatings delaminated from the substrate upon 

cooling, which was indicative of significant variation in the adherence between the SiC 

substrate and Si layer. The EBC coated α-SiC substrates that did not delaminate were 

then tested in a steam-cycling furnace designed to reproduce some aspects of the 

thermocyclic and environmental conditions found during lean combustion engine 

operation. The thermal cycles consisted of a 60 min 1316 °C hold time in a flowing 90 % 

H2O and 10 % O2 environment followed by cooling to 110 °C with a hold for 10 min. All 

of the coatings delaminated from their substrate with coating lifetimes ranging from less 

than one hundred to several hundred cycles. 

The primary factor contributing to rapid steam cycling failure of the coatings was 

rapid penetration of oxidizing species through channel (mud) cracks in the Yb2SiO5 and 

Al6Si2O13 layers that terminated at the Si bond coat.  An analysis of the residual stresses 
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resulting from differences in the coefficients of thermal expansion (CTE) of the three 

materials used in the coating and that of the SiC substrate indicated that mud cracks were 

formed as a result of large in-plane biaxial tensile stress in the ytterbium monosilicate and 

(to a lesser extent) mullite layers. The mud cracks provided a fast transport path to the 

silicon layer that resulted in rapid formation of a thermally grown oxide (TGO) identified 

to be the cristobalite phase of SiO2. The TGO layer was then found to undergo severe 

microfracture as it underwent a β (high) → α (low) cristobalite phase transformation on 

cooling through ~220 °C that was accompanied by a 4.5 vol% contraction upon cooling. 

The repetition of this phase transformation with cracking led to rapid oxidation of the 

silicon layer and failure of the system by spallation of the Yb2SiO5 and Al6Si2O13 layers 

above it.  

An improved APS system was designed and installed at the University to enable the 

deposition process to be studied carefully, and an optimized coating process to be 

developed. In this revised process, the Si layer was deposited onto the SiC at high 

temperature (1200 °C) under a reducing environment to improve its adherence with the 

substrate and ensure the layer had a high relative density (only a few isolated pores). This 

eliminated premature delamination issues experienced during cooling for some of the 

high power deposited coatings. The effect of spray parameter selection upon the 

microstructure of Yb2SiO5 and its disilicate (Yb2Si2O7) counterpart (which has a CTE 

more closely matched to the substrate) was investigated. Secondary phases were 

identified and shown to result from SiO evaporation from the powder particles during 

plasma heating. Their volume fractions, as well as other microstructural and defect 

features of the layers were all investigated. Though mud cracking was again observed in 
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Yb2SiO5 layers, no such cracking was identified in Yb2Si2O7 layers. This difference in 

cracking behavior was consistent with differences in the residual stress developed during 

cooling of the two ytterbium silicates.  

The (optimized) low power Yb2SiO5/Al6Si2O13/Si EBCs were again tested in steam-

cycling, but no statistically significant improvement in coating life was observed.  The 

improved Si layer adherence and microstructure eliminated the primary delamination 

mode seen in the high power deposited coatings, but a new failure mechanism was 

observed in the optimized ytterbium monosilicate protected system. As opposed to mud 

crack termination at the Si bond coat, mud cracks in the low power tri-layer system 

bifurcated either within the Al6Si2O13 layer or at one of its interfaces. The bifurcated 

cracks continued to propagate towards the Si bond coat where the crack ligaments turned 

and propagated as horizontal delamination cracks through the mid-plane of the Si layer. 

Rapid oxidizing species access to the interior of the EBC still occurred through these mud 

cracks, but instead of oxidizing the Al6Si2O13 – Si interface, the faces of the delamination 

cracks within the Si layer were oxidized to form cristobalite. These cracks advanced 

sequentially during steam cycling until spallation occurred. In collaborations with 

researchers at UCSB, the thermomechanical competition between the single channel and 

bifurcated crack damage modes was investigated using Finite Element Analysis (FEA) 

combined with J-integral methods to calculate the stored elastic strain energy release rate 

(ERR) during fracture by the two crack propagation paths. 

Simpler bi-layer Yb2Si2O7/Si EBCs were also deposited on the same SiC substrates 

using the optimized, low power APS process. The ytterbium disilicate layer in these 
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coatings contained about 15 vol% Yb2SiO5 but did not mud crack upon cooling. Neither 

spallation failure of the coatings nor cracking of the ytterbium silicate layer was observed 

during steam furnace testing for up to 2,000 cycles (2,000 hours at 1316 °C). A 

cristobalite TGO layer was found to form slowly at the Yb2Si2O7 – Si interface, and the 

thickness of this layer was measured by sectioning samples extracted from the furnace 

after 250, 500, 750, 1,000, and 2,000 steam cycles. The maximum TGO thickness 

reached only ~2.5 μm after 2,000 hours of exposure, even though it had begun to 

microcrack and therefore had lost its protective properties. The TGO layer thickness 

exhibited a linear dependence upon high temperature exposure time, consistent with 

growth being limited by diffusion of the oxidizing species through the ytterbium 

disilicate layer. The linear oxidation rate constant was used to calculate a monatomic 

oxygen flux and effective oxygen diffusion coefficient through the Yb2Si2O7 layer. Some 

volatilization of Si from the surface of the Yb2Si2O7 layer was also observed, and the 

coating edges suffered from preferential attack. However, the steam-cycling performance 

of this coating was deemed sufficient to merit further investigations of the system for 

stressed (rotating) environments. 

Large stand-alone plates of Yb2Si2O7 and Si were deposited by APS. These plates 

were precision ground into mechanical test specimens through collaboration with 

technical staff at the NASA Glenn Research Center. The specimens were used to measure 

the elastic modulus, fracture toughness, flexure strength at low and high temperatures, 

and obtain estimates of the materials’ creep resistance. The mechanical properties of the 

ytterbium disilicate material were significantly lower than values for fully dense 

materials. Reductions of 2-5x were observed across all quasi-static properties. The creep 
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rates of APS Yb2Si2O7 were found to be very rapid (1 % creep strain accumulated in only 

25 h at 900 °C and 16MPa). The activation energy for creep in the 10 % porous APS 

material was in the 130-150 kJ/mol range. The creep rate of the APS Si samples was also 

high, but in this case similar to bulk polycrystalline silicon. The mechanical properties of 

the APS deposited ytterbium disilicate/Si system appear insufficient for future application 

on rotating components.  

The implications of the various failure mechanisms observed and the material 

properties measured and calculated for these EBC systems are discussed. The materials 

selection, processing, and performance relationships are interpreted in the context of 

further EBC development, and several suggestions are proposed for future work to 

address the technical challenges of this evolving field.  
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1 Introduction 

The gas turbine engine has profoundly affected society since its initial development 

during WWII. It has enabled the cost of long distance travel to be dramatically reduced 

while also making it more reliable, greatly increasing safety, and reducing transit times. 

The gas turbine’s impact upon global trade and other interactions between nations has 

been dramatic. It is also the power plant for many of the platforms used to ensure national 

defense including air, land and maritime applications. On top of this, it is used 

extensively worldwide for the efficient generation of electricity, particularly to meet peak 

energy demands. In spite of many years of development, the overall efficiency of gas 

turbine engines remains far from the thermodynamic limits for hydrocarbon combustion. 

All of the many uses of gas turbines can therefore be advanced by continued 

improvements to their fuel efficiency and power output. 

 

1.1 Evolution of the Gas Turbine Operating Temperature 

Improvements to the fuel efficiency and specific thrust of future gas turbine engines 

will require advances in many areas including; (i) increasing the gas turbine inlet 
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temperature, (ii) higher overall pressure ratios of engines, (iii) increasing the by-pass ratio 

and (iv) incorporation of more efficient thermodynamic cycles into novel engine core 

designs.
1-4

 Developments will be paced by the emergence of new propulsion materials, 

protective coatings, thermal management concepts, and manufacturing tools for 

economical component fabrication. Arguably, the most difficult materials challenge will 

be encountered in the engine’s hot core section.
2,4-6

 Here, severely stressed rotating 

components will be subjected to ever-increasing temperatures whose upper limit is set by 

stoichiometric combustion of the Jet-A fuel. At a combustor pressure of 1 MPa and an air 

charge temperature of 500 °C, the NASA CEA code
7
 predicts this fuel burn temperature 

to be 2255 °C. However, the CEA code gives only an isentropic prediction of 

combustion. In a real combustion scenario, significant entropy production and thermal 

transfer occur such that the true limit is likely to be closer to 2,000 °C. 

Recent increases to the turbine inlet temperature have been achieved by the use of 

internal air and surface film cooled superalloy components protected against oxidation 

and hot corrosion by thermal barrier coating (TBC) systems, Figure 1.1. This strategy is 

approaching its limit because: coating sintering leads to a loss of compliance and 

increased thermal conductivity,
8-12

 the bond coat oxidation rate (and thus delamination 

risk) increases rapidly with temperature,
8,13-15

 and calcium-magnesium-aluminum-silicate 

(CMAS) melting and infiltration cause premature coating failure
16-18

. Even if these issues 

were resolved, TBCs can be eroded by fine (dust) particles
18-21

 or chipped away by larger 

foreign object damage (FOD)
18,21,22

.  
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Figure 1.1: The evolution of turbine blade materials, coatings, cooling concepts and 

turbine inlet T4.1 gas temperature plotted against the year of entry. Current engines 

utilize internal and film cooled single crystal (SX) superalloy blades protected by thermal 

barrier coatings in the hottest regions of the engine (adapted from reference)
23

. 

 

Gas path temperature increases might be extended with more aggressive cooling 

while maintaining current surface temperatures, but additional cooling airflow provided 

by the compressor would significantly reduce its efficiency. Therefore, as thermal 

protection concepts for superalloy components used in the most advanced gas turbine 

engines reach their limits, interest has grown in the development of components made 

from materials with much higher maximum use temperatures.
24-32

 Implementation of 

such materials systems with significantly elevated use temperature could be beneficial 

throughout the hot section. First, in the high-pressure section of the turbine, the gas 

temperature (burn temperature) could be significantly increased keeping all other 

variables constant. This yields a small increase in propulsive efficiency and a large 

increase in specific power output of the engine. Second, in the intermediate pressure 

section of the turbine where temperatures are reduced, the increased temperature 

capability could allow similar components to be used with reduced cooling, improving 
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efficiency through a reduction of bleed air drawn from the compressor. Finally, in the low 

pressure section of the turbine where temperatures are much lower, bleed air could be 

eliminated. Again, this has the benefit of reducing bleed air consumption, but also greatly 

simplifies blade design and engine configuration by removing the bleed air system. 

All of the considerations listed above are strong incentives for developing advanced 

materials systems with enhanced thermal capability. Based upon the very high use 

temperatures desired, ceramic systems are the most viable. Use of ceramics also carries 

the added benefit of considerably reduced density (technical ceramics are generally 30-50 

% of the density of modern superalloys). High temperature technical ceramics would 

reduce the weight of the engine yielding further increases in aircraft efficiency. 

 

1.2 SiC and Ceramic Matrix Composites (CMCs) 

Even ―tough‖ monolithic ceramics such as Si3N4 have insufficient fracture toughness 

for critical gas turbine applications. Therefore, materials development has focused upon 

damage tolerant fiber-reinforced ceramic matrix composites (CMCs) with weak 

fiber/matrix interfaces. The most promising composites use boron nitride coated SiC 

fibers (such as Hi-Nicalon S and Sylramic fibers) and SiC matrices incorporated by 

chemical vapor infiltration with residual pores filled by silicon slurry or melt infiltration 

followed by carburization.
25,31-38

 The BN fiber coating creates a weak interface with the 

SiC matrix resulting in a highly desirable rising R curve (toughening) response upon 

micro-scale crack propagation. The composites also offer the high creep resistance 

needed for stressed rotating components.
31-36,38

 



5 

 

While their high temperature mechanical behavior offers much promise, CMCs are 

susceptible to fiber embrittling interactions and pesting at temperatures of 700 - 900 

°C.
39-45

  Also, the normally protective SiO2 scale grown on SiC reacts with water vapor in 

hydrocarbon combustion environments to create gaseous silicon hydroxides (Si(OH)4) 

via several reaction pathways.
46-51

 The temperature, pressure, incident water vapor flux, 

and local flow conditions during exposure determine the observed paralinear oxidation 

kinetics.
47-49,51

 SiC recession rates significantly greater than 1 μm/hr have been observed 

in the 1300-1350 °C range.
46

 This can severely impair the useful life and performance of 

SiC components due to shape change or net section thinning, which would render them 

unfit for turbine engine application. Consequently, CMC components must be protected 

by environmental barrier coatings (EBCs) to prevent component damage during 

operational lifetimes of thousands of hours. 

The design of EBCs is therefore driven by a different combination of objectives to 

those governing the design of thermal barrier coating (TBC) systems, where the objective 

is to reduce a metal component’s surface temperature while also protecting it from 

oxidation and various forms of hot corrosion.
52-57

 Furthermore, unlike TBC systems, 

EBCs will eventually be used as a ―prime-reliant‖ coating, since the life of unprotected 

SiC components under mechanical load in a combustion environment will be very short 

due to a combination of the damage mechanisms identified above.
46,51,58-60

 However, they 

must still meet the demands of the engine environment shared with TBCs, including 

foreign object damage (FOD)
18,21,22

 and reactions with molten calcium-magnesium-

aluminum-silicates
16-18,61,62

 (CMAS). Finally, when used on rotating components, EBCs 

will be required to sustain significant static and cyclic loads that can cause fracture and 
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creep.
56,63-69

 The combination of these constraints with the high target use temperature 

leads to one of the most severe environments ever envisioned for the use of an advanced 

materials system. Therefore, the design of robust EBCs is likely to pace the 

implementation of CMCs in gas turbines. 

 

1.3 First Generation Environmental Barrier Coatings (EBCs) 

The first EBCs were proposed in the 1990’s and consisted of a 3:2 mullite 

(3Al2O3*2SiO2 or Al6Si2O13) coating applied directly to the SiC substrate.
70

 During 

prolonged high temperature exposure, silica was volatilized from the mullite leaving an 

alumina scale that spalled readily, offering only short protection times.
60

 Mullite was also 

found to suffer from severe cracking upon annealing when deposited onto ambient 

temperature substrates by air plasma spray (APS). This cracking was linked to high 

volume fractions of amorphous material and was remedied by performing APS 

depositions into a box furnace held above the crystallization point of mullite (~1,000 

°C).
70

 Deposition onto heated substrates was found to result in crystalline mullite with 

significantly improved adherence and reduced cracking after annealing. However, the 

improved coatings still did not provide adequate protection times as SiO2 was volatilized 

from the mullite surface and preferential attack through mud cracks was observed.
59

 

The next EBC development focused on bi-layer concepts in which an yttria-stabilized 

zirconia (YSZ) topcoat was used to prevent volatilization (chemical attack) of the 

underlying mullite.
71

 Thermal cycling tests in water vapor revealed that the coating 

quickly cracked and delaminated at either the YSZ – Al6Si2O13 or the Al6Si2O13 – SiC 
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interfaces. The rapid failure was attributed to the substantial CTE mismatch between 

YSZ, the underlying mullite layer and the substrate.
60,72-75

 One additional drawback of 

such coating schemes with mullite applied directly to the substrate was the formation of a 

porous, low viscosity SiO2 scale at the mullite – SiC interface.
59

 This was linked to both 

chemical contamination of the SiO2 scale and the bubbling of gaseous species (resulting 

from oxidation of SiC) through the scale. The end result was poor adhesion and 

premature spallation of the coating at the mullite – SiC interface.
71,76

 Improved adherence 

of the coating was determined to be a critical priority for enhanced durability. 

 

1.4 Second Generation EBCs 

Several alkaline earth and rare earth silicates were identified with well-matched CTEs 

in the late 1990’s and early 2,000’s that exhibited little weight change during high 

temperature, high water vapor pressure environmental exposure,
77,78

 Table 1.1. Barium-

strontium aluminosilicate (BSAS) has a low silica activity and a CTE that is well 

matched with substrates. However, BSAS reacts with thermally grown silica, 

necessitating an intermediate Al6Si2O13 layer architecture
79

 to eliminate failure at the 

coating/substrate interface and increase EBC life.
59

 It was also identified that applying a 

layer of Si in between the Al6Si2O13 layer and the substrate considerably improved the 

adherence of the coating.
80

 This was due to the pre-reaction of oxidizer with pure Si, 

which unlike SiC does not emit CO and therefore forms a dense scale.
59,79

 Though this 

EBC had lifetimes over 1,000 hours below 1300 °C, low melting eutectics from above 

this temperature and limit the useful lifetime to under 1,000 hours.
79

 This discovery 
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indicated the need for EBC topcoats to have reasonably matched CTE, low volatility, and 

high temperature phase stability over extended durations. 

Table 1.1: Thermal expansion coefficients of EBC materials, adapted from Lee.
78

 

Material CTE (×10
−6

 
o
C

-1
) Melting Point (

o
C) Application 

Y2SiO5
 

5–6 1980
81

 

Topcoat 

Er2SiO5
 

5–7, 7–8
a
 1980

81
 

Yb2SiO5 3.5–4.5, 7–8
a
 1950

81
 

Lu2Si2O7
 

3.8
82

 unknown 

Sc2Si2O7 + Sc2O3
 

5–6 1860
b
 

Yb2Si2O7 4–6
83

 1850
81

 

Yb2O3 6.8–8.4
84

 2415
c
 

BSAS (monoclinic) 4–5 1300
79

 

BSAS (hexagonal) 7–8 1300
79

 

Mullite 5–6 1800
85

 Intermediate 

coat Alumina 6.0–8.4
86

 2072
87

 

Si 3.5–4.5 1400
88

 Bond coat 

SiC, SiC/SiC 4.5–5.5 2545
89

 
Substrate 

Si3N4 3–4 1875
90

 
a
 more recent value reported.

77
 

b
 Lower-melting eutectic at 1770 °C on Sc2O3-rich side and 1660 °C on SiO2-rich side.

91
 

c
 Undergoes pre-melt phase transformation at 2360 °C.

92
  

 

Ytterbium and lutetium silicates exhibit some of the lowest volatilities in steam, and 

are monomorphic. Ytterbium has reported properties for both monosilicate (Yb2SiO5) and 

disilicate (Yb2Si2O7) variants whereas lutetium disilicate (Lu2Si2O7) has only reported 

thermal expansion data. The CTE of these and other candidate materials are summarized 

in Table 1.1. Like BSAS, the RE-silicates are reportedly unstable as single layer coatings 

applied to SiC substrates, and so a tri-layer RE-silicate/mullite/silicon coating approach 

analogous to the BSAS topcoat EBC has been proposed.
78
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These tri-layer RE-silicate based EBCs reportedly have lifetimes of several hundred 

hours during steam-cycling at 1316 °C in slowly flowing 90 % H2O/10 % O2.
77,78

 Despite 

the range of reported life, no lifetime data has been published. Additionally, though 

thermochemistry has been considered extensively, the thermomechanical behavior of 

EBCs has not been addressed in the open literature. This leaves a serious fundamental 

gap in the knowledgebase of environmental barrier coating performance. Particularly for 

the target ―prime-reliant‖ application, understanding of the mechanical damage 

experienced by EBCs during thermal cycling and how this damage interacts with the 

environment is crucial. 

In summary, for applications up to 1316 °C (2400 °F) research has focused on EBC 

systems consisting of a Si ―bond coat‖ applied to the SiC, which is then covered by 

materials that impede the diffusion of oxygen and water vapor and that are resistant to 

steam volatilization.
59,63,64,66,77-79,93-98

 The design objective for the bond coat is similar to 

that of the aluminum-rich metallic layer used in TBC systems. It serves as a sacrificial 

layer forming a protective oxide (SiO2) upon exposure to oxidizers, thereby inhibiting 

oxidizing species’ access to the SiC-based component surface. The objective of the upper 

EBC layers is to reduce the Si layer’s outer surface exposure to oxygen and steam, while 

also being highly resistant to steam volatilization itself.
77,78

 Though several candidate 

systems have been proposed, the coating lifetime and the mechanisms by which these 

coatings are damaged in steam-cycling or true exposure have yet to be documented in 

open literature. 
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1.5 Air Plasma Spray (APS) Deposition 

Plasma spray deposition methods have been developed in various forms for nearly 70 

years, and are widely used to deposit a variety of surface protective coatings.
99-102

 The air 

plasma spray (APS) process is an economic and often reliable method for the deposition 

of such coatings, and has attracted attention for the deposition of EBCs on SiC 

components.
59,60,63-67,70,71,76-79,93-95,97,98,103-109

 This is a logical extension to the already 

widespread use of APS for deposition of the TBC systems used to protect superalloy 

components in current gas turbine engines.
68,98,100,110-125

 Interest is therefore growing in 

the relationships between plasma spray deposition conditions and the composition, 

structure, and defect populations of coating layers deposited from EBC materials. 

The fundamental interactions of interest in APS processing are those between the 

plasma spray parameters, the thermal and jet flow characteristics of the plasma plume, 

the composition and size distribution of the injected particles, chemical and flow 

interactions with the surrounding atmosphere, and the substrate surface roughness and 

temperature during deposition. These interactions have been studied for APS deposition 

via both simulation
 
and experiment.

72,126-147
 Increases of the direct arc current and 

secondary gas concentration (such as H2) have been demonstrated to increase the peak 

temperature within the plasma plume and thus that experienced by powder particles. 

They also increase the plasma plume’s velocity, which results in a decreased particle 

residence time in the plasma, moderating the effect of the higher heating rate on particle 

temperature. Changes to the standoff distance between the exit of the torch and the 

substrate also change a particle’s residence time, and its velocity and temperature upon 

impingement with the substrate.  
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The particle temperature history is primarily controlled by the powder size 

distribution and the precise trajectory a particle takes through the plasma flow.
99,127-

129,131,133-137,147-149
 The APS process therefore exhibits substantial stochastic character: 

small diameter particles that take trajectories through high temperature regions of the 

plasma jet may be super-heated and change composition by evaporative losses while 

larger particles traveling through comparably cool regions of the plasma may barely melt. 

The result is a coating containing a variety of droplet (splat) shapes and compositions 

after substrate impact, generally with the intentional incorporation of substantial porosity. 

Consequently, all of the plasma spray variables above can affect the composition, 

microstructure and defect populations within a coating. 

Despite the application of EBCs to SiC components by APS techniques for over 20 

years, no studies have been published detailing the relationships between the processing 

parameters and microstructure of EBCs. Great interest and opportunity therefore exists to 

study APS deposition of the unusual RE and heavy metal silicate compounds desired for 

topcoat applications. Furthermore, since the design constraints are different from TBCs 

(as indicated in Section 1.2), different microstructures are desirable. Therefore, different 

and previously unused combinations of spray parameters may be necessary for deposition 

of low porosity EBC microstructures. These issues have yet to be addressed, but will be 

of great interest as EBC concepts mature. 
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1.6 Mechanical Properties of APS Materials 

As candidate EBC coating concepts begin to be identified for turbine engine 

applications, a more comprehensive understanding of their thermomechanical properties 

is needed to assess their response during exposure in future gas turbines, in particular for 

utilizing ceramic rotating components that are internally cooled. EBC research appears to 

be following the pattern of thermal barrier coating (TBC) systems, where 

thermochemistry, environmental stability and thermal cyclic durability of TBCs were 

studied for many years before the mechanical properties of TBCs were examined 

rigorously.
57,114,120-124,150-153

 At this point the thermochemistry and environmental stability 

of several early generation EBCs applied to ceramic matrix composites (CMCs) have 

been assessed. Several studies have even been performed using advanced testing 

equipment that more accurately represents the turbine environment than steam-cycling 

testing,
63-67

 but studies of the mechanical properties of current baseline and candidate 

EBC materials remain unpublished. 

Characterization of both quasi-static and time-dependent mechanical properties of 

EBCs is particularly important for understanding failure modes and modeling the long 

duration response of coating systems. If the time dependent deformation of EBC 

materials can be approximated by the general creep constitutive equations of ceramics, 

their primary creep strain rate can be written as: 

 
  

  
   

   
  ⁄                       1.1 
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where σ is the applied stress, t is time, T is absolute temperature, R is the gas constant, 

and the relevant creep parameters are the activation energy Ea, the creep stress exponent 

n, and the primary creep time dependence s.
154

   

Their secondary (steady state) creep strain rate also depends upon the same 

parameters: 

  

  
   

   
  ⁄                  1.2  

 

In TBC systems, these properties have been studied comprehensively by Choi, Zhu, 

and Miller
120

 for both quasi-static and time-dependent properties. Others have also 

performed considerable in-depth analysis for both APS and EB-PVD coating systems.
122-

125
 Measurement of such properties allows analysis of both the stored strain energy and 

stress states of the coating, as well as how these evolve over time. Consequently, the 

driving forces for both quasi-static and time-dependent mechanical failure can be 

addressed in these systems. 

The previously mentioned creep studies of TBC materials have been performed using 

4-point flexure creep.
120,122-125

 The validity of flexure creep has been discussed at length 

for such applications.
155,156

 Based on several literature sources that examined high 

temperature flexure creep of a variety of ceramic materials,
157-173

 the general conclusion 

is that flexure creep is a useful quantitative method due to the simplicity and greatly 

reduced cost when compared to uniaxial creep. It may also be favored for more brittle 

specimens such as coatings due to the smaller volume of material placed under maximum 

stress. However, flexure creep should not be used for engineering design curves due to 
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uncertainties in calculations of stress and strain arising from shifts in the neutral axis, 

differences in tensile and compressive creep behavior, difficulty in analytical modeling of 

flexure creep, and uncertainty in achieving steady state secondary creep, among 

others.
155,156

 For preliminary investigations of materials systems such as EBCs, however, 

the 4-point flexure creep technique remains quite appealing. 

Despite the proliferation of mechanical properties testing and processing – 

microstructure – property analyses of TBC systems, EBC materials have yet to be 

evaluated and documented in such a manner. All of the same fabrication and testing 

methodologies apply so that direct transference of tests is straightforward. It has also 

been clearly demonstrated that the mechanical performance of EBCs is of great 

concern.
65,67,77,78,94

 This knowledge gap is therefore another critical issue that must be 

addressed in EBC literature to allow continued investigation and increased understanding 

of EBC performance. 

 

1.7 Dissertation Goals 

This dissertation was performed with the aim of filling some of the knowledge gaps 

identified in the literature. This is addressed by developing an understanding of the 

fundamental intrinsic and extrinsic factors that affect the durability of model EBC 

systems. The first goal is to assess the performance of the previously proposed tri-layer 

Yb2SiO5/Al6Si2O13/Si EBC in a steam-cycling environment. This will be achieved by 

depositing and thoroughly characterizing the structure of the coating and identifying the 

mechanisms by which the coating is damaged during isothermal cyclic exposure (steam 
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cycling). The second goal is to develop an APS capability that enables study of the 

relationships between deposition parameters and the resultant microstructure of deposited 

coating layers. The third goal is to use the knowledge gained in the preceding efforts to 

propose and test a revised EBC with substantially improved performance in steam 

cycling. Finally, the fourth goal assesses the viability of steam-cycling qualified EBC 

systems in the mechanically loaded environment experienced by a rotating turbine blade. 

 

1.8 Dissertation Outline 

Chapter 1 has briefly reviewed the evolution of the gas turbine field and development 

of ceramic composite components, which require protective EBCs for use in this 

application. Chapter 2 analyzes the structure of a model tri-layer Yb2SiO5/Al6Si2O13/Si 

EBC deposited using the original hardware and deposition parameters from which that 

EBC system was developed, and Chapter 3 analyzes the performance of that system in 

steam-cycling. There, the various effects of sample geometry, oxidizing/volatilizing 

environment, and cyclic exposure are first introduced and discussed. Chapter 4 addresses 

the selection, installation, and operation of an APS system at the University, which was 

executed as part of this dissertation. The unique qualities of this system and several 

modifications that allow for improved coatings are discussed. Chapter 5 describes studies 

of the processing-microstructure relationships developed using the APS system at UVA. 

This analysis focuses primarily on the development of EBC topcoats, which are found to 

suffer from preferential volatility issues during deposition. 
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Chapter 6 assesses the performance of a revised tri-layer Yb2SiO5/Al6Si2O13/Si EBC 

deposited at UVA. This system was developed with the intention of remedying several of 

the issues that compromised the EBC tested in Chapter 3. The alternate microstructure 

and an associated new failure mode are discussed. Chapter 7 examines an alternate 

baseline bi-layer Yb2Si2O7/Si EBC. The coating’s greatly improved performance in steam 

cycling is discussed in the context of an environmental barrier layer, as well as several 

damage mechanisms that are observed to occur over long duration steam cycling. Chapter 

8 details mechanical tests performed on APS Yb2Si2O7 and APS Si. Both quasi-static and 

time-dependent properties of these materials are examined. Their behavior is compared to 

bulk materials, and interpreted in the context of EBC applications for stressed (rotating) 

hardware such as turbine blades. A comprehensive discussion of the results of the various 

chapters is presented in Chapter 9, and Chapter 10 provides concluding remarks from the 

dissertation as well as suggestions for future research directions in the field of 

environmental barrier coatings. 
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2 Plasma Spray Deposition of Tri-Layer Environmental 

Barrier Coatings
1
 

 

Synopsis: An air plasma spray process has been used to deposit tri-layer 

environmental barrier coatings consisting of a silicon bond coat, a mullite inter-diffusion 

barrier, and an Yb2SiO5 topcoat on SiC substrates. Solidified droplets in as-deposited 

Yb2SiO5 and mullite layers were discovered to be depleted in silicon. This led to the 

formation of an Yb2SiO5 + Yb2O3 two-phase topcoat and 2:1 mullite (2Al2O3*SiO2) coat 

deposited from 3:2 mullite powder. The compositions were consistent with preferential 

silicon evaporation during transient plasma heating; a consequence of the high vapor 

pressure of silicon species at plasma temperatures. Annealing at 1300 °C resulted in 

internal bond coat oxidation of pore and splat surfaces, precipitation of Yb2O3 in the 

topcoat, and transformation of 2:1 mullite to 3:2 mullite + Al2O3. Mud-cracks were found 

                                                 
1
 Based upon a peer reviewed technical article published in the Journal of the European 

Ceramic Society.
97
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in the Yb2SiO5 layer and in precipitated Al2O3 due to the thermal expansion mismatch 

between these coating phases and the substrate. 

Several parts of this work were collaborative. Dennis Fox, Bryan Harder, and 

Michael Cuy of the NASA Glenn Research Center aided in deposition of the APS 

coatings described in this chapter. The depositions were performed using the original 

APS equipment upon which EBCs were developed at NASA. Md Shamsujjoha (UVA) 

helped in the residual stress measurements described and Elizabeth Opila (UVA) 

provided invaluable advice on thermochemistry and FactSage. Some imaging in this 

work was performed at VT’s ICTAS NCFL. 

 

2.1 Introduction 

EBC concepts based upon barium-strontium aluminosilicate (BSAS), which has a low 

silica activity and a CTE that is well matched with substrates, Table 1.1, have attracted 

significant interest. However, BSAS EBCs have been found to react with thermally 

grown silica, necessitating a tri-layer BSAS/mullite/silicon EBC architecture
79

 to 

eliminate failure at the coating/substrate interface and increase EBC life.
59

 Unfortunately, 

low melting eutectics occur near 1300 °C and limit the useful lifetime to under 1,000 

hours for higher temperatures,
79

 indicating the need for topcoats with low volatility and 

high temperature phase stability. Ytterbium and lutetium silicates exhibit some of the 

lowest volatilities and are monomorphic. Ytterbium has monosilicate (Yb2SiO5) and 

disilicate (Yb2Si2O7) variants with reported properties. The CTE of these and other 

candidate materials were also summarized in Table 1.1. The data for Yb2SiO5 is 
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inconsistent. One report
78

 gives a value of  3.5-4.5 x10
-6 

°C
-1 

 which is reasonably 

matched to SiC. However, a more recent report gives a higher value of 7-8 x10
-6 

°C
-1

.
77

 

Like BSAS, the RE-silicates are reported to be unstable as single layer coatings and so a 

tri-layer RE-silicate/mullite/silicon coating approach analogous to the BSAS topcoat 

EBC has been proposed.
78

 

There have been few studies of the tri-layer EBC deposition process or investigations 

of the relationships between coating deposition conditions, coating structure, and thermo-

cyclic durability. To gain insight into these relationships, an air plasma spray (APS) 

process is used to deposit tri-layer coatings on silicon carbide substrates with Yb2SiO5 

topcoats, and a wide variety of methods was used to characterize the coatings. The 

presence and formation mechanisms of previously unidentified phases in the Yb2SiO5 

and mullite layers described, and discussed in light of their propensity for inducing 

cracking. 

 

2.2 Experimental 

2.2.1 Coating Deposition 

Three-layer Yb2SiO5/mullite/silicon EBCs were deposited onto SiC substrates using 

an APS approach. The general coating architecture is schematically illustrated in Figure 

2.1. Coatings were deposited on 25.4 mm x 12.7 mm x 3.2 mm α-SiC coupons obtained 

from Hexoloy™ (Saint Gobain Ceramics, Niagara Falls, NY). Prior to EBC deposition, 

the substrates were grit blasted using ~270 μm diameter SiC grit (Black SiC, White 

Abrasives, Niagra Falls, ON CA) resulting in an average surface roughness Ra = 1 μm, as 
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measured by surface profilometry using a 500 μm sampling distance. The substrates were 

then ultrasonically cleaned in ethanol to remove surface contamination. 

 

Figure 2.1: Schematic illustration of an APS deposited tri-layer EBC structure. 

 

The silicon powder used for bond coat deposition was supplied by Micron Metals 

(Bergenfield, NJ) with a particle diameter range of 10 to 44 μm.  The mullite powder 

provided by Saint Gobain Ceramics (Worcester, MA) had a particle diameter of 16 to 53 

μm. The Yb2SiO5 powder was supplied by Treibacher Industrie Inc. (Toronto, ON) with a 

particle diameter of 20 to 50 μm. The composition certified powders were identified by 

their respective manufacturers as fully reacted and phase pure, and confirmed by XRD 

prior to deposition. The composition of the Yb2SiO5 powder was also measured using 

EDS on polished cross sections. Using a P/B-ZAF algorithm (Bruker Corporation, 

Ewing, NJ; algorithm that relates the recorded spectrum to primary X-ray generation: 

Peak to Background modified – Z atomic number, Absorption, and secondary 

Fluorescence corrected), the composition was found to be very close to that of Yb2SiO5 

with variability of about ±0.5 at%, Table 2.1. 

The coatings were deposited using two air plasma spray systems at the NASA Glenn 

Research Center.
70

 The silicon bond coat was deposited using an ambient substrate 

temperature APS system with a Sulzer Metco 9MB torch at a standoff distance of 100 

mm. The two other coating layers were deposited at 1200 °C within a box furnace, using 
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a plasma torch originally designed by Electro-Plasma Inc. (EPI) with a standoff distance 

of 190 mm, Figure 2.2. Each spray system had a single Plasmatron Roto Feed Hopper 

(Model 1251) with standard powder feed wheel that was set to 2.2 RPM. Based on a 

similar powder feed system, we estimate the Yb2SiO5 feed rate was ~27 g/min and the 

mullite feed rate was ~13 g/min. The fineness of the silicon powder led to difficulties 

with catch can experiments, but we project (based on differently sized Si powder) that the 

feed rate was ~10 g/min. 

Table 2.1: Measured composition of received ytterbium monosilicate powder, and 

predictions for ytterbium silicates and ytterbia. Data is also shown from individual splats 

in an as-deposited coating. 

Spectrum Location Yb (at%) Si (at%) O (at%) 

Powder
a
 21.0-22.1 13.3-13.6 64.4-65.6 

Yb2SiO5 25 12.5 62.5 

Yb2Si2O7 18.2 18.2 63.6 

Yb2O3 40 0 60 

Point 1 37.3 4.0 58.7 

Point 2 32.9 7.0 60.1 

Point 3 31.6 8.4 60 

Point 4 29.6 9.9 60.4 

Point 5 27.4 12.5 60.1 

Point 6 26.5 12.4 61.1 
a
 95% confidence interval 

 

The silicon bond coat was deposited onto unheated substrates using a torch power of 

50 kW. The plasma forming gas was a 2:1 mixture of Ar and N2 with a flow rate of 3400 

slm. The plasma plume was traversed 3 times across the sample at a speed of 1250 mm/s 

using six-axis robotic manipulation. For the mullite and Yb2SiO5 topcoat deposition, the 

silicon coated substrates were heated to 1200 °C inside a box furnace containing a small 

aperture through which APS depositions were performed, Figure 2.2. The mullite layer 

was deposited using a plasma power of 56k W; the Yb2SiO5 was deposited at a lower 
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power of 35 kW. Both coatings were deposited using a 2:1 mixture of Ar and He for the 

plasma forming gas and a flow rate of 763 slm. These coating layers were deposited by 

traversing the plasma plume twice across the samples at a speed of 950 mm/s. After 

fabrication, some samples were stabilization annealed in air at 1300 °C for 20 hours. 

 

Figure 2.2: Schematic illustration of the APS and substrate heating system used to 

deposit the environmental barrier coatings. 

 

2.2.2 Characterization 

Both the as-fabricated and annealed samples were subjected to XRD analysis using a 

PANalytical X’Pert PRO MPD diffractometer (Westborough, MA) and Cu Kα radiation 

to identify topcoat phases and volume fractions. Residual stress was calculated for the 

topcoat from XRD measurements using the sin
2
ψ technique

174
 with χ tilts of 0 °, 18.43 °, 

26.56 °, 33.21 °, 39.23 °, and 45 ° for diffraction peaks (2θ) between 55 ° and 65 °. 

Diffraction peaks of this low angle reflection were used because neither Yb2O3 nor 

Yb2SiO5 had high angle peaks of measurable intensity. The low angle of the peaks 

prohibits precise measurements, but reported figures are semi-quantitative assessments of 
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the stress state. Peak center fitting was accomplished using a Gaussian fitting algorithm 

(Solver in Microsoft Excel) that included a slanting background fit. Additionally, both as-

fabricated and annealed samples were sectioned and diamond polished to 0.25 μm finish, 

and in some cases vibrapolished using 0.02 μm silica colloid suspension. They were then 

examined by SEM in BSE mode, and with EDS.  

The difference in electron backscattering coefficient η between regions of disparate 

composition was utilized during coating characterization. It relates the flux of 

backscattered electrons emitted from the sample to the flux of incident electrons in the 

probe. This factor can be calculated for a multicomponent mixture using a weighted sum: 

ηmix=ΣηiCi  where ηi is the backscatter coefficient for the i-th element in pure form, and 

Ci the weight fraction for the i-th element in the compound.
175

 The backscatter coefficient 

for each pure element may be estimated (for a broad range of accelerating voltages) using 

an empirical expression:
176

 

 ηi=-0.0254+(0.016)Zi-(1.86*10
-4

)Zi
2
+(8.3*10

-7
)Zi

3
          2.1 

where Zi is the atomic number of the i-th element. Contrast in BSE images was adjusted 

using gamma-correction over multiple ranges of the 16-bit spectrum to preserve detail of 

compositional variation within each coating layer. 

The EDS spectra were standardized (except where noted) using an aggregate 

spectrum from the respective powders for calibration. To form the calibration standard, 

spectra were collected from a minimum of 20 randomly selected particles of the as-

received powder with greater than 2.5 x10
5
 total counts for each spectrum. The net 

integrated intensity under the respective peaks was summed to attain a total standard 
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spectrum for the respective compound with greater than 5 million total counts. Crack and 

pore distributions were calculated by image analysis using an average from 3 different 

areas of the same sample where a 100 μm length of the layer was examined. 

 

2.2.3 Dilatometry 

We have measured the CTE of the ytterbium monosilicate using a Netzsch 402C 

Dilatometer (Burlington, MA) calibrated with high purity alumina. The Yb2SiO5 sample 

was prepared by hot-pressing the as-received Yb2SiO5 powder for 3 h at 1650 °C with 

~40 MPa load. The hot pressing resulted in a blank that was ~70 % dense. Ignoring 

anisotropic mechanical effects, this low density should not alter the CTE. The Yb2SiO5 

dilatometry sample was cut from the blank with dimensions of 4 mm x 4 mm x 14 mm. 

The tests were performed between 20 °C and 1450 °C using heating and cooling rates of 

3 °C/min. The expansion displacement data was recorded at 0.05 °C steps and used to 

compute the expansion strain and CTE. CTE curves have been smoothed whereas 

expansion curves have not. 

 

2.3 Results and Discussion 

2.3.1 Yb2SiO5 Thermal Expansion Coefficient 

The thermal expansion strain versus temperature relationships during heating and 

cooling of hot pressed Yb2SiO5 are shown in Figure 2.3. The hysteresis upon heating and 

cooling is similar to that previously reported for RE tungstate’s of low crystal symmetry, 

attributed to anisotropic thermal expansion.
177

 The CTE deduced from the strain data is 
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also shown in Figure 2.3. The CTE during heating ranged from 5.7-9.1 x10
-6

 °C
-1

, while 

during cooling it varied from 2.8-10.9 x10
-6

 °C
-1

. Standard convention is to report the 

CTE measured during the heating phase of the test, and we report an average CTE of 7.4 

x10
-6

 °C
-1

, which supports the most recent value reported by Lee,
77

 Table 1.1. While 

hysteresis of the thermal expansion strain was observed, no permanent change in length 

occurred (<0.02% difference in length at 200 °C), indicating that sintering did not 

contribute to the measured CTE. 

 

Figure 2.3: Thermal expansion and CTE data for hot-pressed Yb2SiO5 with a relative 

density of ~70%. 

 

2.3.2 Tri-layer EBC Structure 

A BSE image of an as-deposited tri-layered EBC system is shown in Figure 2.4(a). 

Detailed measurements over the 12.7 mm wide coating indicated a variation in silicon 

bond coat thickness of 75 to 150 μm, a mullite layer thickness variation of 25 to 100 μm, 

and an Yb2SiO5 topcoat thickness between 25 and 100 μm. These variations resulted 

from fluctuations in the powder feed rate (―powder pulsing‖, presumably due to low feed 
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RPM) and temperature variation of the particles which impacted the surface: those that 

had not sufficiently melted did not adhere to the sample, and those that were too hot may 

have ―splashed‖ off. Mud-cracking of the topcoat was observed in the as-deposited 

coatings, Figure 2.4(a). These mud-cracks were spaced several hundred micrometers 

apart, and frequently extended into the mullite layer during the stabilization annealing 

treatment, Figure 2.4(b), but were arrested at the silicon bond coat confirming previous 

observations.
78

 The average mud crack spacing was 276 μm with a standard deviation of 

103 μm. The large variance is reflective of the variety of spacing captured by 2D analysis 

of the 3D structure. All three layers contained porosity in the as-deposited condition; it 

was not removed by stabilization annealing. 

     

Figure 2.4: BSE micrographs of Yb2SiO5/Al6Si2O13/Si three layer EBC; (a) as-

fabricated and (b) after a 20 hour stabilization anneal in air at 1300°C. Dashed boxes 

indicate regions where higher magnification micrographs are subsequently analyzed. 

 

Adhesion between the silicon bond coat and the SiC substrate appeared good, except 

in areas with high interfacial porosity, Figure 2.4(a). Though the pores on the interface 

were small, they were numerous with 5-10 pores of 3-5 µm diameter intersecting each 
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100 μm length of interface. The interface between the silicon bond coat and mullite also 

contained isolated regions of weak bonding that appeared to result from incomplete flow 

of the liquid mullite droplets over the rough silicon bond coat, Figure 2.4. The length of 

these regions ranged from a few to approximately 30 µm. These more weakly bonded 

regions were generally spaced a few hundred micrometers apart. The interface between 

the mullite and the Yb2SiO5 had very little porosity. The several micrometer long pores 

observed were typically located in areas where the radius of curvature of the underlying 

mullite coat was smallest. 

 

2.3.3 Yb2SiO5 Topcoat 

Splat-to-splat adherence in the ytterbium monosilicate coat appeared very good, 

though some spherical pores (with pore diameter of <0.5μm) and more elongated 

porosity were seen at both splat-to-splat boundaries and within splats, Figure 2.5(a). The 

planar density of these pores in cross-section was approximately 50 pores per 1,000 µm
2
 

of coating. Pores of diameter <0.5 μm contributed about 0.2 % to the total porosity while 

the contribution from larger spherical pores was around 0.7 %. Filling defects (non-

spherical/jagged pores) contributed roughly 0.6 % to the total porosity, resulting in a total 

void volume fraction of about 1.5 %. 
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Figure 2.5: High magnification micrographs of the Yb2SiO5 topcoats from; (a) region 

I in the as-deposited micrograph- Figure 2.4(a), and (b) region IV in the annealed 

condition micrograph- Figure 2.4(b). 

 

Large vertical mud-cracks were present in as-deposited coatings, Figure 2.4(a). These 

mud-cracks were not deflected by splat boundaries or pores, and were oriented nearly 

normal to the coating’s surface. The cracks in as-deposited coatings generally terminated 

at the Yb2SiO5/mullite interface and had crack face opening widths (at ambient 

temperature) greater than a micrometer. Additional 1-10 μm long microcracks were also 

observed to originate at splat interfaces, Figure 2.5(a). Some of the cracks were confined 

to a single solidified droplet while others had penetrated several solidified droplets. The 

cross-section planar density of these microcracks was roughly 5 cracks per 1,000 µm
2
 of 

topcoat examined. Most were oriented normal to the coating surface, and therefore appear 

to be a micro-scale form of mud-cracking. While this population of micro-mud-cracks 

did not extend during stabilization annealing at 1300 °C, Figure 2.5(b), a new population 

of equiaxed microcracks developed within many of the splats. These microcracks had 

lengths of 3-10 μm, and the combined planar density of all the microcracks after 
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annealing had doubled to 10 cracks per 1,000 µm
2
 of topcoat, Figure 2.5(b). No 

delamination cracks were found in either the as-deposited or annealed Yb2SiO5 layer. 

When viewed at higher magnification, Figure 2.6(a), many of the splats appear to have 

deposited with fine dendritic structures with intermediate spacing around 100nm; these 

structures stabilized into a two-phase structure upon annealing similar to that expected for 

the slow cooling of proeutectic phase structures, Figure 2.6(b). 

 

     

Figure 2.6: High magnification views of (a) region VII in the as-deposited coating 

shown in Figure 2.5(a), and (b) annealed topcoat near a splat boundary. 

 

The presence of both circular (undeformed) and highly elongated splat shapes in the 

as-deposited coatings indicates both partially and fully melted particles were present 

during deposition of the layer, Figure 2.5. This variation is consistent with a substantial 

spread in particle trajectories (and therefore thermal profiles) through the plasma 

plume.
128,134,135,178,179

 BSE contrast differences between individual splats in Figure 2.5(a) 

indicate compositional variations in the as deposited ytterbium silicate layer. The contrast 
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is directly related to the electron backscatter coefficient η of a composition. We calculate 

(using Equation (2.1)) that for Yb2O3, η = 0.75. It is 0.67 for Yb2SiO5, and 0.61 for 

Yb2Si2O7. The large differences in η between these three phases indicate that small 

compositional differences in the Yb2O3-SiO2 pseudo-binary system are readily observed 

by BSE imaging, and the differences in contrast of the various splats in Figure 2.5(a) are 

due to variations of their composition. 

To quantify the compositional differences of splats in the as-deposited coating, 

energy dispersive spectra were collected from the points indicated in Figure 2.5(a). A 

summary of the composition data as well as that of the as-received powder was given in 

Table 2.1. A summary of the EDS analysis, Table 2.2, shows some splats contained as 

little as 2 at% silicon. The deposited stoichiometry was on average 0.6 at% lower in Yb, 

1.9 at% lower in Si and 2.5 at% higher in O than the starting powder, indicating loss of Si 

with respect to Yb. Similar preferential loss of silicon during APS processing has 

previously been suggested for La9SrSi6O26.5.
180

 When the as-deposited splats with 

significant silicon loss were examined at higher magnification, Figure 2.6(a), a sub-

micrometer, two-phase dendritic structure could be identified. The fineness of this 

structure precluded EDS identification of the composition of each phase. 

Upon stabilization annealing (1300 °C, 20 h, air), many of the solidified droplets 

appeared to have undergone a phase decomposition reaction with a light BSE contrast 

phase appearing on the grain boundaries. This can be clearly seen for the center top splat 

of Figure 2.5(b). After stabilization annealing, the dendritic structure of the splats in 

Figure 2.6(a) has been replaced with an equiaxed polycrystalline structure with extremely 

fine precipitates, Figure 2.6(b). Again, the precipitate structure was too fine to analyze 
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via EDS, but compositional fluctuations within the bulk structure after annealing were 

assessed using a line scan, Figure 2.7. The variations in Si, Yb and O are shown together 

with the reference concentrations of these elements in Yb2SiO5. The results indicate that 

the darker contrast droplets had compositions close to that of Yb2SiO5 and precipitated a 

smaller volume fraction of the second phase than the silicon depleted droplets. The 

medium contrast splats had low silicon contents and decomposed into a two-phase 

mixture with approximately equal volume fractions of each phase. The lightest contrast 

splats precipitated small amounts of the grey phase in some instances (as can be seen in 

Figure 2.6(b)), but remained largely free of grey phase precipitates. The composition of 

the lightest regions approached that of ytterbia (Yb2O3). 

Table 2.2: Atomic compositions for as-deposited ytterbium silicate topcoat calculated 

from EDS point probe spectra at 550 rectangular grid points distributed over six 

different collection areas.  

Parameter Composition (at%) 

Average Yb content 24.4±2.7 

Yb max/min 36.1/17.4 

Average Si content 10.6±2.3 

Si max/min 14.3/1.6 

Average O content 65.0±0.9 

O max/min 68.9/59.1 

 

The silicon content of the solidified droplets in the as-deposited ytterbium 

monosilicate layer showed considerable variability, Table 2.1, but was almost always less 

than that of the powder used for its fabrication. Examination of Figure 2.4 shows that 

while some of the larger diameter powder particles had retained a spherical shape, 

indicating they had barely melted in the plasma plume, others with much lighter BSE 

contrast (indicative of a higher fraction of high atomic number elements) had flowed 
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significantly upon impingement with the depositing coating. This suggests they had been 

heated well above the melting point of ytterbium monosilicate (TM = 1950 °C). The 

lighter BSE contrast and the EDS compositional characterization is consistent with 

preferential silicon evaporation from the most heated particles during the plasma spray 

process. 

 

Figure 2.7: EDS line scan of annealed ytterbium silicate topcoat. Dashed lines 

indicate atomic compositions for Yb2SiO5. Note 40at% Yb- 60at% O is the composition of 

ytterbia. Location of scan line is indicated on accompanying micrograph. 

 

The partial pressure of the highest vapor pressure species in equilibrium with a 

mixture of Yb2O3+SiO2 and plasma forming gases at 1 MPa can be calculated using the 

FactSage software program.
181

 Assuming ideal interactions between Yb2O3 and SiO2, and 

80 g of Yb2SiO5 in 761 standard liters of an inert gas mixture with an Ar:He gas volume 

ratio of 2:1 containing 10 ppm of O2, it is possible to calculate the partial pressure of the 
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constituents as a function of temperature, Figure 2.8. Recent thermal models of plasma 

spray processes predict temperatures of powder particles in plasma spray plumes in the 

2,000-3500 °C range for spray parameters similar to those used here.
127,136,139-141

 Particles 

heated into this temperature range have SiO activities (vapor partial pressures) that are 

many orders of magnitude above those of Yb or any of its oxides. We therefore conclude 

that during super-heated molten particle transport through the plasma plume, the loss of 

SiO significantly exceeds that of Yb. This will be exacerbated for particles that are heated 

to the highest temperatures or for the longest times; i.e. smaller diameter particles or 

those entrained in the core of the plasma plume where temperatures are the 

highest.
127,136,139-141

 

 

Figure 2.8: Calculated partial pressure versus temperature plot for primary gaseous 

species in the Yb-Si-O system. Curves are reported for an equilibrated system. 

 

The phases that form during solidification of silicon depleted droplets can be 

understood with the aid of the ytterbia-silica pseudo-binary phase diagram, Figure 2.9.
81

 

Silicon loss from Yb2SiO5 line compound shifts the composition into a two phase Yb2O3 

+ Yb2SiO5 region of the phase diagram. This region contains a eutectic point, and so the 
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as-solidified structure that forms will be dependent upon a droplet’s composition. 

Examination of Table 2.2 shows that some particles contained only a tenth the silicon 

fraction of the original powder. Under equilibrium cooling conditions, these would 

nucleate solid proeutectic Yb2O3 dendrites, and a eutectic Yb2SiO5 + Yb2O3 inter-

dendritic structure consistent with the result shown in Figure 2.6(a). Liquid droplets with 

hypereutectic compositions would precipitate proeutectic Yb2SiO5 and an inter-dendritic 

eutectic structure.  The rapid solidification rate of the droplets is likely to result in a very 

small dendrite spacing that would be difficult to resolve with the SEM; but on annealing, 

these two microstructures are expected to evolve to the two types of coarser structure 

seen in micrographs such as Figure 2.5(b) and Figure 2.6(b). The lightest contrast (most 

silicon depleted) regions consisted of a continuous Yb2O3 phase containing particles of 

Yb2SiO5, Figure 2.6(b), whereas those with hyper-eutectic compositions consisted of 

equiaxed Yb2SiO5 polycrystals with grain boundary Yb2O3 particles as seen in the darker 

contrast splats in Figure 2.5(b). 

 
Figure 2.9: Ytterbia-silica binary phase diagram (redrawn from reference)

81
. 
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XRD patterns of both the as-deposited and annealed topcoat are shown in Figure 

2.10. The reflection peaks in both patterns can be indexed using the diffraction patterns of 

monoclinic ytterbium monosilicate and cubic ytterbia. A hump in the diffraction pattern 

at low 2θ (below 20 °, not shown) was present in the XRD patterns of as-deposited 

topcoats indicating the presence of amorphous material. After the annealing, the absence 

of a low 2θ hump in the patterns indicated the coating had fully crystallized. Rietveld 

analyses
182

 of phase fractions were attempted, but disagreed with image analysis results, 

which indicated the coating to be ~60 vol% Yb2SiO5 and ~40 vol% Yb2O3, Figure 

2.10(b). The as-deposited ytterbia exhibited peak shifts with respect to the ytterbia 

reference pattern; for example the ytterbia {222} peak was shifted +0.5 °. This peak shift 

is not seen in annealed coatings and corresponds to a contraction in lattice parameter in 

the out-of-plane (coating normal) direction. 

XRD residual stress measurement of the as-deposited topcoat was performed using 

the ytterbia {622} peaks, and indicated the ytterbia in the topcoat at room temperature to 

have a tensile residual stress of ~400 MPa with a sin
2
ψ correlation coefficient of R

2 
= 

0.74. For the annealed topcoat only ytterbium monosilicate peaks had high enough 

intensities for stress measurements, but many of these were overlaid. Also, since Yb2SiO5 

is monoclinic,
81

 the room temperature stress state between individual grains is expected 

to vary widely, and the sin
2
ψ measurement technique was inconclusive. 
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Figure 2.10: XRD patterns for the nominally ytterbium monosilicate topcoat; (a) as-

deposited and (b) annealed. Peaks are indexed for Yb2O3 in (a) and Yb2SiO5 in (b). 

Reference peaks for both phases in (a) and calculated Rietveld refinement pattern in (b) 

are also shown. 

 

The observed mud-cracking is consistent with the substantial CTE difference between 

the topcoat and the rest of the system, as suggested by a recently reported CTE 

measurement for Yb2SiO5
77

 and confirmed by our dilatometry measurements in Section 

3.1. To investigate the origin of cracking, we performed an elastic thermomechanical 

calculation of the stress state in the coating system by a previously described approach 
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that used a thin film approximation.
183

 The thin film approximation assumes curvature of 

the composite system and a biaxial stress state in coating layers whose elastic moduli, 

Poisson’s ratio and CTE are different. It is also assumes that the interactions between 

coating layers are small in comparison to the interaction with the substrate, and the stress 

in each coating layer is therefore independent of that in adjacent layers. This approach 

leads to a thermal residual stress in the i-th coating layer (prior to relaxation by cracking) 

given by: 

σi=(Ei/(1-νi))(αs-αi)ΔT               2.2 

where σi is the thermal stress in the i-th layer, Ei is the elastic modulus of the i-th layer, νi 

is its Poisson’s ratio, αs and αi are the CTE of the substrate and i-th layer respectively, 

and ΔT is the difference in temperature between the stress free (deposition) temperature 

of the i-th layer and the temperature of interest. We have verified the validity of this 

approach using a more accurate solution formulated by Hsueh
184

 where the layer stresses 

are interdependent: the stresses calculated using the two methods were identical. 

Residual thermal stresses have been calculated for all layers of the coating and 

secondary phases using the thermophysical properties of each layer and assuming the 

stress free temperature to be the annealing temperature (1300 °C), Table 2.3. If we 

assume the topcoat to be pure ytterbium monosilicate with a CTE of 7.5 x10
-6 

°C
-1

 (as 

proposed by Lee
77

 and consistent with our measurements), we calculate that the topcoat 

develops a biaxial tensile stress of 893 MPa upon cooling to ambient temperature. The 

stress calculated for an Yb2O3 enriched Yb2SiO5/Yb2O3 topcoat would be somewhere 
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between the values calculated for Yb2SiO5 and Yb2O3: the stress will increase slightly 

with increasing Yb2O3 content, Table 2.3. 

The mud-cracking observed in as-deposited and annealed coatings is consistent with 

the high tensile stress calculated for the topcoat using Equation 2.2. If such a tensile 

stress exists upon cooling from deposition, the lattice parameter of all phases should be 

slightly larger in the in-plane directions due to the biaxial tensile stress state, and slightly 

contracted in the out-of-plane directions (due to the Poisson effect). This is consistent 

with analysis of the diffraction pattern of Figure 2.10(a). The measured residual tensile 

stress of ~400 MPa in the Yb2O3 phase of the as-deposited coating is about half that 

calculated in Table 2.3, presumably because mud-cracking had partially relaxed the strain 

in this layer.  

Table 2.3: Material parameters and calculated thermal stress at 20°C for coating 

layers assuming 1300°C stress free temperature and α-SiC substrate. 

Coating Layer 
Young’s 

Modulus (GPa) 

CTE (α x10
6
) 

°C
-1

 

Poisson 

Ratio ν 

Thermal Stress 

(MPa) 

Yb2SiO5 (monoclinic) 172
a
 7.5

b
 0.27

c
 893 

Yb2SiO5 (monoclinic) 172
a
 4.0

78
 0.27

c
 -211 

Yb2O3 (cubic) 188
185

 7.6
84

 0.304
d 

1,013  

3:2 Mullite 

(orthorhombic) 
220

186
 5.3

70
 0.28

187
 246  

Alumina (α) 402
86

 7.2
86

 0.231
86

 1,693  

Silicon (dcc) 163
88

 4.1
88

 0.223
88

 -153 

Silicon Carbide (α)
188

 430 4.67 0.14 N/A 
a
 Determined by nano-indentation. 

b
 Value determined in Section 2.3.1. 

c
 Value taken for Y2Si2O7 (94). 

d
 Value taken for Y2O3 (96). 

 

Micro-mud-cracking was observed in the most silicon depleted droplets, Figure 

2.5(a). If a rule of mixtures is assumed for the CTE and elastic modulus of such splats, 
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then the lightest contrast splats will have a slightly greater CTE and elastic modulus than 

dark contrast splats (Table 2.3). When the slightly higher CTE is combined with the 

increased elastic modulus of these predominantly ytterbia splats, the small, ytterbia rich 

splats will experience a state of triaxial tension (even in the mud-cracked coating) upon 

cooling due to their higher CTE. The strain energy may then be released by 

microcracking. We therefore conclude that in the most intensely heated, light contrast 

splats, evaporation of silicon in the molten state leads to the formation of Yb2O3 which is 

susceptible to microcracking due to high macro and local tensile thermal residual 

stresses. 

 Upon annealing the topcoat, additional ―equiaxed‖ microcracking was observed in 

the darker BSE contrast droplets, Figure 2.5(b). Increases in microcracking upon 

annealing have been observed previously in EBCs and have been linked to volume 

changes during phase transformation.
70,79,93,104,105

 We note that the droplets where 

microcracking was most prevalent consisted primarily of Yb2SiO5. If a substantial 

difference in CTE with crystallographic orientation exists as in Y2SiO5
189

 and other 

monoclinic structures,
177

 anisotropic thermal stresses will occur upon cooling between 

Yb2SiO5 crystals that may have contributed to the observed cracking. 

 

2.3.4 Mullite Intermediate Layer 

A higher magnification micrograph of region II from Figure 2.4(a) of the as-deposited 

mullite layer is shown in Figure 2.11(a). The as-deposited mullite layer contained a 

variety of pore structures. Some larger, rounded pores had diameters of several 
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micrometers while flattened pores existed at some inter-splat boundaries. Inter-splat 

pores have been reported to result from filling defects during plasma spray processing 
190

. 

We calculate that rounded and flattened pores contributed roughly 1 % to total porosity of 

the coating layer. The majority of the mullite coat was nanoporous with a nanopore 

diameter of 10-100 nm and a cross-sectional pore density of approximately 7000 pores 

per 1,000 µm
2
, contributing 7 % to total porosity of the layer. The total mullite coat 

porosity was ~8 %. The as-deposited mullite structure was two-phase with a plate-like 

morphology second phase. After stabilization annealing, the number of plates had 

increased significantly and the spacing between plates decreased. Dense, recrystallized 

areas of the mullite matrix with columnar crystal growth were evident in the 

microstructure, Figure 2.11(b). 

     

Figure 2.11: High magnification micrographs of the mullite intermediate layer from 

(a) region II in as-deposited Figure 2.4(a) and (b) region V in annealed Figure 2.4(b). 

 

EDS analysis of the as-deposited mullite coats indicates they were oxygen and silicon 

deficient, Table 2.4. The average deposited composition of the layer was 6.3 at% higher 



41 

 

in Al, 1 at% higher in Si and 7.3 at% lower in O than the starting powder, indicating 

volatilization of Si and O. The deposited Al:Si ratio lies between 3:2 and 2:1 mullite, 

having a ratio of 3.5:1 (2:1 mullite is 4:1 Al:Si and 3:2 mullite is 3:1 Al:Si). The plate-

like features seen in Figure 2.11(a) were slightly rich in aluminum, having aluminum 

contents 1-3 at% higher than the surrounding matrix. An EDS line scan analysis of the 

annealed mullite layer, Figure 2.12, indicates the stoichiometric difference between plate-

like features and the surrounding matrix increased considerably during annealing. The 

EDS analysis indicated the plates to be composed of Al2O3 containing 1-5 at% silicon, 

while the surrounding matrix composition approached 3Al:1Si corresponding to 3:2 

mullite. Regions with no precipitated alumina yielded EDS compositions close to 3:2 

mullite. 

Table 2.4: Atomic compositions for as-deposited mullite coat calculated from EDS 

point probe spectra at 550 rectangular grid points distributed over six different collection 

areas. All values are in at%. 

Parameter Composition (at%) 

Average Al content 34.9±1.6 

Al max/min 39.9/27.1 

Average Si content 10.5±1.6 

Si max/min 19.2/5.2 

Average O content 54.6±0.8 

O max/min 56.9/51.4 

 

The presence of alumina plates in APS mullite is consistent with previous XRD and 

SEM observations.
70

 Higher resolution analysis showed the plates were composed of sub-

plates of alumina with fine bands of a silicon-rich species interspersed, Figure 2.13. 

Analysis of a single area at high magnification indicated that the plate region was 

composed of 76 vol% alumina platelets, 22 vol% silicon-rich species, and 2 % porosity. 
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The silicon-rich bands were too small to analyze with EDS in the SEM, having widths 

ranging from several nanometers to roughly 100 nanometers, but BSE imaging contrast 

indicates that these bands may be similar in composition to the surrounding mullite 

matrix. Several plates in the annealed coating were microcracked, Figure 2.11(b) and 

Figure 2.12. 

 

Figure 2.12: EDS line scan of annealed mullite layer. The initial 3Al2O3:2SiO2 molar 

mullite composition is indicated by dashed lines. Note that 40at% Al- 60at% O is the 

composition of alumina. The location of the line scan is indicated on the micrograph. 

 

We have observed that the APS melting and deposition of initially stoichiometric 3:2 

mullite powder resulted in an alumina rich, near 2:1 mullite coating, Table 2.4. The 

composition deposited here is similar to that of previous studies on melt processed 

mullite,
85,191

 but was less silicon deficient than the 3:1 stoichiometry coating previously 

reported for EBCs.
70,192

 The FactSage software 
181

 can again be used to determine the 

equilibrium partial pressures of the gas species for a mixture of 3Al2O3+2SiO2 and the 
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plasma forming gas assuming ideal interactions. Figure 2.14 shows the calculated vapor 

pressure versus temperature relations for the components of a system consisting of 35g of 

Al2O3 and SiO2 (with a stoichiometry of Al6Si2O13) and 761 standard liters of 2:1 Ar:He 

volume fraction ratio gas containing 10 ppm O2. The particle temperatures during plasma 

deposition lie in the 2,000-3,500 °C range where the vapor pressure of SiO is several 

orders of magnitude higher than those of any aluminum containing vapor species. This 

vapor pressure difference therefore results in preferential evaporation of SiO and 

formation of a compositionally modified mullite layer. 

  

Figure 2.13: High magnification view of phase decomposition into alumina plate 

separated by silicon rich material in the annealed mullite coat. 

 

A phase diagram for the SiO2-Al2O3 system is shown in Figure 2.15.
85

 Dashed lines 

for 2:1 and 3:1 mullite indicate compositional boundaries for the formation of metastable 

mullites. The silicon deficient 2:1 mullite we have deposited lies in the alumina + mullite 

two-phase field of the equilibrium phase diagram. Examination of Figure 2.11(a) 

indicates that a predominantly single-phase 2:1 composition mullite was deposited. This 
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then transformed upon annealing at 1300 °C into a two-phase structure consisting of 

Al2O3 + mullite, consistent with the as-deposited composition and low temperature 

metastability of non-stoichiometric mullites.
193

 After annealing, areas in the mullite coat 

also have dense, columnar recrystallized grains with similar BSE contrast to the 

surrounding matrix. High aspect ratio columnar mullite grains have been previously 

observed in fine-grained (recrystallized) 3:2 mullite with growth textured along the ―c‖ 

axis.
194

 These grains are interspersed with a very fine plate-morphology phase that 

appears similar in BSE contrast to alumina. The occurrence of such recrystallized regions 

is consistent with a phase transformation from metastable 2:1 mullite to equilibrium 3:2 

mullite + alumina. 

 

Figure 2.14: Calculated partial pressure vs. temperature plot for primary gaseous 

species in the Al-Si-O system. Data are reported for a fully equilibrated system.  

 

The as-deposited mullite layer had not mud-cracked. However, some areas of 

delamination between this layer and the silicon bond coat were observed, Figure 2.11(a). 

During annealing 25-100 µm long intra-layer microcracking between solidified droplets 

was observed, as well as mud-crack extension from the topcoat, Figure 2.11(b). These 
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observations are consistent with earlier findings of APS deposited mullite coatings.
70,79

 

The overall crack density was low with roughly 1 crack per 1,000 µm
2
 of cross section 

examined. Previous work in APS deposited mullite has suggested that mullite layers can 

microcrack as a result of second phase alumina or silica precipitation.
60

 The 

microcracking of the alumina plates after annealing, Figure 2.11(b) and Figure 2.12, 

appears to be a consequence of the CTE mismatch between alumina and mullite since α-

alumina has an average CTE of 7.2 x10
-6

 
o
C

-1
, which is substantially higher than that 

reported for surrounding mullite (5.5 x10
-6

 
o
C

-1
, Table 1.1). Upon cooling to ambient 

temperature from the annealing temperature, this CTE difference would induce triaxial 

tensile stresses much higher than those experienced in the rest of the mullite coat (Table 

2.3) that are conducive to alumina microcracking. 

 

Figure 2.15: Alumina-Silica binary phase diagram. Dashed lines indicate the 

boundaries of metastable phases (modified and redrawn)
85

. 
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2.3.5 Silicon Bond Coat 

The region marked as III in Figure 2.4(a) of the as-deposited bond coat is shown at 

higher magnification in Figure 2.16(a). The bond coat contained significant porosity 

located at splat boundaries. Typical pore diameter was 3-5 µm. There were 

approximately 5-10 pores per 100 µm of inter-splat interface.  The many debonds and 

pores between the splats resulted in a network of interconnected pores and debonds 

within the bond coat. The porosity is estimated to be in the range of 20 %. 

     

Figure 2.16: High magnification micrographs of the silicon bond coat from (a) 

region III in as-deposited Figure 2.4(a), and (b) region VI after annealing in air (20 h at 

1300 °C) from Figure 2.4(b).  

 

After the 20 h annealing treatment in air at 1300 °C, the interconnected pore-crack 

network became internally covered in a darker contrast phase. This appeared to be silica 

and was verified by EDS, Table 2.5. Oxidation of the pore surfaces resulted in an 

interconnected silica network throughout the bond coat, Figure 2.16(b). The measured 

silica thickness was ~500 nm throughout the majority of the bond coat, though greater 

thicknesses were observed near the coating edges. Mud-cracks that had extended from 
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the topcoat through the mullite layer had terminated at the silicon/mullite interface and 

did not show any sign of oxidation, Figure 2.17, indicating that these cracks formed upon 

cooling after the stabilization anneal. 

The presence of porosity both within the Si coating and at the SiC/Si interface 

resulted from several causes. The presence of inter-splat voids, Figure 2.16(a), is 

consistent with both the temperature of some powder particles at impact being 

insufficient to allow complete liquid droplet flow over the coating surface and others 

being so hot that porous regions form due to droplet ―splashing‖ that creates micrometer 

sized particles. Additionally, because the silicon bond coat was deposited in argon 

shrouded air, oxygen can be entrained in the plasma plume resulting in rapid formation of 

a native oxide on liquid particle surfaces that impedes inter-splat bonding.
102

 The 

combination of these effects has resulted in a less than ideal bond coat structure. 

Table 2.5: Atomic compositions reported by P/B-ZAF (non-standardized) analysis of 

point probe spectra in Figure 2.16(b). 

Spectrum Si (at%) O (at%) 

Point 1 27.0 73.0 

Point 2 26.5 73.5 

Point 3 27.3 72.7 

Point 4 93.7 6.3
a 

Point 5 94.2 5.8
a 

Point 6 93.8 6.2
a 

Silica (SiO2) 33.3 66.7 
a
 Trace oxygen resulted from native oxide growth after sample preparation and oxygen 

detection inaccuracy in P/B-ZAF analysis. 

 

After annealing, the appearance of a roughly 500 nm thick silica layer was observed 

on the interior surface of many voids and inter-splat debonds within the silicon bond coat, 

Figure 2.16(b). Regions closest to the edges of the sample coupon had silica scale 
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thicknesses exceeding 600 nm. The growth of such silica scales is well documented and 

accepted to follow the Deal and Groves model.
195

 Using the Deal and Groves analysis, 

we have back-calculated the oxygen partial pressure during exposure to form a 500 nm 

silica scale in 20 h at 1300 °C. The oxygen partial pressure calculated is 0.13 atm, or 60 

% of the oxygen partial pressure found in dry air at atmospheric pressure (101 kPa): this 

partial pressure is too great to result from bulk diffusion through the coating. An oxygen 

partial pressure lower than the surrounding environment implies that oxygen was forced 

to follow a gas diffusion route as opposed to a convective (physical gas flow) route to the 

bond coat; the relatively high partial pressure back-calculated is reflective of the rapid 

gas diffusion kinetics of oxygen at high temperatures. The necessity of molecular 

diffusion transport combined with the long diffusion path through silicon channels that 

are actively absorbing oxygen may have yielded lower O2 partial pressures in pores 

located far from coating edges and close to the substrate. 

 

Figure 2.17: High magnification view corresponding to region VIII in Figure 2.4(b) 

showing a mud-crack penetrating the mullite coat and terminating in the upper few 

micrometers of the silicon bond coat. 
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2.4 Conclusions 

An APS process was used to deposit a tri-layer environmental barrier coating system 

consisting of a silicon bond coat, a mullite interdiffusion barrier, and an Yb2SiO5 topcoat 

on monolithic α SiC substrates. It is found that: 

 

a) While the APS process is able to deposit tri-layer coatings, many defects are 

introduced during the process. These include micro and nanoscale porosity formed by 

incomplete molten droplet flow during splat impact, inter-splat delamination within 

the silicon bond coat forming an interconnected pore and crack network, and mud-

crack formation in the Yb2SiO5 topcoat resulting from in-plane biaxial thermal 

contraction during cooling. 

b) The majority of the solidified droplets in the as-deposited Yb2SiO5 and mullite layers 

were depleted in silicon. This led to the formation of two-phase topcoats consisting of 

a mixture of Yb2SiO5 and Yb2O3 as well as 2:1 mullite layers deposited from 3:2 

mullite powders. The loss of silicon was consistent with preferential silicon 

evaporation from superheated powder particles; a consequence of the higher vapor 

pressure of silicon bearing species at the temperatures experienced during transient 

plasma heating.  

c) Annealing in air at 1300
o
C resulted in mud-crack extension from the topcoat into the 

mullite layer and oxidation of the interconnected crack and pore network in the bond 

coat. The precipitation of Yb2O3 combined with the anisotropic thermal expansion of 

Yb2SiO5 in the topcoat resulted in microcracking. 
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d) Upon annealing, the 2:1 as-deposited mullite transformed to a mixture of 3:2 mullite 

+ alumina consistent with phase equilibria in this system. Additional microcracking 

occurred within the precipitated alumina plates due to significant CTE mismatch 

between alumina and the coating system. 
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3 Ytterbium Monosilicate/Mullite/Silicon Coating Failure 

during Steam-cycling
2
 

 

Synopsis: An air plasma spray process has been used to apply a model tri-layer 

Yb2SiO5/Al6Si2O13/Si environmental barrier coating system on SiC test coupons. 

Significant differences in the thermal expansion of the component layers resulted in 

periodically spaced mud cracks in the Yb2SiO5 and Al6Si2O13 layers. Upon thermal 

cycling in a 90 % H2O/10 % O2 environment between 1316 °C and 110 °C, it was found 

that partial delamination occurred with the fracture plane located within a thermally 

grown oxide (TGO) at the Al6Si2O13 – Si interface. Delamination initiated at test coupon 

edges where the gaseous environment preferentially oxidized the exposed Si bond coat to 

form -cristobalite. Simultaneous ingress of the gaseous environment through mud 

cracks initiated local formation of -cristobalite (SiO2), the thickness of which was 

greatest directly below mud cracks. Upon cooling, cristobalite transformed from the β to 

                                                 
2
 Based on a peer reviewed technical article submitted to the Journal of the American 

Ceramic Society.
95
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α phase with a large, constrained volume contraction that resulted in severe microfracture 

of the TGO. Continued thermal cycling eventually propagated delamination cracks and 

caused partial spallation of the coatings. Formation of the cristobalite TGO appears to be 

the delamination life-determining factor in protective coating systems utilizing a Si bond 

coat. 

Matthew Begley (UCSB) contributed the thermal residual stress and strain energy 

release rate (ERR) calculations presented in this chapter. These were performed using 

LayerSlayer. Bryan Harder, Dennis Fox, and Michael Cuy of the NASA Glenn Research 

Center are acknowledged for their assistance in depositing the EBCs that were tested and 

their insights regarding processing. Consultations with Elizabeth Opila (UVA), 

Dongming Zhu (NASA Glenn) and Kang Lee (RR) were also very helpful. 

Characterization advice from Richard White (UVA) was greatly appreciated. 

 

3.1 Introduction 

The tri-layer RE coating architecture was first proposed in the mid 2,000’s,
78

 and a 

variant using a Yb2SiO5 topcoat has been described in Chapter 2.
97

 While Yb2SiO5 has a 

very high silicon volatility resistance,
196

 it has a relatively high coefficient of thermal 

expansion (CTE)
77,97

 compared to that of the Si bond coat and SiC substrate. The 

difference in CTE causes mud cracking of the coating, with cracks terminating at the Si 

bond coat.
77,79,97

 Nonetheless, the Yb2SiO5/Al6Si2O13/Si system has been proposed as one 

of the most promising among the tri-layer RE silicate systems due to its thermochemical 

stability at high temperatures and the environmental stability of Yb2SiO5.
77,78
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There have been no published reports analyzing the thermomechanical damage 

mechanisms experienced during steam-cycling of the ytterbium monosilicate EBC 

systems. While a few tests of calcium-magnesium-aluminum-silicate (CMAS) attack of 

related RE silicates have been performed upon coupons,
61,62,197,198

 no studies of the 

failure mechanisms of coating materials have been reported. Here a steam-cycling study 

has been performed for a tri-layer Yb2SiO5/Al6Si2O13/Si (ytterbium 

monosilicate/mullite/silicon) system whose APS deposition and coating microstructure 

have been documented in Chapter 2,
97

 and the evolution of damage and mechanisms of 

failure during steam-cycling are investigated. 

 

3.2 Experimental 

3.2.1 Coating Deposition 

Three-layer Yb2SiO5/Al6Si2O13/Si coatings were deposited onto the (grit blast) 

roughened surface of 25.4 mm x 12.7 mm x 3.2 mm α-SiC Hexoloy® (Saint Gobain 

Ceramics, Niagara Falls, NY) substrates using an APS deposition approach described by 

Richards and Wadley.
18

 The Si layer was deposited with the substrate at ambient 

temperature. The Al6Si2O13 and then Yb2SiO5 layers were deposited on the Si-coated 

substrates in a furnace held at 1200 °C. The structure of the coated samples is 

schematically illustrated in Figure 3.1. Only one surface of the substrate was coated, and 

the side edges were slightly over-sprayed to reduce edge attack during exposure. A 2 mm 

wide strip of the sample surface was left uncoated due to the fixture used for deposition. 

The nominal thickness of the Yb2SiO5 and Al6Si2O13 layers was 75 μm while that of the 
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Si bond coat was 100 μm. However, considerable variability in layer thickness was 

observed within and between specimens due to an unsteady powder particle feed rate and 

large spread of the plasma plume over the long spray distance.
97

  

 

Figure 3.1: Schematic illustration of the tri-layer EBC covered SiC samples showing 

the coating structure and side edge coverage of the substrate. 

 

3.2.2 Steam Furnace Cycling 

After deposition, the coated samples were annealed at 1300 °C in lab air for 20 hours 

to stabilize the structure, consistent with prior EBC testing.
77-79

 They were then thermally 

cycled in a steam-cycling furnace in a flowing, atmospheric pressure, 90 % H2O/10 % O2 

gas environment with a flow velocity of 44 mm/s (volumetric flow rate of 4.1 slm), 

Figure 3.2. When the steam furnace was in its raised (cold) configuration, the gas 

temperature at the sample location was 110 °C (sufficient to avoid steam condensation on 
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the sample). In the hot configuration, the sample temperature was measured to be 1316 

°C in the flowing atmosphere by reference thermocouple. These testing conditions are 

similar to those used in prior EBC research,
78

 and approximate the H2O partial pressure 

during lean combustion at a pressure of ~10 atm. The samples were examined visually 

before testing, after 50, 100 and then every 100 cycles thereafter to determine sample 

failure defined as coating spallation on any part of the test sample. 

 

Figure 3.2: Schematic illustration of the steam-cycling furnace in the configuration 

that subjected the samples to the hot part of a steam cycle (60 min at 1316°C). The 

furnace was then translated vertically while maintaining the sample stationary, thereby 

removing the sample from the furnace hot zone and subjecting it to the cold part of a 

steam cycle (10 min at 110°C). 
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3.2.3 Coating Characterization 

The steam cycled samples were sectioned and polished, and examined with a 

scanning electron microscope (Quanta 650 FE-SEM, FEI, Hillsboro, OR) operating in the 

back-scattered electron (BSE) mode. Images are collected under low-vacuum conditions 

for improved imaging of aged structures and sharp-edged features that experience severe 

charging issues even after coating. A gamma correction was applied to enable 

simultaneous visualization of Yb and non-Yb containing materials. Elemental mapping 

by Energy Dispersive Spectroscopy (X-Max
N
 150 SDD, Oxford Instruments, Concord, 

MA) was used to generate compositional maps. The EDS spectra were captured using a 

20kV accelerating voltage so that elemental analysis of Yb could be performed more 

accurately using its L lines. The EDS spectra used for elemental mapping were not 

standardized.  

Raman Spectroscopy was performed using an inVia (Renishaw, Hoffman Estates, IL) 

microscope to identify bond coat oxidation phases and reaction products in steam cycled 

coatings. The Raman analyses were performed using a 50x lens with a numerical aperture 

of 0.5. An argon-ion laser (wavelength of 488 nm) was used for incident illumination of 

the sample. Approximately 99 % of the Gaussian distributed incident light of the source 

resided within a 1μm diameter circle, resulting in a spatial resolution of approximately 1 

μm. 
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3.2.4 Thermomechanical Analysis 

Thermomechanical analyses of stress states and strain energy release rates (ERR) for 

debonding of the elastic coating layers were calculated using the LayerSlayer
199

 software 

package. All strain energy release rate (ERR) calculations presented are for a system 

whose layers remained elastic throughout cooling, under the assumption that all layers 

are in their stress-free state at the annealing temperature of 1300 °C. The calculation 

ignores stress relief by mechanisms such as mud-cracking or creep. The thermophysical 

properties and residual stresses calculated for this elastic coating – substrate system after 

cooling from the stabilization (stress free) annealing temperature of 1300 °C are 

summarized in Table 3.1 and agree well with previous estimates.
97

 

 

3.3 Results 

Eight substrates had coatings deposited upon them. One sample was used for as-

deposited and annealed microstructural analysis, one sample delaminated upon cooling 

from deposition and a second delaminated upon cooling from annealing. Both 

delamination types were investigated by SEM and found to have occurred at the Si – SiC 

interface. The remaining five coated samples were thermally cycled in the steam-cycling 

apparatus shown in Figure 3.2. Spallation failure was observed in the cycled coatings at 

50, 200, 400 (2), and 600 cycles. 
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Table 3.1: Thermophysical properties of EBC system components. 

Material 

CTE 

(×10
6
 

°C
-1

) 

Young’s 

Modulus 

(GPa) 

Poisson 

Ratio 

ν 

Thermal 

Stress 

(MPa)
a 

Layer 

Thickness 
Application 

Yb2SiO5 

EAPS
b 7.5

97 172
97

 

86 
0.27

c
 

840 

425 
75μm Topcoat 

Mullite 

EAPS
b 5.3

70 220
186

 

110 
0.28

187 215 

110 
75μm 

Diffusion 

barrier 

Cristobalite-α 

Cristobalite-β 

30
d
 

3.1
200 

65
201 

70
e 

-0.164
202 

-0.042
203 4,350 0-150μm 

Oxidation 

product 

Si 

EAPS
b 4.1

88 163
88

 

16 
0.223

88 -180 

-17 
100μm Bond coat 

SiC (α) 4.67 430 0.14 
-55 

-34 
3.2mm Substrate 

a
Calculated at 20°C after cooling from stress free condition at 1300°C with LayerSlayer. 

b
Assumed 50% reduction in elastic modulus for APS material/cracking in Yb2SiO5 and 

 Al6Si2O13 and 90% reduced elastic modulus for porous APS Si. 
c
Based on Y2Si2O7.

204
  

d
Average of values reported on the 20-200°C interval.

201,205 

e
Based on Young’s modulus ratio of α and β quartz

206
 and α cristobalite. 

 

3.3.1 Coating Structure 

Figure 3.3 shows BSE mode SEM micrographs of a part of the coating – substrate 

system after stabilization annealing. The white arrows in Figure 3.3(a) indicate the 

locations of mud cracks in the Yb2SiO5 layer. Many of these were observed to have also 

penetrated the Al6Si2O13 layer, Figure 3.3(b) but were arrested near the Al6Si2O13 – Si 

interface, Figure 3.3(c). Examination of the calculated residual stress states in the coated 

system, Table 3.1, indicates that the higher CTE of the Yb2SiO5 layer (and to lesser 

extent the Al6Si2O13 layer) resulted in tensile residual stresses in these layers. The 

residual stresses have been calculated for two sets of elastic moduli. The first is for full 

elastic moduli of the layers typical of dense material, and yields high tensile stresses in 

the Yb2SiO5 and Al6Si2O13 layers and a compressive stress in the Si bond coat. The 
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second is for 50 % elastic moduli of the low porosity Yb2SiO5 and Al6Si2O13 layers and a 

10 % elastic modulus for the highly porous Si bond coat (calculated to be in the range of 

20 % porosity)
97

. These moduli are consistent with those observed for APS materials of 

comparable porosity,
120,122-124,207-211

 and yield reduced tensile stresses in the Yb2SiO5 and 

Al6Si2O13 layers and minimal compressive stress in the Si bond coat. In either case, the 

calculated stresses are consistent with the mud cracking observed. By analyzing the 

number of cracks in a 25 mm span of the coating, the average mud crack spacing was 

found to be ~280 μm. 

The light and dark contrast features evident in the Yb2SiO5 coating layer, Figure 3.3, 

are a manifestation of silicon evaporation from some of the (originally stoichiometric 

composition) powder particles during APS processing.
97

 The lighter contrast regions 

correspond to solidified particles containing a lower silicon fraction. During their 

solidification, this resulted in the formation of a two-phase Yb2SiO5 + Yb2O3 

microstructure solidified droplet. It is worth noting that since the CTE and elastic 

modulus of Yb2SiO5 and Yb2O3 are similar
97

 such silicon loss is not anticipated to 

significantly affect the thermomechanical response of the topcoat. 

Figure 3.3(a) shows that significant variability in the thickness of the coating layers 

(especially the top two layers) resulted from the spray process implemented here. It can 

also be seen that the Yb2SiO5 and Al6Si2O13 layers at the edge of the coating failed to 

fully cover the Si bond coat, even though considerable over-spray of the edge had been 

achieved. While this could have been resolved by changing the angle of deposition of 

these two layers during the spray process, this feature of the samples was retained since it 

provided insight into the failure modes at the edge during subsequent steam-cycling. 
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Figure 3.3: (a) Low magnification BSE mode SEM image of the 1300°C annealed 

EBC with mud cracks indicated by arrows. (b) Shows a higher magnification view of the 

coating in a region where a mud crack penetrated the ytterbium monosilicate and mullite 

layers. (c) A high magnification view of the dashed box area in (b) showing arrest of the 

mud crack at the mullite – silicon bond coat interface. 

 

During the spray deposition process, the temperature of the silicon droplets that 

impacted the SiC substrate varied considerably. The exposure time of the SiC surface to 

the plasma plume also varied across its surface. This resulted in a porous Si bond coat 

and significant variability in the structure and strength of the interface between the grit 

blasted SiC and the Si bond coat. Figure 3.4 shows BSE micrographs of the Si bond coat 

– SiC interface at two different locations in an annealed sample. In some regions of the 

interface, Figure 3.4(a), some silica formation and substantial porosity were observed. 

The concentration of these defects varied considerably within specimens. Figure 3.4(b) 
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shows an interface from a region where these defects were much less prevalent. The Si 

bond coat contained ~20 % porosity and considerably splat boundary silica. Those 

specimens that spalled before steam-cycling were found to have spalled at the Si – SiC 

interface, presumably due to a saturation of those defects identified in Figure 3.4. 

 

Figure 3.4: The Si – SiC interface of (a) an annealed sample in a region of relatively 

poor adherence with oxidized pore structures and poor interfacial bonding and (b) an 

interfacial region of higher quality in the same annealed specimen. 

 

3.3.2 Steam-cycling Response 

The samples that had very short delamination lifetimes (<200 steam cycles) all 

delaminated at the Si – SiC interface. Figure 3.5(a) shows a photograph of a coated 

substrate that had the shortest delamination lifetime (less than 50 steam cycles). A 

photograph taken after its delamination failure shows that delamination began at the left 

edge of this sample and progressed inward towards the center of the coating, Figure 

3.5(b). Figure 3.5(c) shows a cross-sectional image taken at the coating edge location 
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marked by a red bar in Figure 3.5(b). The coating remained attached at this location, but 

delamination had already initiated at the Si – SiC interface. Since there had been 

insufficient time for oxidizer attack to occur, the crack opening displacement at the edge 

of the sample indicates the presence of a bending moment on the coating that is 

consistent with the increasing CTE of layers further from the substrate. 

 

Figure 3.5: Images of an EBC covered sample. (a) Optical image of top surface after 

annealing. (b) Optical image of the top surface of the same sample after it had 

delaminated following 50 steam cycles at 1316°C. (c) SEM cross-section (in BSE mode) 

of the delaminated sample shown in (b). The red bar in (b) indicates the location of the 

cross section shown in (c). 
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Delamination after a few steam cycles (and those that occurred immediately after 

coating deposition and during cooling from the stabilization annealing treatment) appears 

to be a consequence of the large thermal residual stress in the coating system (as outlined 

in Table 3.1) acting in combination with insufficient Si – SiC interfacial adhesion. This is 

consistent with deposition conditions for these samples that resulted in interface sections 

such as that shown in Figure 3.4(a). No delamination of this character was evident in 

coatings with a steam-cycling lifetime in excess of 200 steam cycles.  

An example of the failure mode of the sample that was most delamination resistant 

(600 steam cycles) is shown in Figure 3.6. This figure shows BSE images of the coating 

from cross-sections taken at various distances from the edge of the sample. Examination 

of these serial coating sections indicates that coating damage occurred at the Al6Si2O13 – 

Si interface and was greatest near the coating edges, Figure 3.6(a). A thick (up to 150 μm, 

porous and cracked) TGO layer had formed on the Si bond coat. The TGO layer 

thickness increased towards the edges of the sample, and had microcracked and suffered 

from some combination of steam volatilization and mechanical damage leaving very 

large, frequently interconnected voids at the Al6Si2O13 – Si interface. This damage 

decreased towards the interior of the sample, Figure 3.6(b) and Figure 3.6(c). Figure 

3.6(c), near the center of the coating, shows that cavities had been created in the TGO at 

the base of mud cracks; the TGO was thickest in these areas. Analysis of many sample 

sections indicated that such cavities were present at the bottom of all mud cracks, and 

were extended horizontally along the Al6Si2O13 – TGO interface. Their edges appeared 

sharp and connected with some of the many cracks in the TGO layer. 
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Figure 3.6: Cross sectional BSE micrographs of the same failed coating after 600 1-

hour steam cycles at 1316°C with serial sections at (a) 1mm, (b) 3mm, and (c) 5mm from 

the coating edge. The dashed white line shows the TGO-mullite interface. The boxed 

section in (c) indicates the region subjected to compositional analysis. 
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A higher magnification image of the TGO region is compared with EDS mapping in 

Figure 3.7. It is apparent that the micro-fracture is contained within the TGO scale that 

grew on the Si bond coat at the original Al6Si2O13 – Si interface. The cracking within the 

TGO did not penetrate the adjoining Al6Si2O13 layer or the Si layer on which it had 

grown. Semi-quantitative EDS point analyses of the TGO indicated that it contained only 

Si and O with a composition consistent with SiO2. In addition to the formation of the 

TGO, considerable internal oxidation of the Si bond coat is evident. This is consistent 

with an interconnected void structure whose interior surfaces were oxidized during 

annealing and subsequent steam-cycling. 

 

Figure 3.7: (a) A SEM image taken in BSE mode of a mud-crack root intersection 

with an adherent silica TGO – Al6Si2O13 interface as identified in Figure 3.6(c). (b) An 

oxygen, (c) aluminum, and (d) silicon dot map of the same region. 
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The TGO has been analyzed using Raman spectroscopy, and the ambient temperature 

phase identified to be α (low) cristobalite based on the presence of spectral peaks with 

wavenumbers at 230 cm
-1

 and 416 cm
-1

,
212-214

 Figure 3.8. The presence of the silicon 

peak at a wavenumber of 520 cm
-1

 indicates that Si – Si bonding was sampled by the 

probe. The observed intensity of this peak is very low compared to the intensity for pure 

silicon, and may be due to retained silicon in the oxide. Raman analyses have been 

performed at multiple points across the width of the coating (Figure 3.8) and all 

measurements indicated the TGO to be α cristobalite; no vitreous SiO2 was detected. 

While this did not preclude the presence of vitreous silica, it indicates that if a vitreous 

phase existed, its thickness was considerably less than the ~1 μm diameter laser probe 

used for the Raman analysis. The presence of α (low) cristobalite at ambient temperature 

implies that β (high) cristobalite was formed during high temperature H2O/O2 exposure, 

and that the β (high) cristobalite then underwent a phase transformation to the α phase 

during cooling. Such a phase change typically commences at ~220 °C during the cooling 

of -cristobalite.
201,214-216

 The variation in the Raman background signal may be an 

indication of the incorporation of hydroxyl groups within the silica, which are known to 

result in this phenomenon.
217

 

Modest microstructural changes occurred within the Yb2SiO5 and Al6Si2O13 layers 

during steam-cycling, Figure 3.9. After 200 steam cycles, equiaxed microcracking of the 

Yb2SiO5 phase in the topcoat was observed, Figure 3.9(a). In the Al6Si2O13 layer, 

aggregation of Al2O3 and coarsening into larger plates was observed, Figure 3.9(b). The 

presence of such plates has been previously identified in this system.
97

 No evidence of 

volatilization of silica was observed in either layer. Steam-cycling of the coating system 
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resulted in the formation of a reaction product between the Yb2SiO5 and Al6Si2O13 layers, 

Figure 3.10. The EDS-measured composition of this reaction product ranged between 11-

12 at% Yb, 11-20 at% Al, 14-20 at% Si, and 56-57 at% O. Its thickness varied 

considerably and exceeded 5 μm in some locations. The varying Al and Si contents 

indicate that the compound has a broad phase field. No cracking of the reaction product 

was observed, but porosity was present below the interface between the Yb-Al-Si-O 

reaction product and Al6Si2O13 layer. Raman analyses of this reaction product, Figure 

3.11, indicated that it was crystalline and shared many of the atomic bonding 

configurations present in Yb2SiO5, though several additional peaks were also present in 

the spectra. Raman spectra for the phases of the Yb-Al-Si-O system have not been 

published and so this reaction product could not be identified. 

 

Figure 3.8: Raman spectra from the thermally grown (silica) oxide at the Si-mullite 

interface as a function of distance from the edge of the coated sample. 
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Figure 3.9: High magnification BSE mode SEM images of (a) ytterbium monosilicate 

and (b) the mullite layers after a 200 steam cycle exposure. 

 

3.4 Calculated Stress States and Energy Release Rates 

The mechanical properties and calculated thermal residual stresses for the EBC 

system of Figure 3.1 are presented in Table 3.1. Some explanation is merited for the 

stress states and energy release rates (ERRs) calculated for systems including cristobalite, 

which undergoes a phase transformation. It was assumed that oxidation grows a pure β 

cristobalite scale under stress free conditions at the steam-cycling temperature of 1316 
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°C. Upon cooling, strain is generated by the thermal contraction of β cristobalite. Plastic 

flow during cooling is neglected; creep is also neglected, but the contribution can be 

expected to be small due to the fast cooling rate. At 220 °C an inversion-type phase 

transformation occurs in cristobalite (i.e. β (high) to α (low)), with a volume reduction of 

4.5 % (an average of previously reported experimental values)
201,216

. The system is then 

further cooled with additional strain generated according to the CTE of α cristobalite and 

the other layers of the system. The cristobalite is assumed to be constrained in the plane 

of the coating by the surrounding layers, and stresses are calculated based upon the 

thermal and transformation elastic strain mismatch. The resulting thermal residual stress 

at 20 °C within the cristobalite layer was greater than 4 GPa, assuming no cracking or 

strain relaxation occurred. Clearly, the large elastic strain energy generated by this phase 

transformation is a potent driving force for permanent deformation. It is noted that the 

stress calculation places only an upper bound on the attainable driving force. 

 

Figure 3.10: SEM micrograph (in BSE mode) of the interface between the ytterbium 

monosilicate and mullite layers in a sample that delaminated after 600 steam cycles at 

1316°C. Note the formation of an approximately 5μm thick reaction product between the 

two layers and interfacial pores created by the inter-diffusion reaction. 
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Figure 3.11: Raman spectra of the Yb-Si-Al-O reaction product formed at the 

Yb2SiO5 – Al6Si2O13 interface in Figure 3.10 and a reference pattern for APS Yb2SiO5. 

 

The energy release rates for delamination at the various interfaces in the system both 

before and after a 20 μm thick thermally grown SiO2 scale had formed at the Al6Si2O13 – 

Si interface have been calculated as a function of temperature assuming plane-strain 

constraint, and are shown in Figure 3.12. The conversion of pure Si to SiO2 is 

theoretically accompanied by a 110-120 % increase in volume on a molar basis 

(depending upon the molar volumes used), but for the case considered here it is assumed 

that some volatility occurred such that the actual volume increase was 100 %, 

corresponding to a molar volume ratio of 2. Figure 3.12(a) shows that when no TGO was 

present the ERRs of all three interfaces were very similar in magnitude. However, the 

energy release rates at interfaces below the TGO were increased considerably when the 

α-cristobalite TGO was present, Figure 3.12(b). These trends also apply for computations 

that assume reduced APS elastic moduli of the layers, Figure 3.12(c) and (d). 
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Figure 3.12: The elastic stored energy release rate for delamination at the various 

interfaces of a tri-layer EBC as a function of temperature cooling from 1316°C. (a) For 

an annealed coating assuming bulk (full) elastic moduli, and (b) the same coating after 

growing a 20μm thick cristobalite TGO at the Al6Si2O13 – Si interface. (c) and (d) repeat 

(a) and (b) but with the reduced elastic moduli assumed for the APS materials given in 

Table 3.1. 

 

3.5 Discussion 

The APS deposition of a tri-layer of the Yb2SiO5/Al6Si2O13/Si EBC on a SiC 

substrate results in the development of a substantial stored elastic strain energy in the 
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coating system after cooling from either the deposition process, the stabilization 

annealing treatment, or the steam-cycling process, Figure 3.12(a) and (c). The resulting 

ERR is very high: for comparison the toughness of oxide ceramics lies in the range of 1-

50 N/m (roughly equivalent to 0.1-10 MPa m
1/2

).
218

 The ERR for an interface also rises 

considerably if cristobalite is formed above it in the coating, Figure 3.12(b) and (d). The 

delamination failures of coatings upon cooling from deposition, after annealing and after 

<200 steam cycles are all consistent with a thermomechanical stress-driven failure 

mechanism at the Si – SiC interface, initiated at the stress concentration present at the 

coating edge
219

 in conjunction with insufficient adhesion at the Si – SiC interface. 

It is worth noting again that the neglect of plastic flow during cooling implies that the 

ERR estimates are upper bounds. In addition, deformation mechanisms such as the 

observed channel (mud) cracking, microcracking of the TGO, and other microcracking 

would all considerably reduce the amount of strain energy available to drive cracking in 

the cooled state. Analysis of these competing effects is complicated, and the exact effect 

of these alternate energy release mechanisms has not been studied. As shown in Figure 

3.12(c) and (d), the effect of reduced APS moduli on the ERR behavior has been studied 

and has a significant effect on the magnitude of the ERR (approximate factor of 2), but 

only a minor effect on the shape of the ERR curves and relative magnitude of ERR 

between the various interfaces. Based upon these limitations, the trends of Figure 3.12 are 

used as guides in explaining the damage observed and the tendency of the coating to 

incur damage at particular locations as opposed to direct measures of the true ERR. 

In those coatings where the Si – SiC interface adhesion was sufficient to avoid early 

failure, coating delamination occurred by a combination of thermomechanical and 
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environmental effects. A schematic illustration of the damage mechanisms is shown in 

Figure 3.13. After the stabilization annealing treatment, the CTE mismatch between the 

coating layers and the substrate resulted in a large tensile residual stress in the Yb2SiO5 

layer. A smaller tensile stress was also formed in the Al6Si2O13 layer, Table 3.1 and 

Figure 3.13(a). These stresses varied considerably based upon the elastic moduli used for 

their calculation, but were substantial in either case. The tensile stresses resulted in the 

formation of mud cracks, which were arrested upon encountering the Si bond coat, 

presumably due to the compressive stress in that layer. At ambient temperature, the faces 

of these mud cracks were quite widely separated, especially in the Yb2SiO5 layer. 

Upon heating to 1316 °C in the steam-cycling furnace, the primary damage 

mechanism became environmental: even though the mud crack opening displacement 

was greatly reduced by thermal expansion, the gaseous environment permeated the mud 

crack network and began to oxidize the Si bond coat, forming a -cristobalite TGO at the 

root of the mud cracks, Figure 3.13(b). Cristobalite has previously been observed in silica 

scales formed above 1200 °C during exposure to either water vapor or oxygen, with a 

prevalence that increases with temperature.
51

 Some volatilization may occur through the 

reaction of solid silica with water vapor to form gaseous silicon hydroxides.
46,47,51

 

However, this is likely to be inhibited by the need for diffusive transport of H2O and 

Si(OH)4 through the crack network between the TGO and the external environment. The 

voids at the root of mud cracks are therefore likely a combination of mechanical damage 

and environmental effects. 
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Figure 3.13: The damage mechanism sequence in an Yb2SiO5/Al6Si2O13/Si tri-layer 

EBC applied to an -SiC substrate. (a) Shows the initial damage and stress states in the 

annealed EBC, (b) shows reaction at 1316°C and (c) details mechanical damage at low 

temperature. (d) Schematic of the edge localized damage and failure. 
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Upon cooling, Figure 3.13(c), the CTE mismatch-derived residual stresses began to 

develop and the mud cracks began to re-open.  Significant bending moments are expected 

(based on elastic analyses) because the outermost coating layer had a higher CTE than the 

others. As the TGO grown on the bond coat thickened with increasing high temperature 

exposure time, the driving force for delamination rapidly became dominated by the 

release of strain energy in the TGO, as indicated in Figure 3.12(b) and (d). During the 

cooling of coatings with a thick TGO, the thermally grown β cristobalite transformed to 

the α-phase at around 220 °C with a volume reduction of ~4.5 %. This volume change 

was constrained by adhesion to the surrounding Si and Al6Si2O13, resulting in equiaxed 

microcracking of the TGO. During the next heating cycle, the TGO microcrack network 

provided a fast diffusion path for O2 and H2O to reach un-oxidized Si, and thereby 

increased the oxidation and volatilization rate (due to the very high specific surface area 

of the microcracked silica). Repeated thermal cycling resulted in growth of the TGO and 

eventual linkage of the TGO regions emanated from each mud crack. At some point in 

this process, a delamination crack was formed by linkage of the TGO microcracks. 

Delamination for the tested coating geometry initiated at the edge of the coatings, 

where the severity of the damage mechanisms shown in Figure 3.13(a)-(c) was increased 

due to additional environmental attack from the coating edge, Figure 3.13(d). The Si 

bond coat was left unprotected by the Yb2SiO5 and Al6Si2O13 layers at the sample edge 

even though attempts were made to wrap the coating around the edge of the substrate. 

Upon heating in the steam-cycling furnace, this resulted in rapid oxide growth on and 

within the bond coat due to the presence of an interconnected pore network. Upon 

cooling, TGO microcracking commenced and this enabled more rapid oxidizer 
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penetration and TGO formation during the subsequent hot cycle. The large bending 

moment and substantial ERR that was developed upon cooling resulted in delamination 

and release of the coating between the edge and the first mud crack. Further cycling then 

resulted in the progressive delamination of the coating. 

It is evident that the rapid delamination failure of the tri-layer coating system was 

controlled by the high diffusivity pathways for oxidizer access at either the coating edges 

or the mud cracked Yb2SiO5 and Al6Si2O13 layers. Future coating developments should 

be focused upon systems where exposed edges are avoided and where the CTE mismatch 

between the layers of the coating and the substrate is sufficiently small to avoid mud 

crack formation. This CTE matching constraint in combination with the need for low 

silica activity will significantly reduce the number of candidate coating materials. The 

study has also identified two vulnerabilities of the Si bond coat. First, it is essential to 

identify optimized deposition conditions that result in tough interfaces between the bond 

coat and SiC and to produce a denser Si coating that does not contain surface connected 

pores. Second, the formation of a cristobalite TGO and its high stored elastic strain 

energy upon cooling will be problematic for practical EBC systems. Oxidizing species 

will eventually diffuse through the outer layers of the EBC system and lead to the 

formation of a TGO at the silicon surface. If the formation of cristobalite can be slowed 

or avoided, the driving force for delamination could be reduced and the coating lifetime 

might be considerably extended. 
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3.6 Conclusions 

Three-layer Yb2SiO5/Al6Si2O13/Si EBCs have been deposited onto SiC substrates 

using an APS approach. These coatings have been steam cycled to failure (defined as any 

observed spallation) in an atmospheric pressure, slowly flowing 90 % H2O/10 % O2 

environment using 60 min hot (1316 °C) and 10 min cool (110 °C) cycles. The coating 

lifetime was controlled by interactions between environmental degradation and 

mechanical damage resulting from thermal residual stresses and phase transformation. 

Specifically, it is found that: 

  

a) Mud cracking of the as-deposited and annealed EBC was indicative of a 

thermomechanical incompatibility in the system. This led to the development of short 

circuit gas transport paths through the water vapor protective layers of the EBC.  

b) Oxygen and steam penetrate through the upper layers of the EBC and oxidize the Si 

bond coat. The dominant oxidizer access route appears to be through mud cracks and 

eroded channels in the TGO. The high testing temperature of 1316 °C resulted in the 

formation of β (high) cristobalite as opposed to vitreous SiO2. 

c) Thermally grown cristobalite experiences a phase transformation upon cooling at 

around 220 °C that is accompanied by considerable volumetric contraction. This 

caused severe fracturing of the TGO, and ultimately led to coating delamination. The 

formation of a cristobalite TGO was a major contributing factor to the poor steam-

cycling durability of this tri-layer EBC system. 
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4 Air Plasma Spray (APS) System at UVA 

A considerable amount of time was invested in the selection, installation, 

commissioning, and initial spray parameter development of a Praxair-TAFA APS system 

at UVA. The process took almost 18 months of dedicated work and coordination between 

the ONR funded project team, Praxair-TAFA, UVA Environmental Health and Safety 

(EHS), the Office of the University Building Official (UBO), the project engineers of 

Vansant & Gusler, inc., UVA Facilities Management, UVA Mechanical Trades, and the 

renovation and installation teams. All of these entities are in part responsible for the 

timely delivery of a fully functioning APS lab.  

 

4.1 APS System Selection 

Several APS vendors were queried for information regarding APS systems. The two 

main providers of APS technologies (and most other thermal spray equipment) both 

domestically and internationally are Praxair-TAFA and Sulzer Metco. These two vendors 

also supply the overwhelming majority of (if not all) deposition equipment used by 

turbine hardware OEMs. Therefore, selection of a deposition system from one of these 
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two manufacturers was desirable. Of the available systems, Praxair-TAFA offered a cost 

effective unit with domestic service and the ability to use multiple deposition torches 

produced by both Praxair-TAFA and Sulzer Metco. Due to the flexibility of the system, 

the Praxair-TAFA UPC 7700 unit with a Praxair-TAFA SG-100 APS torch was selected 

for the University facility. 

Four different plasma forming gases can be used to operate the APS torch (Ar, He, 

H2, and N2) over a wide range of flow rates and compositional ratios. This permits 

extreme flexibility in the range of operating environments attainable by the system, and 

allows for tailoring of the gas environment used to the particular material being 

deposited. The system also has a 100 kW power supply that can accurately control 

deposition power to ~100 W. Accordingly, a very wide range of plasma temperatures and 

flow velocities can be achieved with this single system. A schematic of the system is 

presented in Figure 4.1. 

The deposition system was additionally outfitted with four rotary gravity-feed powder 

supply units- ―powder feeders‖. All four of these powder feeders can be individually or 

collectively operated allowing for very complex structures to be deposited. The 

availability of four feeders also greatly minimizes powder cross-contamination issues 

experienced when multiple powders must be fed through the same unit. If powder 

contamination is an issue for the coating application, the powder feeders must be 

disassembled, cleaned, and all consumables must be replaced. The process is both time 

consuming and costly, and greatly increases the time required to deposit multi-layer 

coatings. The presence of multiple powder feeders also carries the added benefit of 

allowing deposition of graded coatings from individual powder sources. 
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Figure 4.1: Schematic illustration of the configuration of UVA’s APS lab. 

 

The UVA system is ultimately controlled by a 6-axis ABB IRB-140 robot to which 

the APS torch is affixed. This allows for maximum flexibility by live manipulation of the 

torch during spraying. The desirability of this configuration and operation of the system 

will be discussed in Sections 4.3 and 4.4. 
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4.2 APS Facility 

The APS lab is located in the Observatory Mountain Engineering Research Facility 

(OMERF). This location was determined to be the most suitable for a large deposition 

system due to its remoteness from central grounds, large laboratory space, and 

availability of the ~150 kW of power that can be drawn by the APS system and its 

ancillary equipment during peak operation. The control interfaces of the lab are set up in 

an open floor plan that promotes awareness of equipment operation and provides access 

to all equipment. The primary control system is shown in Figure 4.2. 

 

Figure 4.2: Photography of the process gas handling and primary controls of UVA’s 

APS system. 
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4.3 Equipment and Process Modifications 

The APS system at UVA has four powder feeders, Figure 4.3. As described in 

Chapter 1 and evidenced in Chapters 2 and 3, the feed of powders is an incredibly 

important aspect of the APS deposition process. Inconsistent powder feed not only results 

in inconsistent thickness of deposited coatings, but also in an effective change in spray 

parameter due to the continuously varying density of powder particles in the APS plume 

(―powder load‖); the phenomenon is termed ―powder pulsing‖. Either of these 

phenomena can very negatively affect control over the coating microstructure. 

 

Figure 4.3: The four powder feeders that can be connected to the APS torch. 

 

Powder pulsing was observed in initial studies of mullite, BSAS, and ytterbium 

silicate powders at UVA. These powders were all of fused-crushed manufacture, and 
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therefore had irregular shapes and relatively broad size distribution. When combined with 

the relatively low density and poor packing efficiency of these materials, this led to 

severe difficulties in powder feeding. Powder pulsing out of the powder feeder itself was 

remedied by fluidizing the system with 900 N air-powered rotary vibrators operating in 

the 100 Hz range. This effectively eliminated powder pulsing directly out of the feeders. 

However, powder flow issues were still observed through the feed hoses. Electrostatic 

charge issues with powder flow through the feed lines were observed in the winter and 

humidification of the feed system was found to be highly problematic in the summer. 

Electrostatic discharge issues were remedied by grounding the entire length of powder 

hose with electrical conductor. Humidification issues were resolved by continuously 

storing all powders in desiccators and implementing several minute Ar purges of powder 

lines before feeding powders. 

APS deposition of ceramic materials onto heated substrates was also discussed in 

Chapter 1. The premise of this technique is to reduce the quench rate of deposited 

material such that crystalline phases can be formed immediately upon deposition.
70

 This 

is desirable for a number of reasons and is particularly applicable to APS ceramic 

materials. The difference between deposition of injected particles upon ambient 

temperature and heated substrates is schematically illustrated in terms of the crystallinity 

of deposits in Figure 4.4. Even if no crystalline core remains in the powder particles after 

traversing the plasma, the same concepts still apply. The slowed cooling rate extends the 

time permitted for nucleation, and therefore allows for crystalline phases with slower 

nucleation rates to form and grow. 
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Figure 4.4: Schematic illustration of the effect of substrate heating upon crystallinity 

of splats deposited by APS. 

 

Due to crystallization issues with APS deposition of mullite onto ambient temperature 

substrates,
70

 the APS system at UVA was equipped with a high temperature deposition 
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furnace. This furnace is capable of holding a 1500 °C internal temperature with the 

deposition window open, as pictured in Figure 4.5. Though elevated temperature 

deposition resolves issues with deposition of amorphous materials, it also introduces a 

host of other logistical issues with fixturing samples for deposition. Superalloy fixtures 

were tested but were found to be insufficient for the extreme oxidizing environment. 

Aluminosilicate insulation fixtures comparable to those used at NASA Glenn were tested, 

but these had the disadvantage of overlapping the front of the sample, and their light 

weight often lead to movement inside the deposition furnace during APS processing.  

 

Figure 4.5: Photograph of Brad Richards removing a deposition fixture with four 

coated samples from the high temperature deposition furnace. 
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Instead, SiC fixtures were custom designed and fabricated to hold the SiC substrates 

during deposition. One of these fixtures is shown being removed from the furnace in 

Figure 4.5. The fixtures had sufficient weight to remain stationary during the deposition, 

and their rigidity allows for gripping of substrates by grooves cut into their edges, thereby 

allowing one entire surface of the substrate to be coated inside the furnace. The fixture 

therefore solves an issue identified in Chapter 3 associated with exposed edges resulting 

from uncoated parts of the sample face. Due to the extreme thermal shock associated with 

loading and unloading the fixtures from a 1200 °C operating environment to ambient 

conditions, the sample fixtures were made out of stacks of 6 mm SiC plates machined to 

the desired shape. 

The high temperature deposition furnace was also configured for continuous purging 

by mixtures of Ar and H2 gases fed into the furnace. The Ar/H2 purge allowed for a 

strongly reducing environment to be established within the furnace, the necessity of 

which will be discussed in Chapters 5 and 6. The reducing gas flow could be pumped into 

the furnace at rates exceeding 20 slm and was moderated by individual mass flow 

controllers for the Ar and H2 lines. 

 

4.4 APS Torch Control and Deposition 

In the configuration installed at UVA, the entire APS system is controlled by the 6-

axis robot. This allows for an operational mode to be implemented that is similar in many 

ways to spray painting.  There, a human operator physically controls the flow of the paint 

source and traverses the paint cloud emanating from the spray can across the surface to 
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be painted. In the APS system, the robot physically activates the plasma spray plume and 

then traverses the APS torch (and plume) across the sample to be coated in a pattern that 

optimizes surface coverage. A variety of spray patterns have been programmed into the 

robot that permit deposition onto several different geometries of sample. 

The entire control sequence is activated and operated from the control pendant of the 

robot, pictured in Figure 4.6. A software framework was provided for this system by 

Praxair-TAFA with basic capabilities and routines. This software has been greatly 

expanded upon throughout the dissertation to handle several relevant specimens. The 

interface is intuitive and prompts the operator with a series of questions that determine 

which coating layers to deposit, what sequence to deposit them in, and what sample and 

sample fixture are being used for deposition. The control software also allows for 

termination of the deposition routine at any point. 

During operation, little of the actual deposition process is visible aside from the 

plasma flame and movement of the robotic arm. A photograph taken during deposition is 

shown in Figure 4.7. This photograph indicates the relative scale of the deposition 

furnace, the robot, and the APS torch. The photograph was taken through ANSI shade 8 

weld screening. The distance between the face of the APS torch and the front face of the 

deposition furnace is ~25 mm. 
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Figure 4.6: Control pendent of the ABB IRB-140 robot that runs the APS system. 

 

At peak production, the APS system is capable of depositing well over 100 coated 

substrates per day when using the high temperature deposition fixture. This number is 

considerably greater if low temperature depositions are performed. The production rate is 

such that the time required for deposition is unlikely to ever pose a problem even if 

numerous APS projects were active at the University. This lab adds a deposition 

capability to the School of Engineering and Applied Science that can be found at only a 

few other universities in the United States and internationally. 
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Figure 4.7: Live plasma spraying into the high temperature deposition furnace. 
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5 Structure, Composition and Defect Control of APS 

Ytterbium Silicates
3
 

 

Synopsis: Environmental barrier coatings (EBCs) are needed to protect SiC structures 

exposed to high temperatures in water vapor rich environments. A tri-layer EBC system 

consisting of a silicon layer attached to the SiC, a mullite diffusion barrier and a low 

steam volatility ytterbium silicate topcoat has shown some promise for use at 

temperatures up to 1316 °C.  However, the performance of the coating system appears to 

be dependent upon the manner of its deposition. Here, an air plasma spray method has 

been used to deposit this tri-layer EBC on -SiC substrates and the effects of the plasma 

arc current and hydrogen content upon ytterbium monosilicate (Yb2SiO5) and disilicate 

(Yb2Si2O7) topcoats’ structure, composition and defects are investigated. Modification of 

spray parameters enabled the loss of Si from the injected powder to be reduced, leading 

to partial control of coating stoichiometry and phase content. It also enabled significant 

control of the morphology of solidified droplets, the porosity and the microcracking 

                                                 
3
 A technical article submitted to the Journal of Materials Science.
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behavior within the coatings. Differences between the Yb2SiO5 and Yb2Si2O7 are 

discussed in the context of their EBC application. 

The work in this Chapter of the dissertation was carried out with the aid of Hengbei 

Zhao (UVA) who performed the TEM analyses. Discussions with Bryan Harder (NASA 

Glenn) and Elizabeth Opila (UVA) were critical at several stages. Ryan Hinckley (GE 

Fuel Cells, formerly Praxair-TAFA) also aided the initial formulation of the recipes that 

were developed into the spray parameters used here. 

 

5.1 Introduction 

The design of second generation tri-layer EBCs has already been reviewed in Chapter 

1 of this dissertation. Among these, ytterbium monosilicate (Yb2SiO5) and ytterbium 

disilicate (Yb2Si2O7) topcoat based EBCs appear promising due to their monomorphic 

nature
81

, substantial prior investigations
77,78,95,97

 (Chapters 2 and 3), and the availability 

of the powdered forms of both materials which facilitates deposition by plasma spray 

methods. 

APS deposition methods have also been reviewed in Chapter 1, and their applicability 

to EBCs is clearly established. However, studies of the microstructure and performance 

of tri-layer ytterbium monosilicate/mullite/silicon EBCs in Chapter 2 and Chapter 3 have 

shown a significant sensitivity of the coating’s steam-cycling durability to the 

composition, structure and various defects incorporated into the layers during APS 

deposition.
95,97

 Interest therefore exists in the relationships between plasma spray 
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deposition conditions and the composition, structure, and defect populations of the 

coating layers. 

Here we experimentally investigate the effects of varying some of the air plasma 

spray deposition parameters upon the resultant compositions, microstructures and defects 

of the deposited ytterbium silicate topcoat of a tri-layer ytterbium silicate/mullite/silicon 

EBC system applied to SiC substrates. Studies are conducted on both ytterbium 

monosilicate, which has a very low recession rate in steam environments
196

 and upon its 

disilicate counterpart, which has been confirmed here to have a much closer thermal 

expansion coefficient to that of the α-SiC substrates. The deposition studies are 

performed using the University’s APS system, detailed in Chapter 4. 

 

5.2 Experimental 

5.2.1 Plasma Spray Process 

Tri-layer Yb-silicate/Al6Si2O13/Si EBCs were air plasma sprayed onto 25.4 mm x 

12.7 mm x 4.8 mm Hexoloy
TM

 α-SiC substrates (Saint Gobain Ceramics, Niagara Falls, 

NY) using the process schematically illustrated in Figure 5.1(a). Substrates were prepared 

by lightly grit blasting one surface with SiC to achieve an approximately1 μm amplitude 

surface roughness (Ra). The substrates were ultrasonically cleaned in ethanol and inserted 

into a deposition fixture. The substrate-loaded fixture was then placed in a furnace set at a 

temperature of 1200 °C. To inhibit sample oxidation, a reducing gas composed (by 

volume) of 21 parts Argon to 1 part H2 was flowed through the furnace at a rate of 20 slm. 
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The substrates were allowed to heat for 3 minutes within the furnace with the reducing 

gas flowing before a front plug was removed to allow deposition to commence.  

 

Figure 5.1: (a) Schematic illustration of the air plasma spray (APS) deposition 

approach used for high temperature environmental barrier coating (EBC) deposition. (b) 

Schematic illustration of the plasma torch design. (c) The spray pattern and definition of 

relevant deposition parameters. (d) Photograph taken during APS deposition into the box 

furnace. 

 

A Praxair-TAFA Model SG-100 torch with a Model 02083-175 anode configuration 

was used for deposition of all of the coating layers. This torch, Figure 5.1(b), utilized 
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internal powder injection at a slight reverse injection angle. It was equipped with a Model 

02083-120 cathode, a Model 03083-112 gas injector, and was cooled using 10 °C chilled 

water with a flow rate of 30 slm. The spray raster pattern shown in Figure 5.1(c) 

involving 2 passes of 12 steps was used to deposit all three coating layers. A photograph 

taken during deposition of an Yb2SiO5 coating layer using this system is presented in 

Figure 5.1(d). All the depositions utilized a torch nozzle exit to the substrate surface 

standoff distance of ~150 mm while the distance from the torch to the outer front face of 

the furnace was ~25 mm. 

Deposition of the Si layer was performed in the Ar/H2 reducing gas environment 

furnace. Immediately after deposition of the Si layer, the reducing gas flow to the furnace 

was terminated and subsequent layers were then deposited. The deposition of each layer 

was completed in approximately 10 s (5 s per pass) and layer depositions were separated 

in time by only that required for the torch to change spray parameters, purge powder feed 

lines, and stabilize conditions for the next material (typically ~20 s). The spray 

parameters for deposition of the Si and Al6Si2O13 layers are provided in Table 5.1. 

Table 5.1: Plasma spray parameters for deposition of silicon and mullite layers. 

APS Layer Si Al6Si2O13 

Arc Current (A) 350 375 

Primary Ar Flow (slm) 77.87 77.87 

Secondary H2 Flow (slm) 0.94 0.94 

Carrier Ar Flow (slm) 5.90 5.43 

Powder Flow (g/min, port) 31.0, upper 18.9, upper 

Deposition Power (kW) 14.0 15.2 
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The ytterbium silicate layers were deposited using systematically varied sets of spray 

parameters that had been down-selected from an initially much wider range of parameters 

by selecting only those that resulted in fully dense coatings. Four primary spray variables 

controlled coating composition and microstructure: (i) powder size distribution and 

morphology, (ii) torch standoff distance, (iii) the plasma arc current, and (iv) the 

secondary gas (H2) concentration. Of these, the powder size distribution was fixed by the 

need to select from a commercially available ytterbium silicate powder source. 

Preliminary studies indicated that reducing the torch to substrate standoff distance 

beneficially affected the coating composition. However, reduction of the plasma torch 

standoff distance below 150 mm was physically constrained by the need for deposition 

onto heated substrates that resided in a thick walled high temperature furnace. Increasing 

the torch standoff distance beyond 150 mm was also discovered to increase coating 

porosity, and so this variable was therefore not varied. As a result, only variation of the 

plasma forming arc current and secondary (H2) gas concentration was systematically 

investigated in the present study. 

A standard ―S‖ set of parameters was first developed that produced low pore content 

ytterbium silicate coatings. Subsequent coatings were then deposited using variations of 

parameters about this ―S‖ spray parameter center point. The parameter combinations are 

listed in Table 5.2 with their appropriate identifying labels. Combinations of the arc 

current while holding all other spray parameters fixed were identified as 1C, 2C and so 

on, as the current increased. Variations of the secondary H2 gas concentration while 

holding all other spray parameters fixed were designated 1H, 2H etc. The other spray 

parameters held constant across all depositions included the primary Ar gas flow of 84.95 



96 

 

slm as well as the powder carrier Ar flow of 5.90 slm for Yb2SiO5 and 4.72 slm for 

Yb2Si2O7. The injected powder mass flow rate was measured using catch-can 

experiments. The mass flow rate for Yb2SiO5 was 41.5 g/min while that of Yb2Si2O7 was 

35.2 g/min. Powder feed was assisted by 900N pneumatic vibrators to ensure feed 

consistency. No powder pulsing was observed during deposition of the coating layers. 

Table 5.2: Current and secondary hydrogen flows for the spray parameters used in 

this study to deposit the ytterbium silicate layers. 

Spray 

Parameter 

Current 

(A) 

Secondary 

H2 (slm) 

Power 

(kW)
a
 

Yb2SiO5 

Thickness 

Yb2Si2O7 

Thickness 

1C 225 0.94 9.3 N/A 80±5 

2C 250 0.94 10.3 80±5 80±5 

S 275 0.94 11.3 80±5 80±5 

4C 300 0.94 12.3 110±5 80±5 

5C 325 0.94 13.3 110±5 80±5 

1H 275 0.57 10.6 N/A 100±5 

2H 275 0.71 10.9 80±5 80±5 

4H 275 1.18 11.7 80±5 120±5 

      a
 Minor deviations of +/-0.2kW in spray power were observed over the course of the due 

to wear of torch hardware.  

 

5.2.2 Powder Materials 

The silicon powder used for bond coat deposition was Sl-122 electronics grade 

powder supplied by Micron Metals (Bergenfield, NJ) with a particle diameter range of 28 

to 129 μm. The mullite (Al6Si2O13) powder provided by Saint Gobain Ceramics 

(Worcester, MA) had a particle diameter of 16 to 53 μm. Both of the ytterbium silicate 

powders (Yb2SiO5 and Yb2Si2O7) were procured from Treibacher Industrie Inc. (Toronto, 

ON) in fused-crushed form with irregular/angular morphology and a particle diameter of 

20 to 50 μm. The ytterbium silicate powders had been previously characterized and 
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identified to be phase pure and within 2 at% of the target stoichiometry (25 at% Yb – 

12.5 at% Si – 62.5 at% O for Yb2SiO5 and 18.2 at% Yb – 18.2 at% Si – 63.6 at% O for 

Yb2Si2O7). Both contained only minor quantities of SiO2 and Yb2O3 particulates (<1 % of 

all particles by number, estimated to be <0.25 vol% of particulates).
97

 

 

5.2.3 Coating Characterization 

As-deposited and annealed topcoats were subjected to X-ray diffraction (XRD) 

measurements (X’Pert Pro MPD, PANalytical, Westborough, MA) with patterns 

analyzed by Rietveld refinement (HighScore Plus, PANalytical, Westborough, MA). The 

samples were subsequently sectioned, polished, and examined with a scanning electron 

microscope (Quanta 650 FE-SEM, FEI, Hillsboro, OR) operating in the back-scattered 

electron (BSE) mode. All images were collected under low-vacuum imaging conditions. 

A gamma correction was applied to images to enable visualization of the Yb and non-Yb 

containing materials to be simultaneously observed on all the images, and to be 

comparable with images in earlier works.
95,220

 

Quantitative image analysis was conducted using data collected from five randomly 

selected 200 μm width by 150 μm height cross-section images; the image size was 

sufficient to capture the full thickness of the topcoat in all spray parameter combinations. 

Average layer thicknesses were calculated from 50 equally spaced thickness 

measurements. The data from all five images was combined for quantitative metrics and 

taken to be a representative sample of the entire coating (having sampled a total coating 

layer length of approximately 10 times the coating thickness). The solidified droplet 
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(splat) length, l to thickness, t ratio was measured for over 1,000 splats for each spray 

parameter combination. EDS measurements of the as-deposited structures were 

attempted, but anomalous results were observed, leading to an inability to calculate 

compositions accurately by this technique. These discrepancies may have resulted from 

X-ray absorption and fluorescence in the Yb-Si-O system previously identified by other 

studies.
221-227

 Average as-deposited compositions of ytterbium silicate layers were instead 

calculated from the measured volume fractions, and known compositions of the phases in 

each of the annealed layers. The volume fractions of the phases in annealed coatings were 

obtained using a simple contrast threshold-crossing criterion for BSE mode images. 

Volume fractions were measured over 1mm by 150 μm areas for each coating and 

calculated as the number of pixels of each phase divided by the total number of pixels of 

coating material. The analysis of phase fractions was therefore insensitive to variations in 

the layer thickness, porosity, and cracking. 

The combination of calculated as-deposited coating stoichiometry and the BSE 

images of as-deposited layers allowed BSE histogram overlays on as-deposited 

compositional measurements. For each layer, it was assumed that the average value of the 

BSE histogram corresponded to the average composition of the as-deposited layer from 

which the image was gathered. Further, it was assumed that in each image some area of 

very near stoichiometric material existed, such that the lower contrast bound of the 

histogram could be fixed to stoichiometric (precursor) material for all BSE images. This 

provides two points by which to scale the histogram in compositional space (only two 

points are required for linear scaling of any shape). Such compositionally paired 

histograms semi-quantitatively determine the compositional variations between as-
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deposited materials. It is noted that the BSE contrast versus ytterbium concentration 

curve has been calculated to be linear over most of the composition space of interest 
97

. 

Microcrack density and orientation assessments were also performed on as-deposited 

1 mm by 150 μm wide regions of the coatings. Since the cracks had zig-zag shapes, the 

length and orientation of each individual linear segment of a microcrack was measured 

and then statistically summarized. Over 1,000 individual linear crack segments were 

measured for each spray parameter. The data reported for microcracking are in the form 

of a crack areal density (CAD), defined as the length of microcrack per unit of cross-

sectional area. In the present study, the CAD data is reported as length of crack (in μm) 

per 10,000 μm
2
 of coating cross-section. The CAD has also been analyzed as a function 

of angle of divergence from horizontal (the plane of the coating) for all spray parameters. 

From symmetry considerations, the inclination angle was reported for a single angular 

quadrant (0-90 ° angular range), by binning in nine 10 ° wide increments. 

 

5.3 Results 

Tri-layer EBCs with Yb2SiO5/Al6Si2O13/Si and Yb2Si2O7/Al6Si2O13/Si structure were 

deposited using an air plasma spray approach. Representative structures of the as-

deposited tri-layer baseline (S parameter) coatings with ytterbium monosilicate and 

disilicate topcoats are shown in Figure 5.2. All deposited coatings were adherent through 

annealing. The thickness of the various deposited layers is presented along with the spray 

parameters used for deposition in Table 5.2. All the topcoat layers were almost fully 

dense, with only a very small number of pores with a diameter >10 μm scattered 
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randomly throughout the coatings. Total porosity in all ytterbium silicate layers was <2 

%. The density of the coating layers deposited here was higher than that of recently 

reported coatings deposited under very different plasma spray conditions
95

. 

 

Figure 5.2: As-deposited tri-layer EBC systems deposited on a monolithic α-SiC 

substrate. (a) Ytterbium monosilicate and (b) ytterbium disilicate topcoats both deposited 

on mullite using silicon bond coated substrates. The SEM images were collected in BSE 

mode and so the whitest contrast phases contained the highest concentration of the 

highest atomic number element (ytterbium). 

 

5.3.1 Phase Content 

The XRD pattern of the as-deposited ytterbium monosilicate coating deposited using 

the S combination of process parameters is shown in Figure 5.3(a). Analysis of this data 

indicated the layer contained two monoclinic Yb2SiO5 phases indexed as an I2/a phase 

(PDF 00-040-0386) and a P21/c phase (PDF 00-052-1187), and a cubic Yb2O3 phase 
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indexed as Ia-3 (PDF 00-041-1106). After annealing, the P21/c phase almost completely 

disappeared, and the coating then consisted of the I2/a monoclinic phase of Yb2SiO5 and 

the cubic (Ia-3) phase of Yb2O3. Rietveld analysis was unable to resolve the volume 

fractions of the various phases accurately due to the large number of overlapping 

diffraction peaks and the varying background present after APS processing, presumably 

resulting from the fluorescence issues indicated in Section 5.2.3. Qualitatively, all of the 

as-deposited ytterbium monosilicate layers had P21/c to I2/a phase volume fraction ratio 

of ~2:1. The annealed ytterbium monosilicate coatings contained only trace amounts of 

the P21/c phase, Figure 5.3(a). The relative peak intensities of peaks belonging to the 

cubic ytterbia phase increased with increasing deposition power indicating an increase in 

volume fraction of ytterbia. However, they could not be used to determine quantitatively 

the volume fractions of the respective phases in the plasma sprayed material. 

The diffraction patterns of as-deposited and annealed ytterbium disilicate layers 

deposited using the S combination of processing parameters are shown in Figure 5.3(b). 

The XRD pattern of the as-deposited layer could be indexed as a mixture of C2/m 

monoclinic Yb2Si2O7 (PDF 04-007-4857) and the same two phases of monoclinic 

Yb2SiO5 observed in the as-deposited ytterbium monosilicate layers (I2/a and P21/c). 

After annealing, only the C2/m Yb2Si2O7 phase and I2/a Yb2SiO5 phase were observed in 

the coating, Figure 5.3(b). Again, Rietveld analyses could not be used for quantitative 

phase determination due to the issues mentioned above. Qualitatively they indicated a 

monotonic increase in the P21/c to I2/a Yb2SiO5 phase ratio with plasma spray power 

(from a ratio of 7:2 at low powers to 13:2 at the highest deposition power). After 

annealing, the metastable P21/c Yb2SiO5 phase had again transformed in all the layers. 
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Similar to the monosilicate system, an increase in relative peak intensity of those peaks 

from the Yb2SiO5 I2/a phase was observed with increasing deposition power in annealed 

coatings, indicating increased volume fraction of the monosilicate, but quantitative phase 

fraction measurement would have required comparisons with calibration curves derived 

from experiments with varied volume fractions of the phases (spike experiments)
228

. 

 

Figure 5.3: X-ray diffraction patterns of as-deposited and annealed topcoats. (a) 

Ytterbium monosilicate and (b) ytterbium disilicate both deposited using the S 

combination of deposition parameters. 
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Observations of the ytterbium silicate layers using BSE mode SEM imaging revealed 

regions of light and dark contrast in the ytterbium silicate layers, Figure 5.2. The light 

regions have been previously shown to correspond to solidified particle droplets that are 

ytterbium rich (Si-depleted) compared to the stoichiometric powder material
95,97

. Only 

the darkest grey regions in the images had a Si content close that of the stoichiometric 

powder. Examinations of the two topcoats at higher magnifications revealed the 

compositional variations to be quite severe, Figure 5.4.  

In as-deposited layers observed in the SEM at relatively low magnification, Figure 

5.4(a) and (d), a broad spectrum of contrast was observed indicative of a continuous 

range of compositions. However, there are only four equilibrium phases (including the 

two terminal compounds) in the Yb2O3 – SiO2 pseudo-binary phase diagram at 

temperatures up to 1750 °C: the two pure terminal oxides, Yb2SiO5, and Yb2Si2O7.
81,229

 

The continuous variation of contrast in the two topcoats was found to not correspond to 

multiple intermediate phases, but rather from variations in the fractions of the extremely 

fine grained Yb2O3, Yb2SiO5, and Yb2Si2O7 line compound phases simultaneously 

sampled by the electron beam.
97

 This is supported by XRD analyses indicating the 

presence of only these three compounds in both as-deposited and annealed materials. The 

very fine crystal size in the as-deposited structure is consistent with the rapid quench rate 

of the APS process and slow crystallization kinetics of compounds with large unit cells. 
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Figure 5.4: BSE mode SEM micrographs of the ytterbium silicate layers deposited 

using the S combination of deposition parameters. (a) As-deposited, (b) annealed, and (c) 

high magnification annealed ytterbium monosilicate layer. (d), (e), and (f) correspond to 

as-deposited, annealed, and high magnification annealed ytterbium disilicate layers. 

 

After stabilization annealing, only two different contrast phases were observed in 

BSE micrographs, Figure 5.4 (annealed micrographs (b) and (e)). These phases 

correspond to those observed in X-ray diffraction: I2/a Yb2SiO5 and Ia-3 Yb2O3 in the 
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ytterbium monosilicate layers, and C2/m Yb2Si2O7 and I2/a Yb2SiO5 in the ytterbium 

disilicate layers. The volume fraction of a second phase that formed in an individual splat 

upon annealing varied in accordance with the stoichiometry of the splat during 

deposition, Figure 5.4(b) and (e). As a result, prior splat boundaries were ―visible‖ in 

many images based upon differences in the volume fraction of their phases despite the 

lack of an actual physical boundary, Figure 5.4(c) and (f). High magnification imaging 

indicated a heterogeneous distribution of second phase precipitates on a fine scale and 

revealed the grain structure of the layer, Figure 5.4(c) and (f). The slight grain-to-grain 

variations in contrasts within the two phases in Figure 5.4(c) and (f) may be a result of 

variations in electron channeling with orientation (―band contrast‖), not of compositional 

variation. 

FIB lift-outs from annealed S spray parameter ytterbium monosilicate and disilicate 

layers were analyzed using transmission electron microscopy to verify the phases 

observed in XRD, Figure 5.5 and Figure 5.6. In bright field imaging, the contrast of the 

phases are reversed from SEM BSE imaging since they are transmission and not 

backscattered electron images. Thus, Yb-rich regions appear darker in contrast than Si-

rich material in TEM micrographs. Imaging of the ytterbium monosilicate layer, Figure 

5.5(a), revealed a structure reflective of that in Figure 5.4(c). EDS measurements of the 

composition of the two phases (probe locations indicated by crosses in Figure 5.5(d)) 

revealed compositions very close to Yb2O3 for the precipitated phase and Yb2SiO5 for the 

matrix, Table 5.3. Selected Area Electron Diffraction (SAED) was used in the area 

indicated in Figure 5.5(a) to capture diffraction patterns of the matrix phase on two 

different zone axes, Figure 5.5(b) and (c). Indexing of these diffraction patterns identified 
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the structure as monoclinic I2/a Yb2SiO5, Table 5.4. The shape and structure of the 

precipitates was generally equiaxed, Figure 5.5(a) and (d). The SAED pattern of the 

precipitate from Figure 5.5(d) was indexed as cubic Yb2O3, Figure 5.5(e). Low intensity 

diffraction spots in Figure 5.5(e) resulted from beam overlap with neighboring Yb2SiO5. 

 

Figure 5.5: (a) Bright field TEM image of the ytterbium monosilicate coating. (b) The 

[   ] and (c) the [   ] selected area electron diffraction (SAED) zone axis patterns 

from the monoclinic Yb2SiO5 phase. (d) High magnification bright field image of the 

precipitated phase in the Yb2SiO5 matrix. (e) Shows the cubic Yb2O3 precipitate 

diffraction pattern along the [   ] zone axis. 
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Analogous analyses were performed on an ytterbium disilicate coating deposited 

using the S-parameter combination, Figure 5.6. Bright field imaging indicated the layer to 

be multiphase (as in Figure 5.4(d)-(f)) with several large matrix-phase grains suitable for 

analysis in a FIB lift-out sample, Figure 5.6. Again, high magnification bright field 

imaging was used to capture the physical structure of precipitated particles and the 

matrix-precipitate interface, Figure 5.6(b). The EDS compositions measured at the probe 

points marked by crosses in Figure 5.6(b) aligned closely with the compositions of 

Yb2Si2O7 and Yb2SiO5, Table 5.3. SAED patterns from the spot in Figure 5.6(a) were 

analyzed for two different zone axes, Figure 5.6(c) and (d), and indexed as monoclinic 

C2/m Yb2Si2O7, Table 4. SAED analyses were also performed upon the precipitates, and 

indexed diffraction patterns conform to those given in Table 5.4 for Yb2SiO5. These 

analyses indicate that air plasma spray deposition from stoichiometric composition 

powder has resulted in Si-depleted, mixed-phase coating layers. 

Table 5.3: Chemical compositions of the precipitated particles and matrix in the 

annealed coatings. 

Composition (at%) O Yb Si 

Precipitate in Yb2SiO5 60.0 38.1 1.9 

Matrix of Yb2SiO5 62.8 24.3 12.9 

Stoichiometric Yb2SiO5 62.5 25.0 12.5 

Precipitate in Yb2Si2O7 63.2 23.0 13.8 

Matrix of Yb2Si2O7 62.6 17.6 19.8 

Stoichiometric Yb2Si2O7 63.6 18.2 18.2 
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The average volume of precipitated phase in annealed coatings was calculated as a 

function of deposition parameter for all ytterbium silicate layers, Figure 5.7. The trends 

and relative magnitudes of Figure 5.7 were found to agree with the semi-quantitative data 

calculated by Rietveld refinement from diffraction patterns of the annealed layers, 

corroborating the validity of the image analysis measurements. In ytterbium monosilicate 

layers, Figure 5.7(a), the volume fraction of precipitated Yb2O3 followed a monotonically 

increasing trend with deposition power as either the plasma current or H2 concentration 

were varied (while holding other deposition parameters constant). The minimum volume 

fraction of precipitated Yb2O3 was ~8 vol% in the 2H coating and the maximum was ~16 

vol% in the 5C coating as the plasma spray power was varied over a range of only 3.0 

kW. In ytterbium disilicate coatings, the volume fraction of Yb2SiO5 also followed a 

monotonically increasing trend with plasma current, Figure 5.7(b). The volume fraction 

of precipitated Yb2SiO5 in ytterbium disilicate layers ranged from ~9 vol% for the 1H 

coating to ~24 vol% for the 5C coating. The volume fraction of the precipitated phase in 

ytterbium disilicate coatings could be changed by ~15 vol% as the deposition power was 

varied over a range of 4.5 kW. 

Table 5.4: Lattice constants calculated from diffraction patterns and PDF cards. 

Lattice Source a (Å) b (Å) c (Å) β (
o
) 

Yb2SiO5 PDF
a
 12.38 6.67 10.29 102.54 

Yb2SiO5 SAED 12.63 6.70 10.53 105.56 

Yb2Si2O7 PDF
b 

6.80 8.87 4.70 102.12 

Yb2Si2O7 SAED 6.78 8.42 4.73 100.48 
a
PDF card (00-040-0386) 

b
PDF card (04-007-4857) 
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Figure 5.6: (a) Bright field TEM image of the ytterbium disilicate coating and (b) 

high magnification bright field image of a precipitated Yb2SiO5 particle. Crosses indicate 

the locations of EDS probes for characterizing the matrix and precipitate phases. (c) The 

[   ] and (d) the [   ] selected area electron diffraction patterns along zone axes of 

monoclinic Yb2Si2O7 from the region indicated by SAED circled in (a). 

 

5.3.2 Splat Aspect Ratio 

Variation of the spray parameters resulted in changes to the solidified droplet 

structures of as-deposited ytterbium monosilicate coatings, Figure 5.8, and ytterbium 

disilicate coatings, Figure 5.9. In both Figure 5.8 and Figure 5.9, the spray deposition 

power increased from (a) to (c) to (d) to (b). Figure 5.8 and Figure 5.9 (a) and (b) 

correspond to the lowest and highest power used in the plasma direct arc current variation 

study whereas parts (c) and (d) corresponded to the lowest and highest power used in the 

H2 variation study. Very fine nano-grain structures were visible in all of the coatings. The 
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prevalence of large, round, unmelted particles also decreased with increasing deposition 

power in both materials. Variation of the process conditions caused changes to the splat 

length, l, its thickness, t and the aspect ratio (l/t) of the splats.  Increasing the plasma 

current or the plasma plume H2 concentration (while maintaining other spray parameters 

constant) resulted in an increase of splat l/t ratio, Figure 5.10. The splat l/t ratio ranged 

from ~4 to ~17 for ytterbium monosilicate layers and from ~7 to ~14 for the ytterbium 

disilicate layers. The data indicate that though variation of both plasma current and H2 

concentration monotonically increase the splat aspect ratio, the effect was not simply 

governed by spray power alone. As suggested in Section 2.3, it is apparent in Figure 5.8 

and Figure 5.9 that partially melted particles (of near stoichiometric composition) exist in 

all coating layers. 

 

5.3.3 Coating Composition 

Since EDS estimates of the coating composition were found to be unreliable, the 

average composition of as-deposited ytterbium silicate layers was calculated from 

volume fractions of the precipitated line compound phases and their stoichiometric 

compositions in annealed coatings. This relationship was calculated from molar volumes 

and densities of the Yb2O3, Yb2SiO5, and Yb2Si2O7 phases and is shown for the ytterbium 

silicate systems in Figure 5.11(a). Since the volume fractions of the phases in each 

coating were known, Figure 5.7, it was then possible to estimate the effect of deposition 

conditions upon the average Yb:Si ratio of the two types of coating, Figure 5.11(b) and 

(c). There was a significant increase in the Yb:Si ratio of both types of coatings as the 

plasma spray power was increased. 
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Figure 5.7: Volume fraction of second phase precipitates in annealed coatings plotted 

against plasma spray power. (a) Yb2O3 precipitated in ytterbium monosilicate coatings. 

(b) Yb2SiO5 precipitated in ytterbium disilicate coatings. 

 

BSE mode imaging of annealed coatings indicated significant differences in grey 

scale contrast between the splats. The BSE grey scale was then mapped to the mole 

fraction of the elements in the as-deposited microstructures by rescaling the BSE 

histogram to known reference points (as described in Section 5.2.3) to obtain BSE-

derived distributions of Yb:Si ratio. This was achieved by aligning the lowest Yb:Si ratio 

(darkest BSE contrast) end of the histogram with the stoichiometry of the lowest 
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equilibrium Yb:Si compound in the system
4
 (corresponding to the starting powder 

composition- no Si loss), and the distributions average with that deduced from the phase 

volume fractions, Figure 5.11(b) and (c). Such a scaling assumed that some 

stoichiometric material remained in the coatings after deposition and that the BSE 

contrast scaled linearly with Yb:Si ratio. The BSE-derived distributions show that a 

significant increase in splat composition range accompanied an increase in the plasma 

spray power and plasma hydrogen content. 

 

Figure 5.8: BSE mode SEM micrographs of as-deposited ytterbium monosilicate 

coatings deposited using different combinations of spray parameters. (a) 2C coating, (b) 

5C coating, (c) 2H coating, and (d) 4H coating. 

 

                                                 
4
 For Yb2SiO5 the stoichiometric Yb:Si ratio is 2 and for the Yb2Si2O7 this stoichiometric ratio is 1. 
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To understand the reasons for the loss of silicon in the coatings, equilibrium vapor 

pressure calculations were performed using FactSage
181

 modeling software. All modeling 

of the Yb-Si-O system used ideal solution interaction calculations as insufficient 

published thermochemical data exists for this system to perform the desired calculations, 

despite determination of SiO2 activity
230

. Vapor partial pressures and partial pressure 

ratios in the Yb-Si-O system were calculated over the temperature interval of 1,000-3000 

°C that could be experienced by a powder particle during plasma spray deposition. Figure 

5.12(a) shows the vapor pressures of the dominant vapor species (normalized by the 

vapor pressure of SiO) for a combination of Yb2SiO5 (Yb2O3 + SiO2), Ar, H2, and O2 in 

the ratios corresponding to S spray parameter mass flows during ytterbium monosilicate 

deposition. Figure 5.12(b) shows recalculations for ratios of Yb2Si2O7 (Yb2O3 + 2SiO2), 

Ar, H2, and O2 appropriate for the S spray parameter mass flows of the ytterbium 

disilicate coating depositions. Figure 5.12(c) plots the ideal solution predicted partial 

vapor pressures of the highest partial pressure Si-bearing and Yb-bearing vapor species of 

the S spray parameter for both Yb2SiO5 and Yb2Si2O7. The inflections marked in all three 

plots of Figure 5.12 indicate the temperature above which all Si would be in vapor form 

in the equilibrium-modeled scenario. 
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Figure 5.9: BSE mode SEM micrographs of as-deposited ytterbium disilicate coatings 

deposited using different combinations of spray parameters. (a) 1C coating, (b) 5C 

coating, (c) 1H coating, and (d) 4H coating. 

 

In the Yb2SiO5 system, Figure 5.12(a), the vapor pressure calculated for SiO was 

~10
6
 times greater than that of Yb for temperatures below 2500 °C. At temperatures 

above 2500 °C, the ratio decreased, but was still roughly 10
2
 times higher than that of Yb 

at 3000 °C. SiO2 vapor, the secondary Si-bearing species, had a vapor partial pressure 

ratio to SiO that varied from ~10
-7

 at 1,000 °C to ~10
-1

 at 2500 °C, decreasing to ~10
-2

 at 

3000 °C. The partial pressure of oxidizers (H2O and OH) was relatively high, with H2O 

having partial pressure ratio with SiO equal to or greater than 1 until 2200 °C, where the 

partial pressure ratio began to gradually decline until reaching ~10
-2

 at 3000 °C. OH 

maintained a partial pressure ratio of ~10
-2

 to ~10
-4

 across the entire temperature range. 
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The Yb2Si2O7 system, Figure 5.12(b), was almost identical to that of Yb2SiO5. There was 

a slight difference in the Yb and SiO2 curves above 2500 °C, wherein the difference in 

partial pressures between SiO and Yb was slightly larger (by 10x) and the difference in 

partial pressures between SiO and SiO2 was slightly smaller (by 10x) when compared to 

the Yb2SiO5 system. 

 

Figure 5.10: Variations in average splat aspect ratio (l/t) as a function of plasma 

spray power for (a) ytterbium monosilicate and (b) ytterbium disilicate coatings in the as 

deposited condition. 
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Figure 5.11: (a) Yb:Si ratio dependence upon molar volumes of second phases. 

Average Yb to Si ratios and BSE contrast based estimates of the composition variation in 

a coating for (b) the ytterbium monosilicate and (c) the ytterbium disilicate layers. BSE 

derived distributions were scaled by aligning the lowest Yb:Si ratio (darkest BSE 

contrast) end of the distribution with the stoichiometric compound and enforcing the 

average of the distribution to match that deduced from the phase volume fractions. 
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Figure 5.12: Partial pressure ratio of dominant vapor species to SiO as a function of 

temperature for the S spray parameter condition with (a) Yb2SiO5 and (b) Yb2Si2O7 

injected into the plume. (c) Calculated vapor partial pressures of dominant species. 

Partial pressures are calculated based on ideal thermochemical interactions. 
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The predicted values of vapor partial pressures for SiO and Yb for the two systems 

are shown in Figure 5.12(c). The calculated vapor pressures of both species exhibited a 

sharp increase over four orders of magnitude between 1,000 °C and 1400 °C. This 

increase was followed by a gradual rise of roughly two orders of magnitude between 

1400 and 2500 °C. Above 2500 °C the vapor pressures of SiO in the two systems 

remained constant at ~10
-1

 (all Si was in vapor form as denoted) while those of Yb 

increased to ~10
-4

. Over the 1,000-3000 °C temperature interval, the SiO partial pressure 

varied from ~10
-10

 to ~10
-1

 and the Yb partial pressure varied from ~10
-16

 to ~10
-4

. It is 

emphasized that the results should be interpreted only qualitatively as the analysis was 

based upon ideal interactions. As such, the calculations are insensitive to differences in 

real thermochemical behavior of the system that would result in varying vapor pressures 

between Yb2SiO5 and Yb2Si2O7 (such differences have been calculated in the Y-Si-O 

system using real thermochemical data
231

). In summary, the calculations demonstrate the 

existence of a significant driving force for preferential volatilization of Si from molten 

material. 

 

5.3.4 Channel Type and Equiaxed Microcracking 

Significant channel (mud) type cracking was observed in ytterbium monosilicate 

coatings, Figure 5.2(a). The inter-crack spacing was ~240 μm, and resulted from the 

coating’s substantially higher coefficient of thermal expansion (CTE) compared to that of 

the substrate
77,97

. These cracks fully penetrated the layer but their spacing did not vary 

with spray power.  No mud cracking was observed in ytterbium disilicate layers. 

Dilatometry experiments with this material confirmed it had a similar CTE to the SiC 
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substrate (Appendix A). Both ytterbium silicate coatings also contained numerous 

microcracks. This microcracking was significantly affected by spray conditions used to 

deposit the ytterbium silicate layers, Figure 5.13. The total microcrack length per unit 

area generally decreased with increasing spray power used to deposit the ytterbium 

monosilicate layers, Figure 5.13(a). This trend was consistent with the increase in the 

coatings’ Yb2O3 fraction (decrease in Yb2SiO5) with spray power, Figure 5.7. The 

variation in crack angle (defined from the plane of the coating) for the ytterbium 

monosilicate microcracks is shown in Figure 5.13(b) for each of the deposition 

conditions. The microcrack angle was almost random; only a very slight preference for 

high angle (90 °, i.e. micro-channel crack type) crack orientations was observed. 

The microcrack length per unit area in the ytterbium disilicate layers was significantly 

less than that of ytterbium monosilicate layers, Figure 5.13(c). It generally tended to 

increase with spray power as the fraction of the high CTE Yb2SiO5 phase increased, 

Figure 5.7. The crack length distribution as a function of angle from horizontal for the 

ytterbium disilicate layers is shown in Figure 5.13(d). Like the ytterbium monosilicate 

system, the orientation angle of ytterbium disilicate microcracks in most of the coatings 

was random. However, the coatings deposited at the highest spray powers (4C and 5C 

layers) had many more vertically oriented cracks, consistent with the presence of a higher 

fraction of the higher CTE Yb2SiO5 phase.  
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Figure 5.13: Crack areal density (CAD) of ytterbium silicate layers: micro-crack 

length (in μm) per 10,000μm
2
 of coating cross section. (a) Crack length of all 

orientations plotted as a function of plasma spray power for the ytterbium monosilicate 

layers. (b) Crack length as a function of angle of divergence from horizontal crack path 

in ytterbium monosilicate layers. A 90° angle indicates vertical (mud crack type) 

cracking. The plots in (c) and (d) are similar data for ytterbium disilicate layers. 

 

5.4 Discussion 

A combination of air plasma spray parameters have been identified that resulted in 

the deposition of low porosity ytterbium monosilicate and ytterbium disilicate layers on 

silicon and mullite coated α-SiC substrates. However, the low porosity coatings were Si-

depleted compared to the (near stoichiometric) composition of the starting powders. BSE 
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mode imaging indicated that the degree of Si depletion varied from solidified droplet to 

droplet in a given coating, Figures 5.2,4,8, and 9. This compositional variability increased 

with spray power. The average composition of the coatings was also increasingly 

depleted in Si with increase in the plasma spray arc current and the hydrogen content of 

the plasma plume, Figure 5.7 and Figure 5.11.  

The loss of silicon was consistent with preferential volatilization of Si-bearing species 

from melted powder during transit through the plasma plume. Ideal solution 

thermochemical modeling indicated that Si-bearing species had vapor pressures that were 

~10
6

 times higher than Yb-bearing species at the temperatures likely to have been reached 

during APS deposition of both the ytterbium monosilicate, Figure 5.12(a), and the 

ytterbium disilicate, Figure 5.12(b). This vapor pressure ratio difference also remained 

relatively constant across a temperature range from ~1300-2600 °C. Rapid Si depletion 

during powder particle transit through the plume was driven by the high Si-bearing 

species vapor pressure, Figure 5.12(c), which increased with increasing temperature in a 

manner consistent with the observed loss of Si with increasing deposition power, Figure 

5.7 and Figure 5.11. Reducing the plasma temperature (by decreasing the plasma power 

and H2 concentration) and particle residence time in the plume (by shortening the 

standoff distance and increasing the particle velocity) provide a means for reducing the 

silicon loss, but at the risk of increased porosity. 

While the powder particles used to deposit both ytterbium silicate layers were single 

phase and of stoichiometric composition, BSE imaging contrast of deposited 

microstructures revealed the presence of Yb2O3 precipitate particles in Yb2SiO5 coatings 

and Yb2SiO5 particles in the Yb2Si2O7 coatings. Such precipitated phases have been 
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previously observed in plasma sprayed ytterbium silicates.
77,78,95,97

 Both precipitates were 

Si-deficient in comparison to the matrix (and initial powder) phase. The crystal structures 

and compositions, Figures 5.3, 5 and 6 and Table 5.3 and Table 5.4 are consistent with 

the binary phase diagram predictions
81

. Despite appropriate stoichiometry and reported 

monomorphism,
81

 a monoclinic P21/c Yb2SiO5 phase was observed in both ytterbium 

monosilicate and ytterbium disilicate layers. This phase was not present in annealed 

coatings, as indicated in the diffraction patterns of Figure 5.3, indicating the P21/c 

Yb2SiO5 phase to be metastable and transformable to the stable monoclinic I2/a phase of 

Yb2SiO5. 

The volume fraction of precipitate in both ytterbium silicate layers increased with 

both increasing plasma current and H2 concentration, Figure 5.7. This occurs because 

increases in these spray parameters increased the temperatures of the plasma plume, and 

therefore the rate of silicon loss. This in turn increased precipitate fraction (by application 

of the lever rule to the Yb2O3 – SiO2 binary phase diagram). While increasing the plasma 

current and secondary gas (H2) concentration both increased the precipitate fraction, the 

effects of modifying these variables were not equal. This was clearly indicated by the 

difference in the slope of the precipitate phase volume fraction versus plasma current and 

H2 concentration curves in Figure 5.7. 

The aspect ratio of the solidified droplets in both ytterbium silicate coatings, Figure 

5.10, was also dependent upon the plasma current and H2 concentration in the plasma 

plume. Particles that had both high temperature and velocity during impingement with 

the substrate are expected to flatten the most and thus result in splats that had the highest 

aspect ratio. It is noted that both higher velocity and temperature result from increased 
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plasma current and/or secondary gas concentration,
99,101,128,129,133-137,149,232,233

 but the 

entire temperature – time – velocity (T-t-V) history is important in determining splat 

microstructure. These process parameters have also affected the loss of silicon, Figure 

5.11 (and accordingly the volume fraction of second phase precipitate, Figure 5.9), and 

the splat aspect ratio, Figure 5.10, in similar ways. Detailed plasma plume modeling and 

simulations are now necessary to understand these aspects of the study. 

Channel type (mud) cracks were observed to fully penetrate the ytterbium 

monosilicate layers of the tri-layer coating system when deposited on a SiC substrate, 

Figure 5.2(a). However, no cracks of this type were found in the ytterbium disilicate 

coating system, Figure 5.2(b). Furthermore, the mud crack spacing in the ytterbium 

monosilicate layers was not found to depend upon the spray parameters (within statistical 

margins). The results are in agreement with previous studies which attributed the mud 

cracking to the development of tensile residual stress in the ytterbium monosilicate layer 

during cooling dictated by CTE
77,78,95,97

. Earlier studies used dilatometry and found that 

the CTE of ytterbium monosilicate was 7.5 x10
-6

 °C
-1

,
 77,97

 approximately twice that of 

the SiC and sufficient to develop an in plane biaxial tensile stress approaching 1 GPa if 

dense material elastic moduli are assumed. A similar CTE measurement was conducted 

here for ytterbium disilicate (Appendix A), and confirmed that the disilicate layer has a 

CTE of ~4.1 x10
-6

 °C
-1

, slightly less than that of SiC and consistent with the absence of 

mud cracking. 

In addition to the mud cracks in the ytterbium monosilicate system, equiaxed 

microcracks were found in all the layers of both topcoat materials after the APS 

deposition process. In ytterbium monosilicate layers, the microcracking was severe and 
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varied considerably with deposition parameter, Figure 5.13(a). The angular distribution 

of microcracks in the ytterbium monosilicate layer was generally random and was 

unaffected by spray parameter, Figure 5.13(b). The equiaxed microcracking was 

associated with regions of highest ytterbia content which had a higher elastic modulus 

(and slightly higher CTE) than the surrounding ytterbium monosilicate phase
97

.  

In ytterbium disilicate, the extent of microcracking was greatly reduced, Figure 

5.13(c). The most severely cracked ytterbium disilicate layer had ~40 % lower crack 

density than the least severely cracked ytterbium monosilicate layer. Microcracks in the 

ytterbium disilicate layers usually had a random angular distribution indicative of 

equiaxed cracking. However, the two ytterbium disilicate layers subjected to the hottest 

plasma deposition conditions (4C and 5C)  had ~3-4 times the density of high angle 

orientation (70+ ° from horizontal) cracks, but with no change in low angle microcrack 

population, Figure 5.13(d). Microstructural analysis indicated this crack distribution to be 

an additional population of micro-mud cracks within precipitated Yb2SiO5 particles. The 

presence of such cracking in only the ytterbium disilicate 4C and 5C coatings resulted 

from the increased Yb2SiO5 volume fraction in these layers. Microcracking of such 

precipitates resulted from a local state of tension upon cooling due to the difference in 

CTE between Yb2Si2O7 (4.1 x10
-6

 °C
-1

) and Yb2SiO5 (7.5 x10
-6

 °C
-1

)
77,97

. The vertical 

nature of this cracking resulted from the high l/t ratio and in-plane orientation of the large 

precipitates combined with the biaxial nature of the stress field in the relatively thin 

ytterbium disilicate layer. 

The high silicon loss during plasma deposition of the rare earth silicates such as the 

ytterbium silicate system studied here makes it challenging to apply low porosity (dense) 
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ytterbium silicate microstructures via APS processing and will require careful selection 

and control of spray parameters. The challenges to the deposition of coatings for EBC 

applications are compounded by the formation of extensive mud cracking (providing high 

permeability oxygen and water vapor pathways to the underlying layers) in the ytterbium 

monosilicate system. While mud cracks are not formed in the disilicate material, loss of 

silicon leads to the formation of ytterbium monosilicate regions that are susceptible to 

microcracking upon cooling. If such cracks are retained on reheating, they are likely to 

reduce the effectiveness of the topcoat resistance to oxygen and steam permeation.  

However, if the volatility could be controlled, it may permit fabrication of coatings 

containing layers of varying phase fraction from a single stoichiometric powder 

composition. This might provide an ability to tailor the thermophysical properties of 

ytterbium silicate coatings or develop graded coatings by modification of APS deposition 

parameters. 

 

5.5 Conclusions 

Low porosity (<2 %) ytterbium monosilicate and ytterbium disilicate coatings have 

been deposited using an air plasma spray approach. The dependence of the 

microstructure, composition and microcracking of these coatings was examined for a 

variety of spray parameters that resulted in close to fully dense coatings. It has been 

found that: 
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a) Air plasma spray deposition of low porosity ytterbium mono- and disilicate layers on 

silicon and mullite coated SiC substrates has been shown to be possible over a wide 

range of plasma spray conditions using powders with a particle diameter of 20 to 50 

μm.  

b) The deposition of ytterbium monosilicate layers on silicon and mullite coated silicon 

carbide substrates resulted in substantial mud (channel) cracking perpendicular to the 

coating surface and randomly oriented microcracking. The mud cracks penetrated the 

entire thickness of the ytterbium monosilicate layer, and were formed because of the 

substantially higher CTE of the ytterbium monosilicate compared to that of the 

substrate. The equiaxed cracks appeared to result from local variations in splat 

composition and therefore elastic modulus and CTE. 

c) Low porosity ytterbium disilicate layers contained no mud cracks and exhibited less 

equiaxed microcracking than the monosilicate. Thermal dilatometry measurements 

indicated the bulk material had a CTE of approximately 4x10
-6 o

C
-1

, very close to that 

of the SiC substrates. Due to the elimination of mud cracking and reduction of 

microcracking, short-circuit pathways for gas phase transport through this coating 

layer were greatly reduced. 

d) The high partial vapor pressure of SiO at elevated temperature resulted in substantial 

loss of silicon from the originally stoichiometric powder during air plasma spraying. 

The silicon depletion in deposited layers varied considerably within each coating due 

to the variation of temperature, particle trajectory and residence in the plasma plume. 

The average coating composition and compositional range of as-deposited splats were 

also strongly affected by the spray deposition parameters. 
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e) The high volatility of Si led to precipitation of Yb2O3 in the ytterbium monosilicate 

coatings and Yb2SiO5 in the ytterbium disilicate layers. The crystal structures were 

verified as equilibrium phases and their lattice parameters measured using selected 

area electron diffraction (SAED) during TEM analysis. A metastable monoclinic 

Yb2SiO5 was observed in both ytterbium monosilicate layers and ytterbium disilicate 

layers, but this phase transformed to the equilibrium monoclinic Yb2SiO5 crystal 

structure during annealing. 

f) Variation of the deposition parameter had significant effects on phase fractions, splat 

aspect ratio, total length of micro-crack observed, and orientation of microcracking in 

both ytterbium silicates. 

 

5.6 Appendix A: Dilatometry of Yb2Si2O7 

The thermal expansion coefficient (CTE, α) of Yb2Si2O7 has been measured for 95% 

dense spark plasma sintered (SPS) ytterbium disilicate, Figure 5.14. The SPS blank was 

machined to 25 mm x 5 mm x 5 mm in dimension and was lightly diamond polished to 

remove surface imperfections and to square edges. The resulting dilatometry specimen 

was annealed in lab air at 1400 °C for 100 hours prior to testing to establish oxygen 

stoichiometry in the material after sintering. 

X-ray diffraction pole figures were produced for the dilatometry specimen to assess 

its crystallographic texture. The pole figures indicated no crystallographic texture in the 

dilatometry specimen. XRD patterns confirmed the specimen to be monoclinic ytterbium 

disilicate with no other phases discernible. Dilatometry was performed using a Netzsch 
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(Burlington, MA) 402-C dilatometer using high purity α-alumina as a calibration 

standard. Heating and cooling ramp rates were 0.05 °C/s. Very slight hysteresis was 

observed in the heating and cooling curves of the specimen, Figure 5.14, but not to an 

extent to merit concern over the validity or accuracy of the CTE measurement. 

 

Figure 5.14: Thermal strain and expansion coefficient of 100 hour annealed 95% 

dense spark plasma sintered (SPS) ytterbium disilicate (Yb2Si2O7). 
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6 Delamination and Cracking of Yb2SiO5/Al6Si2O13/Si 

Coatings in Steam-cycling
5
 

 

Synopsis: An optimized air plasma spray process has been used to apply a model tri-

layer Yb2SiO5/Al6Si2O13/Si environmental barrier coating (EBC) system -SiC substrates 

using low power deposition parameters to reduce silicon losses. During cooling, equi-

biaxial tensile stresses were developed in the ytterbium monosilicate layer (and to a lesser 

extent the Al6Si2O13 layer) due to the mismatch of their coefficients of thermal expansion 

with those of the rest of the system. Vertical mud cracks then formed in the ytterbium 

monosilicate layer and bifurcated either in the Al6Si2O13 layer or at one of its interfaces. 

Upon thermal cycling in a 90 % H2O + 10 % O2 environment between 1316 °C and 110 

°C, the bifurcated mud cracks propagated into the Si bond coat and grew laterally along 

the mid-plane of this layer. After extended cycling, these cracks linked to cause partial 

spallation of the coating. The faces of bifurcated cracks were accessible to the steam 

environment and found to have formed cristobalite, which was microfractured due to 

repeated  ↔ α phase transformation upon thermal cycling. The crack bifurcation 

                                                 
5
 Based upon a technical article in preparation for the Journal of the European Ceramic Society.

96
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phenomenon was investigated by finite element analysis, and the terminal crack 

trajectory assessed in terms of energetic favorability and interface fracture mechanics 

concepts. The differences in failure mode between this system and an otherwise identical 

one deposited using high power deposition parameters is rationalized in terms of the 

differences in silicon layer microstructure and interface behavior. 

Foucault de Francqueville, Stephen Sehr, and Matthew Begley (UCSB) performed the 

residual stress and ERR calculations presented in this chapter using LayerSlayer and 

LayerSlayer FEA. Bryan Harder and Dongming Zhu (NASA Glenn) also provided many 

helpful consultations regarding cracking behavior of EBCs. 

 

6.1 Introduction 

In Chapter 2 Yb2SiO5/Al6Si2O13/Si EBCs were deposited using a high power APS 

approach with large torch standoff distance. The combination of processing parameters 

resulted in porous silicon bond coats and mud cracked ytterbium monosilicate and mullite 

layers. These mud cracks were found to have an average spacing of 280 μm,
95

 and are 

highlighted in Figure 1(a) using white arrows. The mud cracks initiated at the surface of 

the coating and vertically penetrated both the Yb2SiO5 and Al6Si2O13 layers before 

terminating at the Al6Si2O13 – Si interface, Figure 6.1(b) and (c). Chapter 3 found that the 

presence of these mud cracks led to rapid localized oxidation of the bond coat during 

steam-cycling, and early delamination failure.
95
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Figure 6.1: BSE images of an annealed tri-layer EBC deposited using high power 

plasma spray parameters from Chapter 2. (a) The three layers on a SiC substrate with 

mud cracks indicated. (b) Higher magnification view showing penetration of a mud 

crack, and (c) zoom of boxed region in (b) showing a higher magnification view of the 

mud crack within the EBC. 

 

The failure mechanism of this Yb2SiO5/Al6Si2O13/Si EBC involved water vapor and 

oxygen penetration through the mud cracked coating layers resulting in formation of a -

cristobalite (SiO2) thermally grown oxide (TGO) upon the surface of the Si bond coat, 

Figure 6.2(a). The cristobalite TGO underwent a reversible  →  phase transformation 

at ~220 °C that was accompanied by a 4.5 % decrease in volume during cooling.
201,215,216

 

The repetition of this reversible phase transformation during thermal cycling severely 

microfractured the TGO and resulted in loss of its protective ability, Figure 6.2(b). Rapid 

thickening of the TGO was then observed, and accompanied by development of high 
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stresses that were relieved by delamination fracture that initiated from the edge of the 

samples.
95

 This process has been treated extensively in Chapter 3. 

 

Figure 6.2: Schematic illustration of the failure mechanism of high power deposited 

tri-layer EBCs on a SiC substrate (see Chapter 3). 

 

In Chapter 5, it was found that the plasma spray parameters used for application of 

the coating can significantly influence the composition and structure of the coating layers 

as well as the defects incorporated within them. This in turn is likely to influence the 

failure mechanisms of the coating. Here, the same Yb2SiO5/Al6Si2O13/Si tri-layer EBC 

system studied in Chapters 2 and 3 was APS deposited onto SiC substrates using low 

power spray parameters optimized in Chapter 5 to reduce the loss of silicon during 

deposition, achieve high relative density in the three layers and to increase interfacial 
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adherence. The structure of the coatings and their failure mechanisms during steam-

cycling are then explored and compared with those observed in Chapter 3. 

 

6.2 Experimental 

6.2.1 Coating Deposition 

Six three-layer Yb2SiO5/Al6Si2O13/Si coatings were deposited onto a grit blast 

roughened, 25.4 mm x 12.7 mm x 4.8 mm thick, α-SiC Hexoloy™  (Saint Gobain 

Ceramics, Niagara Falls, NY) substrate surface. The APS deposition system used a 

Praxair SG-100 torch with a 02083-175 anode implementing internal powder injection 

and standard model 02083-120 cathode with a model 03083-112 gas injector. Deposition 

parameters for individual layers are given in Table 6.1. The structure of ytterbium 

monosilicate layers deposited using these spray parameters has been studied 

extensively.
220

 

Table 6.1: Deposition parameters for low power plasma spray parameter EBC 

layers. 

APS 

Layer 

Torch 

Power 

(kW) 

Arc 

Current 

(A) 

Primary 

Ar (slm) 

Secondary 

H2 (slm) 

Powder 

feed 

(g/min) 

Carrier Ar 

(slm) 

Yb2SiO5 11.2 275 84.95 0.94 41.5/lower 5.90 

Al6Si2O13 15.2 375 77.87 0.94 18.9/upper 5.43 

Si 14.0 350 77.87 0.94 31.0/upper 5.90 

 

 

Several aspects of the deposition process modified by Richards et al.
220

 have been 

retained for the present study. Most importantly, an Ar/H2 reducing gas was continuously 

flowed through the high temperature deposition furnace to minimize oxidation of the 
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substrate during preheating and the Si bond coat during deposition. After deposition of 

the Si layer the reducing gas flow was stopped. The deposition of all layers was 

performed at 1200 °C, and each layer took roughly 10 s to deposit. For a full description 

of other aspects of the tri-layer deposition process, the reader is referred to Richards et. 

al.
220

. The target thickness of the ytterbium monosilicate layer was 125 μm (compared to 

75 m in the previously studied system) while that of the Al6Si2O13 layer and the Si bond 

coat was 75 μm, Figure 6.3. 

 

Figure 6.3: Schematic illustration of an as-deposited tri-layer coated α-SiC substrate. 

 

6.2.2 Coating Stabilization and Steam Furnace Cycling 

The coated samples were annealed at 1300 °C in lab air for 20 hours to transform 

metastable phases in the ytterbium monosilicate and mullite layers. This annealing 
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treatment has previously been used in EBC studies.
59,77-79,93,95,97,220

 Coated substrates 

were then thermally cycled in a steam-cycling furnace at 1316 °C in a flowing, 

atmospheric pressure, 90 % H2O/10 % O2 gas environment with a flow velocity of 44 

mm/s in the test gage corresponding to a volumetric flow of 4.1 slm. The furnace and 

flow conditions were identical to those used in a previous steam-cycling study of the 

Yb2SiO5/Al6Si2O13/Si system.
95

 The minimum temperature experienced during cycling 

was 110 °C and the maximum temperature of 1316 °C was held for 1 h. These 

temperatures were periodically verified using a reference thermocouple inserted into the 

process tube. These testing conditions approximate the H2O partial pressure during lean 

hydrocarbon combustion at a pressure of ~10 atm. The samples were examined visually 

before testing and after every 25 steam cycles. 

 

6.2.3 Coating Characterization 

The samples were sectioned, polished, and examined with a scanning electron 

microscope (Quanta 650 FE-SEM, FEI, Hillsboro, OR) operating in the back-scattered 

electron (BSE) mode. All images were collected under low-vacuum conditions. A gamma 

correction was applied to raw images to enable contrast of Yb and non-Yb containing 

materials to be simultaneously observed. The imaging conditions and image processing 

are consistent with prior work.
95,220

 Elemental mapping by Energy Dispersive 

Spectroscopy (EDS: X-Max
N
 SDD, Oxford Instruments, Concord, MA) was used to 

generate compositional maps. The EDS spectra were captured using a 20 kV accelerating 

voltage, which allowed for compositional identification of ytterbium by its L lines. The 

EDS spectra used for elemental mapping were not standardized. 
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Raman Spectroscopy was performed using an inVia (Renishaw, Hoffman Estates, IL) 

microscope and was used to identify bond coat oxidation phases in steam cycled coatings. 

The Raman analyses were performed using a 50x lens with a numerical aperture of 0.5. 

An argon-ion laser (wavelength of 488 nm) was used as the light source. Approximately 

99 % of the Gaussian distributed incident light resided within a 1 μm diameter spot, 

yielding a spatial resolution for this technique of approximately 1 μm. This technique has 

previously been used to identify bond coat oxidation phases in EBCs.
95

 

 

6.2.4 Thermomechanical Analysis 

Thermomechanical analyses of coating stresses and strain energy release rates (ERR) 

for interfacial debonding of the elastic coating system were calculated using the 

LayerSlayer
199

 software package. All calculations were performed using similar 

assumptions to prior work.
95

 Briefly: (i) oxidation grows a stress free β cristobalite scale 

at 1316 °C, (ii) upon cooling, strain is generated by differential thermal contraction of 

layers (plastic flow/creep is neglected), (iii) at 220 °C an inversion-type phase 

transformation occurs in β (high) cristobalite to form the α phase with a volume reduction 

of 4.5 %, (iv) cristobalite is assumed to be constrained in the plane of the coating by 

surrounding layers, and (v) stresses (and ERRs) are calculated based upon the thermal 

and transformation elastic strain mismatch. The thermophysical properties and residual 

stresses calculated using the LayerSlayer code for this elastic coating – substrate system 

after cooling to 20 °C from the (stress free) steam-cycling temperature of 1316 °C are 

listed in Table 2, and are similar to those calculated previously.
95
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Table 6.2: Thermomechanical properties and residual stress of the EBC system 

components. 

Material 

CTE 

(×10
6
 

°C
-1

) 

Young’s 

Modulus 

(GPa) 

Poisson 

Ratio 

ν 

Thermal 

Stress 

(MPa)
a 

Low Power 

Layer 

Thickness 

High Power 

Layer 

Thickness 

Yb2SiO5 

EAPS
b 7.5

97 172
97

 

86 
0.27

c
 

840 

425 
125μm 75μm 

Mullite 

EAPS
b 5.3

70 220
186

 

110 
0.28

187 215 

110 
75μm 75μm 

Cristobalite-α 

Cristobalite-β 

30
d
 

3.1
200 

65
201 

70
e 

-0.164
202 

-0.042
203 4,350 0-15μm 0-150μm 

Si 

EAPS
b 4.1

88 163
88

 

82/16
f 0.223

88 -180 

-17 
75μm 100μm 

SiC (α) 4.67 430 0.14 
-55 

-34 
3.2mm 3.2mm 

a
Calculated at 20°C after cooling from stress free condition at 1300°C with LayerSlayer. 

b
Assumed 50% reduction in elastic modulus for APS material/cracking. 

c
Based on Y2Si2O7.

204
  

d
Average of values reported on the 20-200°C interval.

201,205 

e
Based on Young’s modulus ratio of α and β quartz

206
 and α cristobalite. 

f
86 GPa for low power layer and 16 GPa for high power layer based on microstructure. 

 

The conditions promoting crack bifurcation were also assessed using Finite Element 

Analysis (FEA) combined with a J-integral solution of strain energy release rate
234

. The 

scenario simulated is shown in Figure 6.4(a), where a mud crack in the Yb2SiO5 layer of 

the EBC penetrates into the mullite layer before bifurcating at some position within either 

the Al6Si2O13 or Si layer. The bifurcation position was indexed by the normalized 

position scale defined in Figure 6.4(a). The angle of the crack propagation direction, θ, 

was defined from the coating normal plane and was iterated over the range 0 ° ≤ θ ≤ 85 ° 

(from horizontal to near vertical) using a trial crack length a = 1 μm. The layer 

thicknesses were those given in Figure 6.3, and the interfaces of the system were assumed 

to be flat and pore free to simplify the computation. An automatic mesh generator was 
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used to permute the normalized bifurcation position and putative crack angle θ to 

generate simulation grids for FEA and J-integral analyses. 

Eight-node quadrilateral elements were used to model the problem except near the 

crack tip where six-node triangular elements were used.  Meshes were created with 

varying parent crack depths starting at the Yb2SiO5 – Al6Si2O13 interface and stepping 

down into the Si bond coat. The putative crack angle was varied over the range of θ 

previously given.  FEA was performed using boundary conditions determined by the 

thermal residual stresses imposed by cooling from 1300 °C.  The results of the FEA 

analysis were post-processed to calculate the energy release rate via the J-integral through 

the Virtual Crack Extension Method (VCEM)
234

. A representative simulation grid 

prepared by the automatic mesh generator is shown in Figure 6.4(b) while a high 

magnification view of the deformed mesh (using 5x displacement magnification to better 

illustrate the deformation) around a putative crack is shown in Figure 6.4(c). The absolute 

magnitude of J was tabulated for all simulation grids and also normalized by the strain 

energy release rate for pure channel cracking (J90°). The above simulations were 

performed for the two different sets of elastic moduli listed in Table 6.2 as well as for low 

power EBC configurations
95

. 

 

6.3 Results 

Six substrates had coatings deposited upon them. No delaminations were observed 

along any of the edges or at any corners of the coatings after deposition or after a 20 hr, 

1300 °C stabilization anneal in air. The edges of the coatings looked similar and the 
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direction of APS passes was not discernible in optical examination. All four edges of the 

samples appeared to be slightly over-sprayed, as indicated in Figure 3. Of the six 

coatings, one was used for investigation of as-deposited and annealed microstructures. 

The remaining five coated samples were thermally cycled in the steam-cycling apparatus. 

 

Figure 6.4: (a) Shows a schematic of the cracking configuration simulated with the 

relevant dimensions and scaling features indicated. (b) Part of the actual mesh simulated 

with (c) a higher magnification view of the putative crack in the Al6Si2O13 layer using 5x 

displacement magnification to show mesh behavior. (b) and (c) are for a normalized 

bifurcation position of 0.8 (parent crack length of 140μm) with θ = 45° and a = 1μm. 
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6.3.1 Coating Structure 

BSE mode SEM micrographs of the coating – substrate system after stabilization 

annealing highlight the presence of periodically spaced mud cracks in the coating, Figure 

6.5. In Figure 6.5(a), white arrows along the top of the coating indicate these mud cracks. 

By analyzing the number of mud cracks in a 25 mm span of the coating cross-section, the 

average mud crack spacing was determined to be 239 μm with a standard deviation of 94 

μm. As with high power coatings, the large variance of mud crack spacing is reflective of 

the 2D measurement of the 3D cracking pattern. The ~240 μm average spacing 

corresponds to a 15 % reduction compared to the high power deposited tri-layer 

Yb2SiO5/Al6Si2O13/Si EBC
95

. All three coating layers were fairly uniform and relatively 

dense. When measured by image analysis, the porosity was found to be ~1 % in the 

ytterbium monosilicate layer and ~5 % in the Al6Si2O13 and Si layers. 

Mud cracks were observed to have penetrated the Yb2SiO5 and Al6Si2O13 layers, 

Figure 6.5(b) and (c). Mud crack penetration of the oxide layers is consistent with mud 

cracking in several rare earth silicate based tri-layer systems.
77,78

 The light and dark 

contrast features evident in the Yb2SiO5 layer, Figure 6.5, are a manifestation of Si 

volatilization from the originally stoichiometric powder particles during APS 

processing.
97,220

 The lighter contrast regions correspond to solidified particles that are 

depleted in Si. During their solidification, this resulted in the formation of a two-phase 

Yb2SiO5 + Yb2O3 microstructure solidified droplet. The volume fraction of precipitated 

Yb2O3 was ~15 % for this topcoat.
220

 This is in contrast to ~40 vol% precipitated Yb2O3 

previously measured in coatings deposited with high power conditions.
97

 The precipitated 
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Yb2O3 volume fraction, however, has only a small effect on the mechanical behavior of 

the system due to the similarity of CTE and elastic modulus of Yb2SiO5 and Yb2O3.
97

 

 

Figure 6.5: BSE images of an annealed tri-layer EBC deposited using optimized low 

power plasma spray parameters. (a) The three layers on a SiC substrate with mud cracks 

indicated. (b) Higher magnification view showing two mud cracks and (c) zoom of boxed 

region in (b) showing the penetration of the two mud cracks into the Al6Si2O13 layer. 

 

The adherence of interfaces in the tri-layer coating is of particular interest due to the 

prevalence of interface delamination, particularly at the Si – SiC and Al6Si2O13 – Si 

interfaces.
95

 When examined using BSE imaging, adhesion of the low power Si – SiC 

interface appeared excellent in comparison to that of the high power interface, Figure 6.6. 

The low power deposited Si – SiC interface had minimal interface porosity with no SiO2 

formation, Figure 6.6(a). No delamination was observed at the Si – SiC interface in any 
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of the low power EBCs and intra-splat oxidation and porosity were minimal. In high 

power coatings, insufficient and inconsistent adhesion of the EBC has been attributed to 

porosity and oxidation at the Si – SiC interface, Figure 6.6(b), which resulted in 

delamination from coating edges or corners upon cooling from elevated temperature.
95

 

 

Figure 6.6: (a) Shows a typical Si – SiC interface of the low power deposited EBC 

with a well-bonded interface and limited porosity. (b) The Si – SiC interface formed when 

using high power plasma spray deposition parameters and no reducing gas flow. 

 

Adhesion at the Al6Si2O13 – Si interface was also improved in low power deposited 

tri-layers when compared to their high power counterparts, Figure 6.7. Considerable 

porosity was observed at the Al6Si2O13 – Si interface in high power EBCs; this interface 

was found to suffer oxidation damage during annealing, Figure 6.7(a) and (b). In 
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juxtaposition, the same interface in low power tri-layers had limited porosity and was not 

oxidized after annealing, Figure 6.7(c) and (d). The differences in processing of the two 

layers were the tighter Si powder size distribution, the revised APS deposition parameters 

and use of a reducing environment during elevated temperature deposition of silicon. 

These differences resulted in superior bonding at the Al6Si2O13 – Si interface in low 

power EBCs. 

 

Figure 6.7: BSE images of Al6Si2O13 – Si interfaces in the annealed tri-layer EBC 

system. High power deposited interfaces are shown in (a) and (b) whereas (c) and (d) 

show the same interface in low power EBCs where the Si layer was deposited using a 

reducing gas flow. 

 

Mud cracks in the tri-layer system frequently branched in the Al6Si2O13 layer or at 

one of its two interfaces, Figure 6.8. Crack branching was observed in the majority of 
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mud cracks, and in many cases took the form of a bifurcation into two cracks. The crack 

pair either terminated at the Al6Si2O13 – Si interface or penetrated several micrometers 

into the Si bond coat before arrest. Thermal residual stress calculations for the 

Yb2SiO5/Al6Si2O13/Si EBC system, Table 6.1, indicate that the high CTEs of the Yb2SiO5 

and Al6Si2O13 layers result in substantial tensile residual stresses, even when significantly 

reduced moduli (consistent with APS processing) are used. A compressive stress in the Si 

layer is also predicted. The observed cracking is consistent with these stress calculations. 

Bifurcation of mud cracks occurred at either the Yb2SiO5 – Al6Si2O13 interface, 

Figure 6.8(a), within the Al6Si2O13 layer, Figure 6.8(b), or at the Al6Si2O13 – Si interface, 

Figure 6.8(c). Bifurcation at these three locations was observed with equal frequency, and 

all bifurcation locations resulted in crack ligaments that propagated along a trajectory 

towards or within the Si bond coat. The tendency for bifurcation in this system differed 

from previous observations of EBCs in the Yb2SiO5/Al6Si2O13/Si system where mud 

cracks were found to terminate at the Al6Si2O13 – Si interface, as shown in Figure 6.7(a) 

and (b). It is noted that the low power EBCs of the present study have a higher density 

(particularly in the Si bond coat) and a thicker Yb2SiO5 layer than for those previously 

studied.
77,78,97
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Figure 6.8: BSE micrographs of mud crack bifurcation in stabilization annealed low 

power Yb2SiO5/Al6Si2O13/Si EBCs plasma sprayed onto α-SiC. (a) Shows a bifurcation at 

the Yb2SiO5 – Al6Si2O13 interface, (b) bifurcation within the Al6Si2O13 layer, and (c) 

bifurcation at the Al6Si2O13 – Si interface. In all three cases the resultant trajectory of the 

bifurcated crack ligaments was directed toward the silicon bond coat. 
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6.3.2 Steam-cycling Response 

Five samples were thermally cycled in the H2O/O2 environment between 1316 °C and 

110 °C. One coating partially spalled after 250 steam cycles while the other four survived 

much longer, with one sample visibly beginning to spall after 725 steam cycles. The 

cumulative spallation probability is plotted against the number of steam cycles for low 

and high power Yb2SiO5/Al6Si2O13/Si EBCs
95

 in Figure 6.9. A paired t-test was 

performed on the mean and an f-test on the variance of the lifetime data with the result 

that P = 0.2821 for the mean and P = 0.3168 for the variance, respectively. Therefore, 

insufficient statistical evidence exists, even at an α = 0.25 significance level, to indicate 

that either the average sample life or the variability in sample life differed between the 

two sets of samples. No volatilization was observed from the surface of the Yb2SiO5 

layer throughout steam-cycling. 

 

Figure 6.9: Spallation failure probability of low power and high power
95

 tri-layer 

coatings as a function of number of 60 min steam cycles at 1316°C. 

 

No optically visible damage was evident in the annealed coatings, Figure 6.10(a). 

Spallation of the coating during cycling, however, was readily observed optically, Figure 
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6.10(b). Though some spallation was observed at the coating’s corners after 250 steam 

cycles, spallation also occurred from the middle of the specimens. This behavior was 

typical of all steam cycled low power EBCs, and markedly different to that observed for 

high power EBCs. There, spallation initiated at coating edges where oxidation damage 

was most severe, and the delamination propagated towards the center of the sample.
95

 In 

contrast, edge spallation of low power EBCs resulted from propagation of a delamination 

crack that had initiated internally at the nearest mud crack to the coating edge and then 

grown outward to the edge, Figure 6.10(c). 

A previously unobserved failure mode found in all five low power steam cycled 

samples was the propagation of delamination cracks within the bond coat, Figure 6.11. 

This failure mechanism was particularly evident in the coating that failed at 250 steam 

cycles and was observed across the entire specimen. Though this was the first of the five 

steam cycled samples to fail, it most clearly exhibits this new failure mode due to the 

reduced crack face oxidation damage associated with its short life. Examination of the 

serial cross-sections, Figure 6.11, shows that propagation of the delamination cracks 

occurred through the mid-plane of the Si bond coat, and originated from bifurcated mud 

cracks. In the case of Figure 6.11, these mud cracks bifurcated within the Al6Si2O13 layer 

(a) and at the Yb2SiO5 – Al6Si2O13 interface (b), corresponding to the bifurcation 

locations indicated in Figure 6.8(b) and (a), respectively. 
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Figure 6.10: (a) Shows an annealed tri-layer EBC deposited using low power plasma 

spray parameters. The same sample after 250 steam cycles at 1316°C is imaged optically 

in (b) and its cross section near an edge in (c) using BSE mode SEM imaging. The red 

bar in (b) indicates the location of the section shown in (c). 

 

A darker gray (lower atomic number) layer can be seen to have formed on the 

bifurcated crack faces within the Si bond coat, Figure 6.11. An EDS analysis of this layer 

indicated it was composed of only Si and O, and was therefore a thermally grown oxide 

(TGO). Further analysis using Raman spectroscopy identified the ambient temperature 

phase to be α (low) cristobalite (SiO2) based on the presence of only two spectral peaks 
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not belonging to Si with wavenumbers of 230 cm
-1

 and 416 cm
-1

 that are typical of α-

cristobalite.
212-214

 Cristobalite has previously been identified to be the dominant TGO 

phase grown in the Yb2SiO5/Al6Si2O13/Si system using this Raman technique
95

 and has 

also been identified as a dominant reaction product with either oxidizer at comparable 

temperature.
51,235

 

 

Figure 6.11: Cross sectional BSE micrographs of the same failed coating presented 

in Figure 8 after 250 1-hour steam cycles at 1316°C with cross-sections at (a) 1mm and 

(b) 3mm from the coating edge. Note the oxide layer that has formed on the bifurcated 

crack faces in the silicon bond coat. 
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The thickness of this TGO was measured to be less than 15 μm on each single crack 

face in all bifurcated ligaments of the specimen that failed at 250 steam cycles. The TGO 

layer on bifurcated crack faces was thickest where the crack first entered the Si layer at 

10-15 μm and thinnest at the crack tip at 5 μm or less. Close examination revealed it had 

micro-mud cracked with the microcracks running normal to crack face and arresting at 

the interface with silicon, Figure 6.12(a). Interlinked, oxidized pore chains were also 

observed ahead of delamination crack tips, indicating that damage was occurring ahead 

of the crack tip prior to crack propagation. Some oxidation of the Si bond coat at the 

Al6Si2O13 – Si interface was observed, but its thickness was less than 3 μm in all 

specimens (except very near to surface connected mud cracks). This again contrasted 

with the oxidation behavior of high power deposited tri-layers where severe oxidation 

was observed across the entirety of the Al6Si2O13 – Si interface in all samples as a 

consequence of the significant porosity in the coating layers.
95

 

EDS mapping of the mud crack bifurcation within the dashed box in Figure 6.11(a) 

was performed to analyze the extent of oxidation, Figure 6.12. This mapping indicates 

that bifurcation began within the Al6Si2O13 layer, consistent BSE imaging, and not within 

the thermally grown oxide located at the original Al6Si2O13 – Si interface. The micro-mud 

cracking of the TGO formed on the bifurcated crack faces, Figure 6.12(a), also did not 

penetrate the Si upon which it had grown, consistent with previous observations of the 

cristobalite TGO formed upon Si in this EBC system.
95

 However, it was clear that these 

micro-mud cracks created diffusive short circuits for oxidizing species to reach the bond 

coat. The EDS mapping of Figure 6.12 also indicated that only minimal internal 
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oxidation had occurred within the Si bond coat, which is commensurate with the low 

porosity and improved interfacial bonding of the low power Si bond coat, Figure 6.6(b). 

 

Figure 6.12: (a) BSE mode image of mud-crack and bifurcated delamination cracks 

for the dashed box region in Figure 9. EDS dot maps are shown for (b) aluminum, (c) 

oxygen and (d) silicon signals for the same region. 

 

6.4 Calculated Stress States, Strain Energy Release Rates and FEA of 

Cracking 

The mechanical properties and calculated thermal residual stresses for the EBC 

system of Figure 6.3 are presented in Table 6.2. The thermal residual stresses have been 

calculated for full elastic moduli appropriate for dense material and reduced elastic 

moduli (EAPS values in Table 6.2) that are more appropriate for low porosity APS 
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deposited materials.
122-124,207-209

 The similar values assumed for ceramic layers in the low 

power and high power system are due to the similarity of microstructure and density for 

the two layers. The calculated residual stresses values were tensile in the ytterbium 

monosilicate and mullite layers and compressive in the silicon bond coat, and similar to 

those of the high power EBC system.
95

 The high CTE of the TGO layer, combined with 

significant volume change during the α → β phase change resulted in an unrelaxed α-

cristobalite tensile thermal residual stress (at 20 °C) that exceed 4 GPa. As indicated 

previously,
95

 the stored elastic strain energy of cristobalite in this system provides a 

potent driving force for its mud cracking, and delamination from the silicon to which it is 

attached. 

The energy release rates for delamination crack extension at the various interfaces in 

the system before TGO formation have been calculated assuming plane-strain constraint 

and plotted as a function of topcoat thickness, Figure 6.13. The ERR values have been 

calculated assuming bulk material elastic moduli for dense coating materials and for the 

50% reduced (EAPS) elastic moduli as indicated in Table 6.2; the trends are similar with 

the magnitude of ERR reduced by a factor of ~1/2 for the lower moduli system. The high 

thermal residual stress in the Yb2SiO5 layer and significant ERR for its delamination 

dominates the ERR of the entire system: debonding at any interface that also releases the 

Yb2SiO5 topcoat from the SiC substrate has a similar ERR. The ERR was also found to 

scale linearly with topcoat thickness. Since the low power EBC had a 125 μm thick 

topcoat, while that of the high power deposited EBC used a 75 μm thick topcoat, the ERR 

was higher in the low power coating system studied here. 



153 

 

 

Figure 6.13: The ERR for delamination at the various interfaces in the tri-layer EBC 

as a function of topcoat thickness prior to TGO growth. Results using bulk (left) and APS 

(right) estimated elastic moduli are shown. 

 

The ERR for bifurcation cracking has been investigated using FEA simulations 

combined with J-integral calculations
234

. In this approach the ERR for extension of a 

putative bifurcated crack is computed as a function of putative bifurcation crack angle 

from horizontal (coating plane) at various depths in the coating system, Figure 6.4. The 

calculations have been performed for full elastic moduli of all layers, Figure 6.14(a) and 

(b), and for 50% reduced (EAPS) elastic moduli, Figure 6.14(c) and (d). The results show 

that the absolute ERR for bifurcation reaches a maximum just above the Al6Si2O13 – Si 

interface (normalized depth of zero) at high bifurcation angles; Figure 6.14(a) and (c). 

Normalization of the ERR by that for channel cracking (J90°) indicates that crack 

bifurcation yields approximately 55 % of the ERR for pure channel cracking at 

bifurcation angles between 50 ° and 80 ° from the horizontal plane at all penetration 

depths, Figure 6.14(b) and (d). 



154 

 

 

Figure 6.14: FEA computed ERR maps for bifurcation cracking as a function of 

putative crack angle and bifurcation depth in low power deposited EBCs. Subplots (a) 

and (b) show the absolute and normalized ERR using the bulk material elastic moduli for 

coating layers given in Table 6.2. Subplots (c) and (d) show analogous ERR results for 

coating layers with 50% of the bulk elastic moduli, summarized in Table 6.2. The 

normalized ERR results were obtained by dividing the ERR for bifurcated crack extension 

by that for a vertically penetrating single crack. 

 

Preliminary simulations comparable to those of Figure 6.14 have been performed for 

the high power EBC and resulted in a similar ERR distribution and low energy release for 

bifurcation relative to channel cracking. Preliminary simulations were also performed for 

longer putative cracks as a surrogate for investigating the energy release achieved by 
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encountering a large, symmetrical defect. 5 μm and 10 μm putative cracks were 

investigated in the low power EBC system using the reduced elastic moduli in Table 6.2, 

Figure 6.15(a) and (b), and the ERR behavior was nearly identical to that presented in 

Figure 6.14(c) for 1 μm putative cracks. Figure 6.15 also shows the behavior for long 

putative cracks in the high power EBC system with properties given in Table 6.2; the 

peak ERR experienced at near channel cracking conditions is a factor of 2 higher than for 

the low power system, but the minimum ERR in delamination cracking orientation is 

comparable. The similarity of these maps indicates that the ERR is relatively insensitive 

to the length over which a crack propagates on a local (micro) scale in both systems. If a 

crack propagates 10 μm it will form an area of cracked surface that is 10 times greater 

than the same crack propagating over 1 μm. If the ERR is constant, the 10 μm crack will 

release 10 times the energy of the 1 μm crack. The implications of these various cracking 

behaviors will be addressed in the discussion, Section 6.5. 

The mechanics that drive failure during steam-cycling have also been investigated. 

Figure 6.16 compares the failure modes of the high and low power deposited coatings 

during steam-cycling. In the low power deposited system, failure of the coating system 

resulted from the horizontal penetration of a bifurcated crack through the silicon bond 

coat. Since such cracks are exposed to the external oxidizing environment, TGO 

formation occurs on the freshly exposed crack faces, Figure 6.9 and Figure 6.10. The 

strain energy resulting from crack face TGO thermal contraction and phase 

transformation therefore acts only upon already debonded sections of the coating and 

does not contribute to the ERR for adherent sections. In addition, since very little TGO 

growth was observed at the Al6Si2O13 – Si interface above the region of delamination 
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crack propagation, the ERR is governed by that of the thicknesses and thermomechanical 

properties of the layered system. 

 

Figure 6.15: FEA computed ERR maps for bifurcation cracking as a function of 

putative crack angle and bifurcation depth. Subplots (a) and (b) show the absolute ERR 

for 5μm and 10μm putative cracks in the low power EBC using the 50% reduced elastic 

moduli for coating layers given in Table 6.2. Subplots (c) and (d) show analogous ERR 

results for high power layers using the reduced elastic moduli given in Table 6.2. 

 

It is also clear that the bifurcated cracks tended to propagated on a plane that was 

approximately midway through the silicon bond coat. The ERR for extension of the bond 
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coat bifurcation crack (with no surface TGO) has been computed as a function of the 

crack depth within the Si bond coat to identify the most favored fracture plane in 

adherent sections of the coating, Figure 6.17. The analysis indicates that for both full and 

50% reduced elastic moduli, the variation of ERR varies by only ~1 % with depth in the 

bon coat, indicating that crack path selection is not energetically based. Instead, it is 

likely that other aspects of the mechanics of crack growth near interfaces contributed to 

crack path selection.
236

 The crack tip stress intensity experienced by cracks near 

interfaces have a significant KII component if elastic modulus mismatch exists across the 

interface.
219,237-241

 Therefore, cracks that intrinsically seek a minimum KII criterion for 

propagation will be repelled by interfaces if the toughness of the interface and layer 

through which the crack propagates are comparable. This scenario is precisely that 

experienced for the Si bond coat, where the toughness of the layer is similar to its 

surrounding interfaces due to the intrinsically low toughness of Si.
209

 A minimum KII 

propagation criterion then draws the propagating crack to the mid-plane of the Si bond 

coat to avoid the KII ―toughening‖ effect of its two interfaces. 

6.5 Discussion 

The use of optimized low power APS conditions for the deposition of a model tri-

layer EBC applied to a SiC substrate has resulted in a change in failure mode during 

steam-cycling compared to a similar coating system deposited using higher power 

conditions.
95

 The study has therefore exposed a significant dependency of the failure 

mechanism upon the parameters that differed between the two coating systems. The 

thicknesses, pore fractions, elastic moduli and residual stresses of the two coating 
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systems are summarized in Table 6.3 together with a qualitative indication of adherence 

of each layer to the one below. 

 

Figure 6.16: Schematic illustration of the differences in failure mode for (a) high and 

(c) low power deposited tri-layer EBCs in the annealed condition. The fracture 

mechanisms that develop during steam-cycling are shown in (b) and (c) for high and low 

power deposition respectively. 

 

Low power APS deposition of the Yb2SiO5/Al6Si2O13/Si tri-layer EBC on SiC 

substrates resulted in the development of a substantial tensile residual stress in the 

coating system after cooling from 1316 °C, Table 6.2. The stresses are sufficient to 

provide ERR considerably in excess of the toughness of oxide ceramics, which lie in the 

range of 1-50 N/m (loosely equivalent to 0.1-10 Mpa*m
1/2

)
218

. In both low power and 

high power tri-layer EBCs, the stored elastic strain energy was high enough to cause mud 
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cracking. Mud crack spacing was 240 μm in low power EBCs as opposed to the 280 μm 

previously observed for high power EBCs
95

. The alteration of mud crack spacing 

originates from the difference in ERR
219

 associated with the varying structure. 

 

Figure 6.17: The ERR for delamination as a function of normalized penetration depth 

into the Si layer of the tri-layer EBC. 

 

Table 6.3: Properties of tri-layer Yb2SiO5/Al6Si2O13/Si EBCs. 

Coating 

system 
Layer Thickness 

Porosity 

(%) 

Elastic 

modulus 

(GPa) 

Residual 

Stress 

(MPa) 

Adherence 

to layer 

below 

L
o
w

 P
o
w

er
 Yb2SiO5 125μm 1 86 420 Moderate 

Al6Si2O13 75μm 5 110 109 Excellent 

Si 75μm 5 82 -88 Excellent 

SiC 4.8mm N/A 430 -48 N/A 

H
ig

h
 P

o
w

er
 Yb2SiO5 75μm 2 86 425 Good 

Al6Si2O13 75μm 8 110 110 Moderate 

Si 100μm 20 16 -17 Poor 

SiC 3.2mm N/A 430 -34 N/A 



160 

 

 

Bifurcation of mud cracks was observed in low power EBCs. Consequently, assessing 

the scenario that contributes to bifurcation in the low power EBC but not in the high 

power EBC
95

 is of interest. In high power EBCs, Figure 6.16(a), mud cracks penetrated 

the Yb2Si2O5 and Al6Si2O13 layers but terminated at the porous Si bond coat. In low 

power EBCs, Figure 6.16(c), mud cracks penetrated the Yb2Si2O5 and Al6Si2O13 layers 

but also bifurcated. The bifurcation occurred at several positions within the coating, 

Figure 6.8, but for simplicity of analysis it will be assumed that this bifurcation occurs at 

the median position in Figure 6.16(c). Bifurcation behavior has been reviewed by several 

authors in the context of crack bifurcation in layered ceramics
242-246

 and also extensively 

in the context of coating delamination at or below interfaces
73,236,238-241,247-256

. However, 

no literature was identified that reasonably applied to the complex bifurcation scenario 

observed here. Additionally, no studies have attempted to assess such behaviors in 

structures with the heterogeneity of APS coatings. 

The initiation of bifurcation events was studied using a combined FEA and J-integral 

approach, and bifurcation was found to be unfavorable in both the low power and high 

power EBC systems, i.e. propagation of two bifurcated crack ligaments along an 

incremental distance (1 μm) released less energy than propagation of a single channel 

crack along that same distance. When combined with the observation of bifurcation at 

interfaces and defects within the coating, as in Figure 6.8, it is clear that the phenomenon 

is related to defect populations. Large defects are plentiful, and have been previously 

identified in this system.
95,97,220

 Preliminary simulations were used to address the energy 

release by encountering a defect, Figure 6.15: the ERR was calculated for the scenario in 
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which a channel crack encounters a large 10-20 μm symmetrical defect in the coating. As 

mentioned in Section 6.4, the ERRs were all very similar, indicating the relative 

insensitivity of ERR to crack propagation length on a micro-scale. 

From these calculations, it can be determined that the energy released by following a 

20 μm defect (10 μm putative crack) is roughly 10 times that for following a 2 μm defect 

(1 μm putative crack). This indicates that crack path selection is extremely sensitive to 

microstructure in these systems. However, without simulating the exact microstructure 

observed, the FEA results may only be used as a reference, not as a direct representation 

of the actual system. Also, it is stressed that the high energy release for following a defect 

of a particular size and angle does not necessarily suggest continued propagation along 

that path. The continued propagation will be dependent on the microstructure ahead of 

the advancing and energetic favorability of crack paths. 

The higher energy release rates calculated for the high power EBC system than for 

the low power EBC system appear contradictory to the behavior observed. However, it is 

strongly emphasized that these simulations reflect the mechanical properties and physical 

dimensions given in Table 6.2. These properties have been inferred for these systems, and 

simulations have been performed on defect-free microstructures: considerable uncertainty 

exists in the correlation of simulated conditions and the actual fracture processes that 

occurred. The stresses used in FEA simulation are the thermal residual stresses developed 

for uncracked material, which again is not likely to accurately reflect the true stress states 

of the materials due to the severe microcracking observed, particularly in high power 

EBCs which experienced severe microfracture in the Al6Si2O13 layer
97

. Extensive 

simulations appear necessary to resolve this issue, and knowledge of the exact 
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mechanical properties of the coating layers (elastic moduli, stress states, toughnesses, 

interface toughnesses, defect structure and populations) will be necessary to accurately 

simulate behavior for any given coating system. 

The ending crack trajectory running through the Si bond coat has also been assessed 

in low power EBCs. The terminal crack trajectory through the mid-plane of the Si bond 

coat appears to be energetically neutral when compared to delamination at other planes 

within the layer, Figure 6.17. However, when KII effects of neighboring interfaces are 

considered the ultimate propagation path through the mid-plane of the Si layer appears to 

be mechanically favored. The cracking behavior between the initiation of bifurcation and 

the end bifurcated ligament trajectory (as well as the bifurcation depth itself) appears to 

be a mechanical phenomenon that depends heavily upon the local structure of the coating, 

Figure 6.8. 

In low power EBCs, mud crack bifurcation resulted in a newly observed damage 

mechanism upon cycling, wherein coating spallation occurred by a combination of 

thermomechanical and environmental effects. This damage mechanism is schematically 

illustrated in Figure 6.18. After the stabilization annealing treatment, the CTE mismatch 

between the coating layers and the substrate resulted in a large tensile residual stress in 

the ytterbium monosilicate layer. A smaller tensile stress was also formed in the 

Al6Si2O13 layer, Table 6.2 and Figure 6.18(a). Such stresses resulted in the formation of 

mud cracks, which bifurcated in the Al6Si2O13 layer or at one of its interfaces. The result 

of the crack bifurcation was to redirect the crack path in such a way as to maximize strain 

energy release, which is consistent with coating mechanics predictions.
248,256
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Figure 6.18: Damage mechanisms contributing to failure of the tri-layer EBC. (a) 

Shows the stresses in the post annealed coating system. (b) Illustrates the damage 

mechanisms active during high temperature exposure and (c) shows the mechanical 

damage that develops during cooling of the sample. 

 

At 1316 °C the active damage mechanism in low power EBCs was environmental: 

though mud cracks were mechanically closed, O2 and H2O permeated through the 

bifurcated mud crack network and began to oxidize the Si bond coat. The small scale 
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processes and mechanics of TGO growth upon Si in this system have already been 

examined in high power EBCs by Richards et. al.,
95

 and the reaction products and growth 

of cristobalite are found to be similar in the present low power EBC system: a -

cristobalite TGO grew along the bifurcated crack ligaments, Figure 6.18(b). The 

volumetric increase upon oxidation may have provided a wedging mechanism that 

propped mud cracks open even at high temperature. Upon cooling, Figure 6.18(c), the 

CTE mismatch-derived residual stresses began to develop and the bifurcated mud cracks 

began to re-open. The thermally grown β cristobalite transformed to the α-phase at ~220 

°C with a volume reduction of ~4.5 %,
95

 resulting in severe microcracking of the TGO in 

an orientation normal to that of the primary crack ligament (micro-mud cracking).  

At the crack tip, the volumetric contraction had the effect of advancing the crack (at 

the minimum) through the oxide grown in front of the crack during the hot cycle. 

Repeated thermal cycling resulted in incremental growth of the delaminations through the 

mid-plane of the Si bond coat with eventual linkage between the bifurcated ligaments of 

neighboring mud cracks, as suggested by the dashed line in Figure 6.18(c). This linkage 

resulted in the spallation of a section of the EBC. The incremental growth and linkage of 

these delamination cracks is supported by the varying thickness of TGO across individual 

cracks (thinnest TGO near the crack tip and thickest near the crack root) and the presence 

of interlinked oxidized pores immediately ahead of the crack tip, Figure 6.11. These 

pores would have oxidized when the crack advanced either behind or in front of the 

cross-section imaged, allowing oxidizer access through the fractured TGO during the hot 

cycle. Unfortunately, the highly heterogeneous nature of the APS coatings studies 

prohibits analysis of this crack advance rate with current data. 
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6.6 Conclusions 

Tri-layer Yb2SiO5/Al6Si2O13/Si EBCs have been deposited onto α-SiC substrates 

using a low power APS approach.
220

 These coatings have been steam cycled to failure 

(defined as any observed spallation) in an atmospheric pressure, slowly flowing 90 % 

H2O/10 % O2 environment using 60 min hot (1316 °C) and 10 min cool (110 °C) cycles. 

The coating lifetime was controlled by interactions between mechanical damage resulting 

from thermal residual stresses and phase transformation with environmental damage and 

growth of oxide scales experienced during the hot cycle of testing. Specifically, it was 

found that: 

  

a) Mud crack bifurcation is a phenomenon that depends heavily upon defects within the 

coating. Mud cracks penetrating the upper layers of the low power EBC bifurcated 

upon encountering flaws as opposed to continuing to propagate in the form of a single 

mud crack. Exact determination of the conditions that lead to bifurcation within 

highly heterogeneous APS materials will require further simulation. 

b) The difference in mud crack structure (bifurcation) when compared to other coatings 

using comparable macrostructure and materials
95

 led to the occurrence of an 

additional, as yet unreported failure mechanism wherein bifurcated cracks propagated 

through the mid-plane of the bond coat in the form of delamination cracks upon 

steam-cycling. This terminal crack trajectory has been determined to be mechanically 

favored. 
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c) Oxidizers penetrated the bifurcated crack structure and oxidized the Si bond coat. A 

high density bond coat and improved coating layer adhesion resulted in a singular 

oxidizer access route through the bifurcated mud crack network. Cristobalite was 

again confirmed to be the primary oxidation product in this system. 

d) The mean steam-cycling lifetime of low power Yb2SiO5/Al6Si2O13/Si EBCs and 

variance in steam-cycling lifetime did not differ considerably from those reported for 

high power EBCs of the same materials system but different macrostructure.
95

 

e) Altering the deposition process to achieve higher density and increased layer 

adherence did not circumvent the fundamental thermomechanical limitations of the 

Yb2SiO5/Al6Si2O13/Si EBC system. The intrinsically high strain energy release rates 

(ERRs) of this materials system that result from mismatched CTEs were not overcome 

by attempts to inhibit oxidation by increasing coating layer density and interface 

adhesion. 

 

Ultimate failure in the tri-layer Yb2SiO5/Al6Si2O13/Si system was controlled by the 

high stored elastic strain energy in this system at low temperature, which resulted in the 

formation of gas diffusion pathways via mud cracking. The avoidance of coating 

structures that result in damage upon cooling from deposition (either in the form of mud 

cracking or bifurcated mud cracking) will be critical for improved durability. Elimination 

of such high diffusivity paths would most readily be achieved by some combination of 

closer CTE matching constraint and reduced elastic modulus, both of which lower the 

ERR of the system. Guided simulation of environmental and mechanical damage appears 



167 

 

to be a very promising avenue for establishment and examination of critical materials 

system design criteria for EBCs. 
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7 Ytterbium Disilicate-Silicon Coating Performance in 

Steam-cycling
6
 

 

Synopsis: Environmental barrier coatings (EBCs) must be used to protect SiC 

components exposed to high temperatures in water vapor and oxygen rich environments. 

An EBC system utilizing a silicon bond layer attached to the SiC and a dense ytterbium 

disilicate (Yb2Si2O7) topcoat has been proposed for this purpose. Both layers of the 

coating system have well matched coefficients of thermal expansion with the substrate, 

and the topcoat has been reported to have a relatively low susceptibility to erosion in 

water rich environments. An air plasma spray method has been used to deposit this bi-

layer EBC on α-SiC substrates and the coating system’s thermo-cyclic behavior in a 

flowing 90 % H2O/10 % O2 environment investigated. Using thermal cycles consisting of 

a 60 min hold at 1316 °C and 10 min at 110 °C, it has been found that a thermally grown 

(silica) oxide (TGO) is formed at the silicon-ytterbium disilicate interface. The TGOs 

thickness exhibits linear oxidation kinetics consistent with diffusion through the 

ytterbium silicate controlling the growth rate. Edge delamination of the coating system 

                                                 
6
 Based upon a technical article in preparation for Advanced Materials.

257
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was observed after 2,000 cycles consistent with steam erosion of the TGO directly 

exposed to the environment. 

This research was performed at UVA with the assistance of Kelly Young, who was an 

outstanding undergraduate research assistant. Foucault de Francqueville, Stephen Sehr, 

and Matthew Begley (UCSB) also performed mechanical analyses of the system. 

Elizabeth Opila and Robert Golden (UVA) were a party to many helpful discussions 

regarding various environmental aspects of the work. 

 

7.1 Introduction 

At this stage in the dissertation, a brief recapitulation of EBC philosophy and findings 

of the previous chapters is necessary. For applications up to 1316 °C (2400 °F), research 

(including that performed in this dissertation) has focused on EBC systems consisting of 

a Si ―bond coat‖ applied to the SiC, which is then covered by materials that impede the 

diffusion of oxygen and water vapor and that are highly resistant to steam 

volatilization.
59,63,64,66,77-79,93-98

  The design objective for the bond coat is similar to that of 

the aluminum-rich metallic layer used in TBC systems: it provides a reservoir of metal to 

capture oxidizers before they can react with the underlying component.  The objective of 

the upper EBC layers is then to reduce the Si layer’s outer surface exposure to oxidizers, 

while also itself being resistant to steam volatilization.
77,78

 

These design objectives must be achieved without violating numerous constraints. 

For example, the various layers must have a coefficient of thermal expansion (CTE) 

similar to SiC to avoid cracking or delamination during heating and cooling over the wide 
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temperature range experienced during gas turbine engine operation, as demonstrated in 

Chapters 2, 3, 5 and 6. The EBC materials must also be thermochemically compatible so 

that deleterious reaction products are not formed between them. In addition, they must 

meet the other demands of the engine environment which include resistance to foreign 

object damage (FOD)
18,21,22

 and reactions with molten calcium-magnesium-aluminum-

silicates
16-18,61,62

 (CMAS).  

The ytterbium monosilicate (Yb2SiO5)/mullite (Al6Si2O13)/Si tri-layer system has 

received significant attention in this dissertation due to the reported thermochemical 

compatibility between its component materials and the very low steam volatility of 

Yb2SiO5 (YbMS).
196

 However, the high CTE results in the development of a high 

(biaxial) tension and significant stored elastic strain energy in the YbMS layer during 

cooling. This was relieved by various forms of macrofracture including pure mud 

cracking and bifurcated cracking, as described in Chapters 2, 3, 5, and 6.
95-97

 The 

presence of cracks through the YbMS layer then provides oxidizing species a short circuit 

to the Si bond coat, resulting in rapid growth of a cristobalite (SiO2) phase on the outer 

silicon surface. The thermally grown oxide (TGO) experiences a large reduction in 

volume (~4.5 %) during its cubic to tetragonal (inversion type) β → α phase 

transformation upon cooling through ~220 °C, which causes severe microcracking, loss 

of oxidation protection and premature spallation of the EBC (Chapters 3 and 6). These 

behaviors indicate that high CTE topcoat candidates such as YbMS, other rare earth 

silicates with high CTE and aluminum-silicates such as mullite are undesirable materials 

for environmental barrier (diffusion impeding) applications. 
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Ytterbium disilicate (YbDS), a line compound in the Yb2O3-SiO2 binary phase 

diagram
81

 with composition Yb2Si2O7, is a promising alternate material for the 

environmental barrier layer application since it has a CTE much more closely matched to 

that of SiC (4.1 x10
-6

 °C
-1

 for Yb2Si2O7
220

 versus 4.7 x10
-6

 °C
-1

 for SiC, see Chapter 5). 

YbDS therefore satisfies one of the primary design constraints for EBC applications. 

However, its resistance to volatilization by reactions with water vapor is less than that of 

its monosilicate counterpart.
196

 Indeed, YbDS surfaces exposed to high velocity, high 

temperature steam have been observed to volatilize silica leaving a YbMS surface 

layer.
258

 The oxygen and water vapor diffusivities of YbDS at the relevant temperatures 

have not been characterized, and its thermochemical stability in contact with Si has not 

been reported.  

Chapter 5 has already optimized the process of applying YbDS coatings to Si bond 

coat protected SiC substrates.
220

 The primary goal of the present chapter is therefore to 

investigate the evolution of an APS deposited YbDS/Si coating system on a SiC substrate 

as it is subjected to thermal cycling between 110 °C and 1316 °C in a slowly flowing 

steam/oxygen environment. The study characterizes the growth of the TGO layer on the 

silicon bond coat, investigates the process by which the topcoat is partially volatilized 

during cycling, and explores the mechanism by which coating failure is most likely to 

occur during thermal cycling in water vapor rich environments. 
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7.2 Experimental 

7.2.1 Coating Deposition 

Bi-layer YbDS/Si coatings were deposited onto surface roughened 25.4 mm x 12.7 

mm x 4.8 mm thick α-SiC Hexoloy™ substrates (Saint Gobain Ceramics, Niagara Falls, 

NY), Figure 7.1. The substrate edges were ground forming a 45 
o
 chamfer to facilitate 

over-coating the edges of the sample where delamination most often initiates.
95

 The 

target thickness of the silicon layer was 50 μm while that of YbDS layer was 125 m. 

The plasma spray deposition parameters used for each layer are summarized in Table 7.1. 

The structure of as deposited and stabilization annealed YbDS layers deposited using this 

spray parameter condition has been recently reported by Richards et al.
220

 The spray 

conditions were chosen to ensure deposition of low void content coatings while limiting 

the loss of SiO from the liquid droplets during transit through the plasma plume. This SiO 

loss is a result of its higher vapor pressure (compared to ytterbium species) at the droplet 

temperatures encountered in plasma spray deposition. It results in the formation of a two 

phase YbDS + YbMS coating observable by a difference in gray scale contrast when 

imaged in the scanning electron microscope using backscattered electrons (BSE mode 

imaging), Figure 7.2(a). In the coatings studied here, the YbMS volume fraction was ~15 

%, and can be seen in Figure 7.2(a) as elongated regions of lighter contrast oriented in the 

plane of the coating. YbMS precipitates can also be seen in the YbDS topcoat, Figure 

7.2(b), consistent with prior studies of this system.
220

 Though the topcoat is a mixture of 

YbDS and YbMS, it will be referenced as the ―YbDS layer‖ for convenience. 

The APS powders used for deposition were the same as those used in prior EBC 

research,
220

 and consisted of a specially produced stoichiometric YbDS powder 
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(Treibacher Industrie Inc., Toronto, ON) and APS grade SL-111 Si powder (Micron 

Metals, Bergenfield, NJ). The YbDS powder size distribution was the same as that 

previously reported
220

 and varied between 20 and 50 μm. The Si powder was sieved 

before use to remove fine and coarse particles so that its powder diameter ranged between 

70 and 110 μm. The spray parameters for Si deposition were adjusted to result in a low 

porosity Si bond coat similar to that previously reported,
96,220

 Table 7.1. Its rough surface, 

Figure 7.2(a) and (b) was intended to improve the adhesion between the two coatings. 

 

Figure 7.1: Schematic illustration of a bi-layer Yb2Si2O7/Si (YbDS/Si) coated α-SiC 

substrate. 

 

Both the Si and YbDS layers were deposited onto substrates placed in a box furnace 

held at a temperature of 1200 °C. To reduce oxidation of the SiC and Si bond coat 

surfaces during deposition, an Ar/H2 reducing gas mixture was continuously flowed the 
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furnace at a rate of 20 slm. After deposition of the Si layer, the reducing gas flow was 

terminated and the YbDS layer was deposited into the furnace. The coated samples were 

finally stabilization annealed at a temperature of 1300 °C in air for 20 hours.
59,77-79,93,95-

97,220
 This process has previously been determined to result in excellent adhesion of 

interfaces in EBC systems.
220

 

Table 7.1: Deposition parameters for air plasma sprayed YbDS/Si layers. 

APS 

Layer 

Torch 

Power 

(kW) 

Arc 

Current (A) 

Primary Ar 

(slm) 

Secondary 

H2 (slm) 

Powder 

feed 

(g/min) 

Carrier Ar 

(slm) 

Yb2Si2O7 11.2 275 84.95 0.94 41.5/lower 5.90 

Si 22.7 500 77.87 0.94 31.0/upper 5.90 

 

 

7.2.2 Steam-cycling 

Coated substrates were thermally cycled in a steam-cycling furnace using a 60 min 

hot (1316 °C) and a 10 min cold (110 °C) cycle at atmospheric pressure with a 90 % 

H2O/10 % O2 environment flowing through the hot section of the furnace at flow speed 

of 44 mm/s (a volumetric flow of 4.1slm). The environment local to these substrates 

during steam-cycling is shown in Figure 7.3. For the testing configuration used here, 4 

samples were initially cycled simultaneously, with one being removed after 250, 500, 750 

and 1,000 cycles. This was followed by the testing of a single sample for 2,000 cycles 

(1,500 cycles individually). The flow conditions were similar to those previously used for 

steam-cycling studies,
95

 and approximate the H2O partial pressure during lean 

hydrocarbon combustion at a pressure of 10 atm. Saturation of Si-bearing vapors 

(Si(OH)4 species) can occur in this furnace due to the low velocity and large number of 

samples simultaneously tested. Its primary purpose was to investigate the thermo-cyclic 
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damage mechanisms. During steam-cycling, all the samples were therefore examined 

optically every 100 cycles to assess damage visually. 

 

Figure 7.2: BSE images of an annealed YbDS/Si bi-layer coating deposited onto α-

SiC. (a) Low magnification image showing two phases in the YbDS topcoat. (b) High 

magnification view of the YbDS – Si interface showing interface structure and small 

Yb2SiO5 (YbMS) precipitates in the YbDS topcoat. 

 

7.2.3 Coating Characterization 

X-ray diffraction (XRD) measurements of the YbDS topcoat (X’Pert Pro MPD, 

PANalytical, Westborough, MA) were performed on some samples. Samples were then 

sectioned, polished, and examined with a Quanta 650 field emission scanning electron 

microscope (FEI, Hillsboro, OR) operating in the back-scattered electron (BSE) mode. 

All images were collected under low-vacuum conditions. A gamma correction was 
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applied to the images to enhance relative contrast between high and low-Z materials.
95,220

 

Energy dispersive spectroscopy (EDS) was used for elemental microanalysis (X-Max
N
 

SDD, Oxford Instruments, Concord, MA). EDS spectra were captured using a 10 kV 

accelerating voltage and small spot size to minimize fluorescence interactions.
220

 

 

Figure 7.3: Schematic illustration of the testing configuration and environment local 

to the samples during the 1316°C hot cycle of steam-cycling.  

 

Layer thicknesses were calculated by averaging measurements from 50 different 

equally spaced areas across the coating cross-section. The thickness of oxide scales was 

measured in several hundred evenly spaced locations across the coating cross-section and 

averaged. Standard deviations of thickness for the oxide scale were less than 100 nm. 
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Raman Spectroscopy using an inVia microscope (Renishaw, Hoffman Estates, IL) was 

used to identify the TGO phase.
18,19

 Raman analyses were performed using a 50x lens 

with a numerical aperture of 0.5. An argon laser (488 nm) was used as the light source. 

Approximately 99 % of the Gaussian distributed incident light of the source resided 

within a 1 μm diameter circle on the sample, yielding a spatial resolution for this 

technique of ~1 μm.  

 

7.2.4 Energy Release Rates and Residual Stresses 

Thermomechanical analyses of coating stresses and strain energy release rates (ERR) 

for debonding of the elastic coating system were calculated using the LayerSlayer
199

 

software package. All ERR calculations assume that coating layers remained elastic 

during cooling and ignored stress relief by mechanisms such as cracking or creep. The 

ERR analysis was similar to those previously conducted on tri-layer EBC systems.
95,96

 

The thermophysical properties and the small residual stresses calculated for this elastic 

coating – substrate bi-layer after cooling from the stabilization (stress free) annealing 

temperature of 1300 °C (before TGO growth had commenced) are listed in Table 7.2. 

 

7.3 Results 

Six low porosity YbDS on Si bi-layer coatings were deposited on SiC substrates 

using the APS approach. The average thickness of the YbDS layer in the cross-section 

examined for each sample is reported in Table 7.3. Slight variations in thickness of the 

YbDS layer were observed in between individual coatings and over the cross-section 
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within the same coating. In general, the maximum and minimum thicknesses varied 

within  10 μm of the reported average. These variations are typical of the stochastic APS 

process.
220

 One of the samples was used to characterize the coating composition and 

structure while the remaining samples were steam cycled between 110 °C and 1316 °C 

with a hold time of 60 min at the maximum temperature. One of the samples was 

removed from the steam-cycling furnace after 250, 500, 750, 1,000, and 2,000 steam-

cycles. The last (2,000 cycle) sample resided for 1,500 steam cycles alone in the steam 

furnace. 

Table 7.2: Thermophysical properties of EBC system components. 

Material 

CTE 

(×10
6
 

°C
-1

) 

Young’s 

Modulus 

(GPa) 

Poisson 

Ratio 

ν 

Thermal 

Stress 

(MPa)
a 

Low Power 

Layer 

Thickness 

Application 

YbDS 

EAPS
b 4.1

220 180
220

 

86 
0.27

c
 

-170 

-88 
125μm Topcoat 

Cristobalite-α 

Cristobalite-β 

30
d
 

3.1
200 

65
201 

70
e 

-0.164
202 

-0.042
203 >4,350 0-5μm 

Oxidation 

product 

Si 

EAPS
 4.1

88 163
88

 

70
209

 
0.223

88 -145 

-65 
50μm Bondcoat 

SiC (α) 4.67 430 0.14 
24 

12 
4.8mm Substrate 

a
Calculated at 20°C after cooling from stress free condition at 1300°C with LayerSlayer. 

b
Assumed 50% reduction in elastic modulus for APS material/cracking. 

c
Based on Y2Si2O7.

204
  

d
Average of values reported on the 20-200°C interval.

201,205 

e
Based on Young’s modulus ratio of α and β quartz

206
 and α cristobalite. 

 

While edge damage was evident upon optical inspection, Figure 7.4, the damage did 

not appear to have affected the sample center even after 2,000 cycles, and none of the 

coatings had spalled in locations other than the coating edges. Figure 7.5 shows BSE 

mode SEM images of the as-deposited and annealed coating cross sections and a 
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selection of those that had been steam cycled. Minimal changes in layer thicknesses and 

coating structure were apparent in these low magnification images at the coating center. 

Examination of these images indicated the gradual (and very minor) formation of a new 

phase at the YbDS – Si interface, Figure 7.5, and the appearance of a layer of porous and 

microcracked material at the outer surface of the YbDS layer in the sample removed from 

the furnace after 2,000 steam cycles, Figure 7.5(f). 

Table 7.3: YbDS layer thicknesses of samples. Thicknesses range is  10μm.  

Coating 

Condition 

As-

Deposited 
Annealed 

250 

Cycles 

500 

Cycles 

750 

Cycles 

1,000 

Cycles 

2,000 

Cycles 

Thickness 

(μm) 
125 135 125 155 130 135 125 

 

 

7.3.1 Thermally Grown Oxide (TGO) 

When examined by SEM in the BSE imaging mode at high magnification, all of the 

steam cycled coatings were found to have a darker grey phase present at the YbDS – Si 

interface, Figure 7.6. This dark grey phase was observed to be dense and of consistent 

thickness for each sample. EDS analysis of the layer revealed that it contained only Si 

and O. There are 11 crystalline polymorphs of silica and two others non-crystalline 

phases;
259

 to identify the phase formed here a Raman analysis of the layer was performed. 

The only spectral peaks present not belonging to Si had wavenumbers of 230 cm
-1

 and 

416 cm
-1

, indicating the layer to be α-cristobalite with SiO2 stoichiometry.
212-214

 This α-

cristobalite had presumably formed as -cristobalite at 1316 °C and transformed on 

cooling through 220 °C to the α phase. Cristobalite has previously been identified as the 

TGO phase formed upon a Si bond coat during thermal cycling at this temperature
95,96
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and on SiC oxidized at comparable temperature,
51,235

 even though it is not the equilibrium 

phase at this temperature. The Yb2O3 – SiO2 phase diagram relevant to this EBC system 

has only four stoichiometric phases at temperatures up to the YbDS melting point (1650 

°C): YbDS, YbMS, and the two terminal oxides.
81

 This indicates that there is no mixing 

of Yb2Si2O7 and SiO2 at temperatures up to ~1650 °C, and it is therefore concluded that 

the Yb2Si2O7 – SiO2 interface is thermochemically stable.
260

 

 

Figure 7.4: Optical images of YbDS/Si coated SiC substrates. (a) As-deposited, (b) 

annealed, and (c) after 2,000 steam cycles at 1316°C with the gas flow direction 

indicated. 
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Figure 7.5: BSE mode SEM micrographs of YbDS/Si coated system before and after 

steam-cycling. (a) As-deposited, (b) annealed, (c) after 250 steam cycles, (d) 500 cycles, 

(e) 1,000 cycles, and (f) 2,000 cycles.  

 

Examination of Figure 7.6 indicates that the thickness of the thermally grown oxide 

(TGO) increased with high temperature exposure time, reaching a thickness of a few 

micrometers after 2,000 steam cycles. The TGO was dense and adherent in all samples. 

The average measured thickness of the TGO for the steam-cycled samples has been 

plotted as a function of hot cycle exposure time in Figure 7.7(a). The measured change in 

oxide thickness with accumulated time, h’(t) at 1316 °C could be well fitted to a linear 

relation: h’(t) = ho + kl t where the linear rate constant kl = 1.18 nm/h and ho = 139 nm. 
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This ho value agrees with observations of annealed coatings that had a TGO thickness 

(before steam-cycling) of 100-200 nm. 

 

Figure 7.6: BSE micrographs of the YbDS – Si interface after steam-cycling showing 

the development of a thermally grown oxide (TGO). (a) After 250, (b) 500, (c) 1,000, and 

(d) 2,000 cycles at 1316°C with 90%H2O/10%O2 flowing at 44mm/s. 

 

Careful examination of the TGO layer of the sample exposed to 2,000 steam cycles, 

Figure 7.6(d) and Figure 7.8(a), showed that it contained closely spaced vertical cracks 

that fully penetrated the oxide layer. Some of these cracked segments had additionally 

delaminated from the underlying Si layer. Vertical cracking of the TGO was also 

observed in the sample exposed to 1,000 steam cycles, Figure 7.8(b), but to a much lesser 

extent than the 2,000 cycle sample. This appeared to be a form of mud cracking, and was 
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only observed in the samples exposed to 1,000 or 2,000 steam-cycles. The opening 

dimension of these cracks was measured to be in the range of 3-10 nm. 

 

Figure 7.7: Plots of SiO2 TGO thickness as a function of accumulated exposure time 

at 1316°C for a bi-layer EBC. (a) Average thicknesses measured from multiple samples 

with varying YbDS layer thickness. (b) Average thicknesses normalized for thermally 

grown silica beneath a 100μm thick YbDS layer. 

 

7.3.2 YbDS Volatilization 

The 2,000 steam-cycle topcoat was the only topcoat observed to have suffered 

significant surface reaction with the steam environment, Figure 7.5(f). It was tested 

individually in the steam-cycling furnace for 1,500 cycles, whereas the other four 
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samples were all tested together. Because the steam environment flow speed was low and 

the area of (uncoated) SiC exposed to the environment was large when 4 samples were 

present (at least 2,800 mm
2
), a significant Si(OH)4 concentration is expected from the 

reaction between the SiO2 scale grown on the exposed SiC. The recession rate of SiO2 

was calculated for the conditions used here by the method of Golden and Opila,
257

 and 

found to be 44.65 nm/h. 

 

Figure 7.8: BSE micrograph of the thermally grown cristobalite (SiO2) oxide at the 

YbDS – Si interface during steam-cycling. (a) TGO at the YbDS – Si interface after 2,000 

steam cycles, (b) after 1,000 steam cycles. 

 

Assuming the surface area of SiO2 to be 700 mm
2
 per sample, 1.35 x10

-9
 moles of 

Si(OH)4 were therefore formed every second while four samples were in the furnace.  
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However, only 3.38 x10
-10

 moles of Si(OH)4 would be formed every second with one 

sample in the furnace. The equilibrium partial pressure of Si(OH)4, using experimental 

thermochemical data for the similar Y-Si-O system,
181

 was found to be 4.97 x10
-6

. Since 

the gas flow rate through the steam-cycling furnace was 4.1 slm, the Si(OH)4 

concentration was 40 % of the saturation limit with four samples in the furnace but only 

10 % of the saturation limit with 1 sample in the furnace. When the 2,000 cycle sample 

was tested individually, the exposed surface area of SiC was small enough to avoid 

Si(OH)4 saturation, and surface volatilization of the YbDS layer was observed. 

The environmentally attacked YbDS layer was 5-15 μm thick, Figure 7.5(f). Using 

handbook X-ray Mass Attenuation Coefficients,
234

 the maximum depth of penetration of 

45 kV X-rays was calculated to be ~75 μm for YbDS and ~56 μm for YbMS, with the 

majority of the diffracted signal in an XRD experiment coming from a region within 20 

μm of the surface. Therefore, XRD is a suitable technique for a phase analysis of the 

surface volatilized region. Figure 7.9 shows an XRD pattern of the surface of the sample 

subjected to 2,000 cycles and compares it to that of a sample after only the annealing 

treatment. All indexed peaks could be attributed to one of three phases, which have all 

previously been observed in this system.
220

 The XRD patterns indicate significant volume 

fractions of the I2/a structure YbMS and C2/m YbDS were present after cycling. Only a 

trace amount of the metastable P21/c YbMS phase was identified. The significantly 

higher ratio of YbMS to YbDS reflection peaks in the diffraction pattern of the 2,000 

cycle sample indicates a considerably elevated fraction of YbMS at the sample surface, 

compared to the starting material which consisted of 85 vol% YbDS and 15 vol% YbMS. 
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Figure 7.9: X-ray diffraction patterns of the annealed and 2,000 steam-cycle sample 

surfaces. All peaks of the patterns have been indexed using equilibrium YbDS (C2/m) and 

equilibrium I2/a and metastable P21/c YbMS peaks. The slightly raised background of 

the 2,000 cycle pattern results from a very thin layer of epoxy on the surface that was 

used to prevent spallation during handling. 

 

Figure 7.10(a) shows a higher magnification BSE image of the surface volatilized 

region with Yb and Si EDS dot maps presented in Figure 7.10(b) and (c). These dot maps 

indicate increased Yb and reduced Si content in the surface volatilized layer when 

compared to the unaffected material below. Based upon the crystallographic 

identification of only YbMS and YbDS by XRD and the differences in Yb and Si content 

indicated by EDS, this surface volatilized layer was identified as predominantly YbMS. 

YbMS has previously been observed on the surface of YbDS samples exposed to a steam 

jet, and was attributed to volatilization of SiO2.
258

 Figure 7.11 shows three higher 

magnification BSE mode SEM images of the 2,000 cycle sample surface. They indicate 

that the surface layer had also become porous. The pores had roughly circular cross 

sections but were long in length and appeared interconnected with the surface of the 

coating. The porosity of this surface layer and reduced SiO2 content when compared to 
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the deposited topcoat are consistent with loss of SiO2 from the YbDS layer during steam-

cycling. On the other hand, the YbMS that was then formed exhibited greater resistance 

to volatilization,
78,258

 indicating that the YbDS topcoat can provide better than anticipated 

environmental protection under these conditions.  

The origin of the porosity in the environmentally affected surface layer is consistent 

with SiO2 loss from the YbDS layer by formation gaseous Si(OH)4 leaving behind a 

region of YbMS.  If Yb is assumed to exhibit no volatility, the resulting volume reduction 

during conversion of YbDS to YbMS is 26 %. Since the coating is laterally constrained, 

this volume reduction results in a hydrostatic tension that may have been partially relaxed 

by forming pores. The initial stage of this creep-enabled pore formation mechanism is 

schematically illustrated in Figure 7.12(a). As exposure continues, the pores resulting 

from SiO2 volatilization grow into the coating extending the open porous structure. 

Volatilization then occurs by a gas path diffusional route with simultaneous transport of 

oxidizer into and Si(OH)4 out of the coating. The close spacing of the tunneling pores is 

such that little solid state diffusion of SiO2 is required to convert the YbDS to YbMS, 

Figure 7.12(b). 
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Figure 7.10: (a) BSE micrograph of a surface volatilized region of the topcoat. Dot 

map of (b) Yb and (c) Si from EDS analysis. 

 

Several forms of mechanical damage were observed in the sample surface exposed to 

2,000 hours of flowing steam and oxygen at 1316 °C, Figure 7.11. Some areas 

experienced vertical cracking of the adherent, but porous YbMS surface layer, Figure 
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7.11(a). In other areas, Figure 7.11(b), delamination cracks had resulted in spalling of the 

compositionally modified surface region. In yet other areas, propagation of a 

delamination crack through the underlying unaffected YbDS resulted in partial spallation, 

Figure 7.11(c). The damage appeared to result from residual stresses that arise upon 

cooling from steam-cycling due to the CTE mismatch between YbMS (7.5 x10
-6

 °C
-1

) 

and the YbDS or substrate (4.1 x10
-6

 °C
-1

 and 4.67 x10
-6

 °C
-1

, respectively), which are in 

the range of 400-900 MPa depending upon the elastic moduli assumed for the layers.
96

 

 

7.3.3 Edge Delamination 

The edges of the coatings were observed to undergo delamination which increased in 

severity with the number of steam cycles, Figure 7.13. It was manifested as lifting-off of 

the coating edge. This edge delamination occurred despite attempts to extend the coating 

over the sides of the substrate during deposition by chamfering the corners, Figure 

7.13(a). The progression of the edge failure mode with number of cycles can be seen in 

Figure 7.13(a) through (d). It began with the oxidation of the thin Si bond coat at the side 

of the substrates forming the darker gray TGO phase seen with BSE imaging. EDS and 

Raman analyses of this dark gray phase indicate it to be α-cristobalite (SiO2). This SiO2 

layer underwent rapid volatilization and mechanical spallation at the coating edge, 

rapidly consuming the Si bond coat, and allowed the YbDS layer to bend away from the 

substrate surface. The distance of both TGO growth and delamination from the edge of 

the coating increased with accumulation of steam cycles. 
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Figure 7.11: BSE cross-section micrographs showing SiO2 volatilization from the 

YbDS surface after 2,000 steam cycles at 1316°C. (a) Adherent area of YbMS with 

porosity and microcracking. (b) Spalled region of surface volatilized layer. (c) 

Delaminated region of coating containing steam-reduced YbMS and region of unaffected 

YbDS. 
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Figure 7.12: Schematic illustration of the volatility mechanism that results in a 

porous surface layer of YbMS on the surface of exposed YbDS after steam-cycling. (a) 

Initial phases of volatilization and (b) late in exposure. 

 

The upward bending of the coating is consistent with oxidation of silicon to form -

cristobalite which incurs a large (~100 %) volume increase,
95,96

 during silicon layer 

oxidation. This region of oxide that grows inwards from the coating edge can then be 

envisioned as a wedge inserted at the edge of the coating, Figure 7.14(a). As this wedge 

extends laterally through the Si bond coat, the YbDS topcoat above will be subjected to a 

bending load and creep deform since YbDS has negligible creep flow stress at the upper 

testing temperature of 1316 °C.
209

 The α → cristobalite phase change on cooling results 
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in microfracture during cooling, enabling the SiO2 at the exposed edge to mechanically 

spall and be more rapidly volatilized by the steam environment. The removal of material 

at the exposed back of the wedge also allows oxidation to continue at the un-oxidized 

front, thereby permitting the wedge to more grow inwards towards the coating center. 

The combination of these processes results in effective translation of the cristobalite 

wedge from the coating edge towards the coating center with increasing cyclic exposure, 

Figure 7.14(b). 

 

7.4 Oxide Growth at the Silicon Surface 

Thermal cycling between 110 °C and 1316 °C of low porosity YbDS-protected 

silicon coated SiC substrates in an  atmospheric pressure, 90 % H2O/10 % O2 

environment has resulted in the slow growth of a cristobalite TGO layer on the silicon 

surface at the YbDS – Si interface. After 2,000 hours of exposure at 1316 °C, the 

thickness of this oxide layer reached 2.5 μm. This contrasted sharply with similar studies 

of YbMS protected silicon layers on the same substrate where TGO thicknesses of 15-

150 μm (porous layer observed at sample edge in high power coating) were observed 

after less than 400 hours of exposure.
95,96

 In the YbMS coated system, very rapid 

oxidation occurred because mud cracks fully penetrated the YbMS and provided a rapid 

transport path for the oxidizing species to reach the silicon surface. The slow TGO 

growth rate observed in the mud crack free YbDS layer indicates that diffusional 

transport of the oxidizing species through the YbDS layer has limited the transport of 

oxygen and therefore rate of oxidation of the Si bond coat surface. 
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Figure 7.13: BSE micrographs of coating edges showing edge attack during steam-

cycling of the bi-layer EBCs. (a) Annealed coating with edge over-sprayed, (b) edge TGO 

growth after 500 steam cycles, (c) significant edge lifting after 1,000 steam cycles, and 

(d) example of edge delamination after 2,000 steam cycles. 
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Figure 7.14: Schematic illustration of the SiO2 wedging mechanism that lead to edge 

lifting during steam-cycling of YbDS/Si EBCs deposited on SiC. 

 

The silica TGO thicknesses measured in experiment, Figure 7.7(a), were obtained 

from samples of slightly differing YbDS thicknesses, Table 7.3. To compensate for this, 

the data has been corrected to that for a constant YbDS layer thickness of 100 μm. Since 

there exists constant oxygen partial pressure at the environment – YbDS and YbDS – 

SiO2 interfaces, diffusion can be modelled by a one-dimensional representation of Fick’s 

First Law. The flux of the oxidizing species, J(x), that passes through a plane in the 

YbDS layer at distance x below the surface of the layer depends upon the YbDS diffusion 

coefficient, D, and the gradient in partial pressure of the oxidant through the YbDS layer: 

         
  

  
                 7.1 

where p is the partial pressure of the oxidizer presumed here to be monatomic oxygen. 

Assuming a constant diffusivity coefficient within the YbDS layer, the oxidizing species 

partial pressure at the Si-YbDS interface is established by thermochemical equilibrium 
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and was calculated by FactSage software using Y-Si-O experimental thermochemical 

data
231

 to be 4.29 x10
-10

 at 1316 °C, while on the exterior it was taken to be unity. The 

oxidizing flux reaching a growing SiO2 layer is directly proportional to the thickness of 

the YbDS layer through which it diffused. If all this flux is assumed in silica formation, 

the TGO thickness will also be directly proportional to the thickness of the diffusion 

barrier. The thickness of the TGO layer as a function of time, h’(t) for samples with 

variable thickness diffusion barriers is then related to that for a constant thickness 

diffusion barrier, h(t) by: 

            
     

    
⁄                                                            7.2 

where xmeas is the measured YbDS thickness paired with h’(t) and xtar is the scaled 

(desired) YbDS thickness paired with h(t). Each measured TGO thickness (h’(t)) was 

adjusted using Equation 7.2 to that for a 100 μm YbDS layer thickness (xtar = 100 μm), 

and these values have been plotted as a function of oxidation time in Figure 7.8(b). The 

silica layer thickness remained linearly related to the oxidation time, but with a slightly 

altered linear rate constant due to the thinner diffusion barrier assumed: kl = 1.44 nm/h. 

It is also of great interest to determine the value of the previously mentioned 

oxygen diffusion coefficient. This may be calculated from Equation 7.1 if the oxygen 

flux JO and the partial pressure gradient across the diffusion layer 
  

  
 are known. The 

diffusion distance has already been assumed to be 100 μm in Figure 7.8(b), so that the 

previously stated interface pressures may be used to calculate the partial pressure gradient 
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of O across the YbDS diffusion layer: 
  

  
 = 10

7
 m

-1
. The monatomic oxygen flux JO is 

then the only remaining value needed to calculate DO. 

The molar flux of monatomic oxygen through the topcoat may be expressed by 

identity as: 

     ̇   ⁄                        7.3 

Where   ̇  is the mass flow of oxygen through the topcoat and MO is the molar mass of 

O. The assumption that all mass flux through the YbDS layer is consumed in cristobalite 

growth will again be invoked such that   ̇  is equivalent to the rate at which oxygen is 

consumed to form the TGO,   ̇  (in mass accumulated per unit time per unit area). This 

rate is by definition equal to the mass fraction of oxygen in SiO2 multiplied by the rate at 

which SiO2 is grown:  

 ̇    ̇      ̇    
       

  ⁄                   7.4 

Where  ̇    
is the TGO growth rate (in mass accumulated per unit time per unit area) and 

     
    is the mass fraction of oxygen in SiO2.  ̇    

, the mass growth rate of the TGO, 

is simply the linear growth rate of the TGO (kl) multiplied by the density of cristobalite, 

ρc. The oxygen  flux may then be readily calculated by combining Equations 7.3 and 7.4: 

    (               
  

 ⁄ )                   7.5 

If Equation 7.5 is solved using kl = 1.44 nm/h as determined in Figure 7.7(b), a density of 

thermally grown cristobalite of 2.340 g/cm
3
, a molar mass of SiO2 of 60.083 g/mol and a 

molar mass of O of 15.999 g/mol, the flux of oxygen through the YbDS layer is 
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calculated to be JO =  3.11 x10
-8

 mol s
-1

m
-2

. This value may then be plugged into 

Equation 7.1 along with the oxygen pressure gradient: DO = 3 x10
-15

 m
2
s

-1
 at 1316 °C. 

DO may also be used to calculate the TGO thickness at which the oxidation rate 

would transition from linear kinetics dominated by diffusion through the YbDS layer to 

parabolic kinetics dominated by diffusion through cristobalite. The calculation is 

performed using a simple ratio of mean-square diffusion distances of the form   

        . Assuming an oxidizer diffusion coefficient for cristobalite of 2 x10
-17

 m
2
s

-1
 at 

1316 °C,
261

 the critical scale thickness at which the oxidation rate dependence changes 

from linear to parabolic growth with a 125 μm YbDS topcoat is 2.24μm. 

It is immediately noted that though the cristobalite scale thicknesses for 1,000 

steam-cycles or less fall significantly below this threshold, the scale thickness at 2,000 

steam cycles falls marginally above this rate transition point, Figure 7.7(a). However, 

cristobalite scales in the 1,000 and 2,000 steam-cycle samples experienced TGO-mud 

cracking, Figure 7.8, such that fast diffusion paths through the scale existed. These paths 

would have greatly increased the effective DO in cristobalite scales thicker than ~1.5 μm 

where the TGO-mud cracking was observed. As a consequence, the oxidation behavior 

remained rate-limited by diffusion of oxygen through the YbDS layer. It is expected that 

this linear oxidation trend would continue indefinitely so long as the YbDS layer 

remained crack-free and of constant thickness. 
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7.5 Fracture Mechanisms 

The various fracture processes observed in the YbDS/Si system are at first surprising 

since there is a small difference in the CTE of the substrate, silicon and YbDS layers in 

this system, Table 7.2. However, the formation of a β-phase cristobalite SiO2 layer at the 

YbDS/Si interface can result in large residual stresses being formed upon cooling, 

especially after the β to α transformation upon cooling through 220 °C.
95,96

  This results 

in the accumulation of stored elastic energy in the system that is then available to drive 

fracture. The strain energy release rates (ERRs) available to drive the growth of 

delamination cracks have been calculated for the various interfaces of the system in 

LayerSlayer using the thermophysical data in Table 7.2, and are plotted as a function of 

TGO thickness in Figure 7.15. 

The ERR calculations were performed using both the Young’s elastic modulus of 

fully dense (EBulk) YbDS and a modulus reduced to 50 % of this value (EAPS) typical of 

low porosity APS materials.
122-124,207-209

 For Si, the calculations used the polycrystalline 

bulk elastic modulus and an elastic modulus experimentally determined for a comparable 

Si bond coat.
209

 These calculations have been presented in Figure 7.15(a) for YbDS with 

bulk material elastic modulus and in Figure 7.15(b) for YbDS with an APS elastic 

modulus. In both Figure 7.15(a) and (b) ERR curves for delamination at the Si – SiC 

interface have been included for bulk and APS elastic moduli of Si. However, this change 

of properties had little effect on the ERRs for delamination at other interfaces. 
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Figure 7.15: Predicted strain energy release rates of the interfaces in the YbDS – Si 

EBC system after cooling from 1316°C to 20°C. The calculations used (a) bulk elastic 

properties of YbDS with APS and bulk elastic modulus for Si layer and (b) APS modified 

elastic modulus for YbDS with APS and bulk elastic modulus for Si. All mechanical 

properties are listed in Table 7.2. 

 

With no cristobalite layer, the ERR calculated for all interfaces in the system was 

found to be below 13 N/m for bulk elastic modulus of YbDS and below 8 N/m for APS 
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elastic modulus, Figure 7.15. As the system was steam cycled and a cristobalite TGO 

layer grew at the original YbDS – Si interface, the ERR for delamination of the YbDS – 

SiO2 interface remained relatively constant due to the static nature of the YbDS layer. 

The ERR was roughly 2x higher in the bulk elastic modulus case than for the APS elastic 

modulus case. The ERR for delamination of the Si – SiC interface assuming bulk elastic 

modulus of Si decreased by about a factor of 2 in all cases when ~5 μm of cristobalite 

TGO thickness was achieved. The ERR for delamination of this interface assuming APS 

elastic modulus of Si decreased gradually to roughly 70% of its initial value. These trends 

were independent of the elastic modulus used for YbDS in calculation of the ERR. 

The ERR for debonding at the SiO2 – Si interface was strongly affected by the elastic 

modulus selected for the YbDS layer. When the bulk elastic modulus of YbDS was used 

in calculations, the ERR for this interface was ~10 N/m with no cristobalite scale, 

decreased to ~8 N/m at a cristobalite scale thickness of  2 μm, and then increased back to 

~10 N/m at a cristobalite scale thickness of 5 μm. On the other hand, when the APS 

elastic modulus for YbDS was used in calculations the ERR for the interface was ~5 N/m 

with no cristobalite growth, dipped slightly with 1 μm of cristobalite growth, and then 

increased with loosely parabolic dependence to ~16 N/m with 5 μm of cristobalite 

growth. Regardless of the elastic moduli chosen for the YbDS and silicon layers, the ERR 

at all interfaces remained below 20 N/m for cristobalite scale thicknesses up to 5 μm. 

These energy release rates are 1-2 orders of magnitude lower than those calculated for the 

YbMS/Al6Si2O13/Si tri-layer EBC system.
95,96

 

Assessment of the driving force for TGO-mud cracking (channel cracking of the 

TGO) is also of interest due to the observation of this phenomenon in Figure 7.6 and 
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Figure 7.7. The strain energy release rate (ERR) achieved by steady state channel 

cracking of a thin coating layer has been assessed by Vlassak.
262

 The equation     

 
       (     )

   
          was given for the steady state energy release rate via channel 

cracking, where σ is the stress, t is the thickness, ν is the Poisson’s ratio, and E is the 

elastic modulus, all of the TGO. g is a calculated function presented in that work based 

upon the crack opening dimension. This form of the equation inherently ignores layers 

above and below, such that some error may be assumed due to interface constraint. 

The requisite mechanical properties for this calculation have been presented in Table 

7.2, and the crack-opening dimension has been measured for TGO-mud cracking to be in 

the range of 3-10 nm (Section 7.3.1). The calculated ERR ranges between 6.8 N/m for 3 

nm crack opening dimension and 22.5 N/m for 10 nm crack opening dimension at a TGO 

thickness of 1.5 μm. By comparison, GIC for α-cristobalite has been calculated to be in 

the range of 7.1-7.7 N/m depending upon the fracture mechanism experienced.
263

 

Therefore, channel cracking of the TGO was energetically favorable and is expected for 

TGO thicknesses exceeding ~1.5 μm. This is in reasonable agreement with the 

relationship between TGO thickness (exposure time) and TGO-mud cracking observed in 

Section 7.3.1. 

 

7.6 Conclusions 

YbDS/Si bi-layer EBCs were deposited onto SiC substrates using a previously 

optimized APS approach. Five samples were isothermally steam cycled in a slowly 
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flowing 90 % H2O/10 % O2 environment using 60 min hot (1316 °C) and 10 min cold 

(110 °C) cycle. It was found that: 

 

a) Dense APS deposited bi-layers consisting of 125 μm thick YbDS  on a 50 μm thick Si 

bond coat have been found to environmentally protect the underlying silicon carbide 

during isothermal steam-cycling to 1316
o
C for 2,000 cycles.  

b) The Si bond coat exhibited linear oxidation kinetics with a linear rate constant of 1.44 

nm/h for up to 2,000-hour exposures to H2O/O2 at 1316 °C in a bi-layer system 

whose topcoat diffusion barrier layer was 100 m thick.   

c) The oxygen diffusion coefficient for the YbDS layer at 1316
o
C was calculated from 

TGO thickening kinetics to be DO = 3 x10
-15

 m
2
s

-1
, and agreed well with the oxygen 

diffusion coefficients for other complex oxides at this temperature. 

d) Linear bond coat oxidation to form microcrack-free cristobalite has been estimated to 

terminate at a TGO thickness of ~2.24 μm whereupon the growth rate would 

transition to parabolic behavior controlled by diffusion through the uncracked TGO. 

However, at TGO thicknesses of ~1.5 μm and above, TGO-mud cracking was 

observed providing diffusive short-circuits through the scale and extending the linear 

oxidation regime indefinitely.  

e) The estimated ERR for delamination in the system were predicted to remain below 20 

N/m for cristobalite scales up to 5 μm in thickness (twice that after 2,000 cycles of 

oxidation), consistent with good adherence of the bi-layer coating far from its edges.  

f) Oxidation of the bond coat at the edge of the samples initiated delamination cracking 

at the bond coat- YbDS interface. This damage progressed towards the interior of the 
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samples as the number of cycles increased due to a combination of TGO 

microfracture and steam volatilization of the surface connected TGO layer.  

g) Loss of SiO2 from an approximately 15 m thick surface layer of the YbDS layer was 

observed after prolonged steam-cycling at 1316 
o
C in lower Si(OH)4 partial pressure 

test environments. This was accompanied by the formation of creep-enabled voids 

that, in combination with mud cracks and delamination cracks, relieved the 

significant shrinkage stress associated with SiO2 loss. 

 

The dense YbDS/Si bi-layer EBCs deposited in this study had excellent steam-

cycling durability while providing total aerial coverage. This combination of attributes 

indicates that the system may be a viable option for some isothermal applications up to 

1316 °C. Further analysis of mechanical properties and the effect of thermal gradients 

would be necessary to assess the viability of the system for use in rotating and internally 

cooled applications. Further assessment of surface volatilization of YbDS under high 

velocity flows in a thermal cycling will also be necessary. 
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8 Mechanical Properties of APS EBC Materials
7
 

 

Synopsis: Development work in Environmental Barrier Coatings (EBCs) for Ceramic 

Matrix Composites (CMCs) has focused considerably on the identification of materials 

systems and coating architectures to meet application needs. Logically, these 

development efforts have focused heavily on thermochemistry, but thermomechanical 

properties remain largely untreated. The evolution of EBC systems has occurred rapidly 

so that the minimal accumulation of published thermomechanical data for comprehension 

of failure modes and modeling lags considerably behind cutting edge and concept 

systems. Materials property data exists for some simple systems in the bulk form, but the 

effects of air plasma spray (APS) deposition on the critical properties of strength and 

fracture behavior are not well studied. To address the lack of thermomechanical data, 

stand-alone plasma sprayed panels of baseline EBC materials (silicon, ytterbium 

disilicate) have been fabricated via APS and their resultant quasi-static and time 

dependent mechanical properties have been assessed. These properties include elastic 

modulus, toughness, low and high temperature flexure strength, and creep. The mixed-

                                                 
7
 A peer reviewed conference proceeding published by the American Ceramic Society.

209
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mode fracture resistance of Si/MI-CMC interfaces has also been explored via 4-point 

bend interface toughness testing. The accumulated results are compared to properties of 

bulk material. 

Deposition of the APS materials studied in this Chapter and characterization of those 

materials was performed at the University with the assistance of Jeroen Djeikers and 

Hengbei Zhao (UVA). The remainder of the work including mechanical testing and 

analyses was performed at the NASA Glenn Research center under the guidance of 

Dongming Zhu with modeling support by Louis Ghosn, both of whom are co-authors in 

the publication upon which this chapter is based. The contributions of Ralph Pawlik 

(NASA Glenn) were also significant: Ralph ran all of the physical materials tests aside 

from the laser thermal gradient creep tests. All NASA work was supported under 

NASA’s Fundamental Aeronautics Program. 

 

8.1 Introduction 

Thermochemical concerns are an important – even dominant – design driver in the 

development of robust EBCs due to the necessity of prime reliance. However, as 

potential candidate EBC coating concepts begin to be identified for turbine engine 

applications, a more comprehensive understanding of their thermomechanical properties 

is needed to assess their response during implementation in future gas turbines, in 

particular for utilizing ceramic rotating components that are internally cooled. The 

properties of interest and their testing in comparable TBC applications have already been 

reviewed in Section 1.6. 
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Chapter 7 has described one bi-layer EBC (Yb2Si2O7/Si) that has excellent steam-

cycling durability, but the response to mechanical and thermal gradient loading is 

unreported. It is therefore of interest to measure the mechanical properties that will 

control failure of such a coating system in engine-like conditions. The purpose of this 

chapter of the dissertation is to perform preliminary measurements of the quasi-static and 

time-dependent response of the two materials in the Yb2Si2O7/Si EBC system in their as-

deposited (APS) conditions. The properties of interest include elastic modulus, fracture 

toughness, low and high temperature strength, and creep properties.  

 

8.2 Experimental 

Stand-alone plates for test specimen manufacture were deposited at the University 

using the Praxair-TAFA air plasma spray system described in Chapter 4. Both Yb2Si2O7 

and Si materials were deposited using a 75 mm torch standoff with 610 mm/s torch 

traverse rate and 3 mm step size. The plasma torch used was a Praxiar SG-100 torch with 

internal hardware configuration comprising a 02083-175 anode, 02083-120 cathode, and 

03083-112 gas injector. Deposition of both stand-alone panels required more than 500 

passes to achieve target thickness (greater than 12 mm). The spray parameters used for 

deposition of Si were: 77.87 slm primary Ar gas flow, 1.18 slm secondary H2 gas flow, 

550 A direct arc current, and 4.72 slm Ar powder carrier gas flow. Yb2Si2O7 spray 

parameters were: 103.83 slm primary Ar flow, 0.94 slm secondary H2 flow, 235 A direct 

arc current, and Ar powder carrier gas flow of 4.72 slm. 
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The Yb2Si2O7 powder used had particle diameter ranging 30-90 μm; the powder was 

a hollow spherical powder (HOSP) developed for NASA by Sulzer/Oerlikon Metco 

(Westbury, NY) for improved coating processing, performance, and stability. The Si was 

an electronics grade powder supplied by Micron Metals (Bergenfield, NJ), and was 

sieved to retain particles with a diameter of 80-130 μm. The deposited stand-alone panels 

measured approximately 130 mm x 65 mm x 13 mm, and were subsequently diamond 

precision ground to multiple 50 mm x 5 mm x (4 or 3) mm specimens, Figure 8.1. Some 

of the Si specimens subsequently had the 50 mm x 5 mm face APS coated with Yb2Si2O7 

for oxidation protection during laser thermal gradient creep testing. After fine grinding, 

the sample bevels were lightly sanded and the density of specimens was measured using 

the Archimedes method. Some specimens were sectioned for microstructural analysis. 

 

Figure 8.1: Photographs of (a) the 13 mm thick air plasma sprayed Yb2Si2O7 stand-

alone plate in the deposition fixture, (b) Si test bars after machining from a stand-alone 

APS silicon plate, and (c) APS Yb2Si2O7 coated Si test bars. 
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Tests of the elastic modulus, fracture toughness, low temperature flexure strength, 

high temperature flexure strength, isothermal creep, and laser thermal gradient creep 

were subsequently performed. Mechanical testing techniques were implemented 

according to ASTM standards when applicable.
8
 Fracture toughness was determined 

using the single edge V-notched beam (SEVNB) method.
264,265

 The orientation of crack 

tested with respect to microstructure in the SEVNB toughness testing was comparable to 

that which would be observed in mud cracking or channel cracking, with crack oriented 

through splat thickness. The 4-point flexure testing arrangement used for isothermal and 

laser thermal gradient testing is schematically illustrated in Figure 8.2 with relevant 

dimensions indicated. For a more detailed description of the testing methodologies 

implemented, the reader is referred to Choi et. al.,
120

 where the mechanical testing 

procedures used in this study have been extensively documented. 

Interface toughness testing was performed upon specimens fabricated on SiC/SiC 

melt infiltrated ceramic matrix composite (MI-CMC) substrates. These tests were 

conducted using a stiffener-modified 4-point flexure interface toughness test that has 

been used for several coating applications including TBCs.
119,266-271

 A schematic 

illustration of the test specimen and testing configuration is given in Figure 8.3. The 

stiffener (Haynes 230 alloy) was adhered using a thin layer of high strength epoxy. It is 

also important to note that some curvature was observed in stiffener beams prior to 

adhering them to test specimens, such that residual stresses are expected in the as-

prepared composite beams. The effect of residual stresses in this testing method will be 

                                                 
8
 For further description of those testing methodologies, the reader is referred to the relevant ASTM 

standard: ASTM C 1259 for elastic modulus determination by impulse excitation of vibration, ASTM C 

1161 for low temperature flexure strength testing, and ASTM C 1211 for high temperature flexure strength 

testing. 
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addressed further in discussion. Testing was run with constant actuator displacement at a 

rate of 0.02117 mm/s with load continuously monitored. Solutions for KI, KII, and phase 

load angle φ were determined using a finite element analysis (FEA) approach. 

 

Figure 8.2: Schematic illustrations of (a) the 4-point bending apparatus used for 

isothermal flexure tests (toughness, strength, and creep), and (b) the 4-point bending 

apparatus used for laser thermal gradient creep flexure testing. The incident laser beam 

had a ~25 mm diameter uniform profile. To create the uniform incident heat flux, a 

rotated integrator lens was used to distribute the beam. Both fixtures are operated in lab 

air. 

 

All creep tests were performed in air using 4-point flexure. Interpretation of creep 

data and stresses in 4-point flexure creep has been conducted according to the analysis of 

Hollenberg, Terwilliger, and Gordon.
162

 As mentioned in Section 8.1, this method is 

useful for quantitative initial analyses, such as those of interest in this work. As no a-
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priori knowledge of creep stress exponent n may be assumed for these APS materials, 

creep displacement data has been interpreted for the elastic beam case (identical to n = 1). 

The validity of this assumption is subsequently discussed. This method assumes that 

tensile and compressive creep behaviors of the material are identical. For laser thermal 

gradient creep testing, the incident radiation was supplied by a continuous operation 2kW 

10.6 μm CO2 laser. Zhu et. al.
272

 have described the laser thermal gradient testing method 

thoroughly. Though creep in such a scenario occurs at different temperatures and stresses 

throughout the sample, for convenience a single weighted inverse temperature (1/T) 

average denoted TW between the front and back face temperatures is used. 

 

Figure 8.3: Schematic illustration of the 4-point bending test configuration used for 

mixed-mode fracture testing. The inset shows the EDM notch used to establish a “T”-

shaped pre-crack in the stiffener and APS coating. 
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8.3 Results 

8.3.1 APS Yb2Si2O7 

The as-deposited microstructure of the Yb2Si2O7 coating is shown in Figure 8.4 at 

several different magnifications. Again, the authors comment that the processed coating 

is not necessarily fully optimized for EBC applications. The primary source of porosity in 

the APS Yb2Si2O7 material is a population of uniformly distributed, relatively spherical 

isolated (not interconnected) pores, Figure 8.4(a). The porosity has been measured by 

both Archimedes method and image analysis to be ~10 %, to which the spherical 

intersplat pores contribute 8-9 % of total porosity. The light and dark contrast areas are a 

manifestation of Si loss from the near-stoichiometric powder during plasma spray 

deposition.
97

 Light contrast regions correspond to those areas that are Si depleted whereas 

the darker grey regions correspond to areas with minimal or no Si loss, Figure 8.4(b). At 

this point, the extent of Si volatilization and resulting phase distribution has not been 

characterized. No cracking is evident in the coating at any magnification. One other 

feature of importance is the retention of segments of unmelted HOSP Yb2Si2O7 that are 

bound within the matrix, Figure 8.4(c). The porosity in these features contributes the 

remaining 1-2 % of total porosity of the coating. Finally, at the smallest scale, strings of 

connected nano-porosity and minor intersplat decohesion are observed, Figure 8.4(d). 
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Figure 8.4: BSE mode SEM images of the as-deposited Yb2Si2O7 stand-alone plate at 

a series of magnifications illustrating features relevant to the mechanical response 

showing (a) low magnification image with intersplat porosity, (b) the presence of (lighter 

contrast) Si depleted splats, (c) partially melted HOSP particles bound in the matrix, and 

(d) isolated intersplat pores and poorly adhered splat boundaries. 

 

Mechanical tests have been performed according to ASTM standards when applicable 

as described in Section 8.2, and the results are shown with standard deviations in Table 

8.1. The scatter of data in elastic modulus, low temperature flexure strength, high 

temperature flexure strength, and KIC is low. Isothermal creep tests have been performed 

over a 25 h test interval at a maximum outer ligament tension of 15.8 MPa and at several 

temperatures, Figure 8.5(a). The creep behavior exhibits a considerable primary creep 

regime that is typical to ceramic materials.
154

 The primary creep portion of the curves 

may be used to determine the primary creep parameter s by maximizing the linear fit of 
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the data on an ε/t
-s
 vs. t plot, as in Figure 8.5(b). Using this method, the value of s 

determined is 0.79. This is within the range of creep parameters expected for APS 

ceramic materials.
120

 The secondary creep rates in isothermal testing were dε/dt = 3.39 

x10
-9

 s
-1

 at 800 °C, 5.63 x10
-9

 s
-1

 at 850 °C, and 1.23 x10
-8

 s
-1

 at 900 °C at the calculated 

maximum outer ligament tension of 15.8 MPa. The activation energy calculated using 

isothermal primary creep data was 127 kJ/mol whereas the activation energy calculated 

using isothermal secondary creep data was 135 kJ/mol. 

Table 8.1: Physical and mechanical properties of air plasma sprayed Yb2Si2O7. 

Physical/Mechanical Property Value, σ- st. dev. 

Relative Density- Archimedes and image analysis 90-91 % 

Elastic Modulus- impulse excitation 34 GPa, 2.53 

25 °C 4-point Flexure Strength 19.7 MPa, 0.62 

900 °C 4-point Flexure Strength 24.3 MPa, 0.42
 

25 °C KIC 4-point Flexure 0.925 MPa*m
0.5

, 0.05 

800 °C -900 °C isothermal primary creep Ea 137.2 kJ/mol 

800 °C -900 °C isothermal secondary creep Ea 134.7 kJ/mol 

1067 °C  & 1207 °C laser thermal gradient secondary creep Ea 187.1 kJ/mol 

800 °C-1207 °C secondary creep Ea 154.6 kJ/mol 

800 °C -900 °C isothermal primary creep s parameter 0.78 

Creep stress exponent n ~1 

 

Laser thermal gradient 4-point flexure creep testing has also been performed on the 

APS Yb2Si2O7 material. The test performed was a two-temperature test wherein the 

testing temperature was altered mid test by increasing the laser power. This has allowed 

for measurement of the creep rate at two different temperatures during a single test where 

very minimal creep deformation occurred during testing at the (lower) first temperature, 

Figure 8.6. The front side, back side, and weighted average temperature are also given 

along with the calculated outer ligament tension of 7.4 MPa. The calculated secondary 

creep strain rates are presented in Figure 8.6(b) and were measured as dε/dt = 1.05 x10
-8
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s
-1

 at 981 °C and 6.96 x10
-8

 s
-1

 at 1152 °C. The activation energy determined using these 

two laser thermal gradient data points was 165 kJ/mol. 

 

Figure 8.5: Isothermal 4-point flexure creep data of air plasma sprayed Yb2Si2O7. (a) 

Shows the effect of temperature on the surface strain versus time behavior for a 

calculated surface stress of 15.8 MPa. (b) The pseudo-strain versus time response during 

the primary creep regime of the tests shown in (a). 
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Figure 8.6: Laser thermal gradient creep curves for APS Yb2Si2O7. (a) Strain and 

load curves for the two-temperature test with front face, back face, and inverse T average 

(weighted) test temperatures. (b) Linear fit strain equations for the two different 

temperature regimes of the thermal gradient creep test. 

 

If it is assumed that the creep deformation mechanism is similar between isothermal 

and laser thermal gradient tests, the data from the two tests may be compared on a 

ln(dε/dt) vs. 1/T plot and used to determine both a refined activation energy and to 

estimate the creep stress exponent n, Figure 8.6. Depending on the true stress assumed in 

the creep-rate determining ligament, values of n calculated range between 0.8 and 1.9. 
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Assuming the true stress experienced in the creep-rate determining ligament of the beam 

is half of that calculated in the elastic case for the outer ligament (3.7 MPa) due to rapid 

stress relaxation in the outer ligament at high temperatures and inherent lower load at 

sub-surface ligaments, the creep stress exponent n is determined to be approximately 1. 

The mechanical properties data for APS Yb2Si2O7 can be found in Table 8.1. 

 

Figure 8.7: Determination of creep stress parameter “n” for APS Yb2Si2O7 through 

optimization of R
2
 in an Arrhenius-type creep activation energy (Ea) determination plot. 

 

8.3.2 APS Si 

The as-deposited microstructure of the APS Si stand-alone coating is shown in Figure 

8.8 both with and without the protective Yb2Si2O7 layer. Porosity in the APS Si layer was 

low, with measurements by both the Archimedes method and image analysis yielding 

porosities of ~6 %. The observed porosity is all of the isolated (not interconnected) 

intersplat variety and has a relatively uniform distribution throughout the stand-alone 

specimens, Figure 8.8(a). When viewed at high magnification, Figure 8.8(b), intersplat 

boundaries are evident. The boundaries appear a darker shade of grey in BSE mode 
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imaging, and therefore may have a very fine layer of secondary phase. Due to the scale of 

these boundaries, proper identification of composition and phase would require TEM 

analysis, which has not been endeavored. Figure 8.8(c) and (d) show sections of the 

stand-alone APS Si that have been protectively coated with Yb2Si2O7 for laser thermal 

gradient testing and illustrate good adherence and consistency of the coating layer. 

 

Figure 8.8: BSE SEM images of (a) the as-deposited stand-alone Si plate showing the 

uniform distribution of pores. (b) Higher magnification image showing intersplat 

boundary and pore structures. (c) Low magnification image of an APS Yb2Si2O7 coated 

silicon test specimen used to protect the sample from oxidation during laser thermal 

gradient testing. (d) Higher magnification image of the Yb2Si2O7 – Si coating interface 

showing good interface adherence. 

 

The results of mechanical testing on stand-alone APS Si are presented in Table 8.2. 

Scatter in elastic modulus, low temperature flexure strength, and fracture toughness is 
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low. Only two samples were tested for high temperature flexure strength due to the 

limited number of specimens available, but these specimens had significantly disparate 

strengths of 171.7 MPa and 201.9 MPa. Creep of the APS Si material has been measured 

exclusively using the laser thermal gradient approach. However, the laser thermal 

gradient specimens include a 200 μm protective Yb2Si2O7 layer that may be anticipated to 

handle a considerable portion of the thermal load. The temperature distribution 

throughout the sample may be readily calculated using conventional heat transfer 

equations assuming a 1-D equal heat flux scenario, which is reasonable given the scale of 

the sample. 

Table 8.2: Physical and mechanical properties of air plasma sprayed Si. 

Physical/Mechanical Property Value, σ- st. dev. 

Relative Density- Archimedes and image analysis 94-95 % 

Elastic Modulus- impulse excitation 73 GPa, 2.12 

25 °C 4-point Flexure Strength 76.6 MPa, 1.32 

900 °C 4-point Flexure Strength 186.8 MPa
 

25 °C KIC 4-point Flexure 1.540 MPa*m
0.5

, 0.05 

1050 °C -1180 °C laser thermal gradient secondary creep Ea 283.5 kJ/mol 

 

The estimated thermal conductivity of Yb2Si2O7 is ~2.0 W/mK while that of Si is 20 

W/mK
273,274

 at 1300 °C. The thermal gradient across a Si test coupon for test 

temperatures between 1,000 °C and 1250 °C is then estimated to be <8 °C. For coated Si 

coupons, the majority of the thermal gradient is observed within the Yb2Si2O7 layer with 

the Si specimen being approximately isothermal. Therefore, creep testing of coated APS 

Si specimens in the laser thermal gradient 4-point flexure rig can be approximated to be 

isothermal creep testing. The load and calculated creep strain data for the creep test are 

presented in Figure 8.9(a) along with the appropriate creep temperatures for Si. The 
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secondary creep equations corresponding to the creep test are plotted in Figure 8.9(b) and 

yield secondary creep strain rates dε/dt = 1.22 x10
-8

 s
-1

 at 1,000 °C, 1.30 x10
-8

 s
-1

 at 1050 

°C, 2.47 x10
-8

 s
-1

 at 1100 °C, and 1.25 x10
-7

 s
-1

 at 1180 °C. The creep strain rate data can 

be plotted as ln(dε/dt) vs. 1/T for determination of creep activation energy, Figure 8.10. It 

is noted that the 1,000 °C data point (Figure 8.10) is slightly suspect and possibly part of 

either another creep regime or due to errant thermal data from pyrometers. As such, 

activation energy has been determined using the 1050 °C, 1100 °C, and 1180 °C data 

points. The calculated creep activation energy for this set of data points is 283 kJ/mol. 

 

8.3.3 Mixed-Mode Interface Toughness 

FEA analysis has been used to determine stress intensity factor solutions for the 

stiffener-modified 4-point flexure interface toughness problem. The solutions can be 

expressed in the common form of     
             

      ,      
              

     , and   

    (
   

  
). In the steady state energy release regime (crack length a > 0.1 * inner load 

support span), FEA calculations for the present configuration yield KI,normalized = 1.07, 

KII,normalized = 0.59, and phase angle φ = 29.10 °. Three specimens have been tested, and 

five distinct crack propagation incidents have been identified. An example of one of these 

tests is shown in Figure 8.11, and the results of all three tests are given in Table 8.3 for 

the five distinct crack propagation events with average, standard deviation, maximum, 

and minimum values listed. 
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Figure 8.9: Laser thermal gradient creep curves for APS Si. (a) Strain and load 

curves for the four-temperature test with front face, back face, and Si test temperatures. 

(b) Linear fit strain equations for the four different temperature regimes of the thermal 

gradient creep test. 

 

8.4 Discussion 

8.4.1 APS Yb2Si2O7 

The microstructure of Figure 8.4 indicates deposition of mixed Yb2Si2O7 + Yb2SiO5 

material. Deposition of mixed microstructures has previously been observed in the 

Yb2O3-SiO2 system and has been attributed to volatilization of Si from the originally 
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stoichiometric powder during APS processing.
97

 Further analysis of Figure 8.4 indicates 

that no cracking is present in the as-deposited material, even when viewed at very high 

magnifications. This is in part due to deposition parameter selection to avoid cracking 

even during the deposition of very thick coatings where the thermal load delivered to the 

stand-alone plate was very high. The development of this set of coating parameters was 

inherently coupled with reduced density in the deposited coatings, thereby yielding the 

~10 % porosity observed and unmelted HOSP clusters. The material parameters are 

therefore representative of a 10 % porous APS Yb2Si2O7 coating structure. 

 

Figure 8.10: Creep activation energy (Ea) determination for APS Si in an Arrhenius-

type plot. 

 

The elastic modulus determined by impulse excitation of vibration in this study is low 

in comparison to the elastic modulus of bulk Yb2Si2O7 that has been measured by various 

techniques (and for various compositions spanning silica lean to silica rich in hot pressed 

samples from NASA development programs) to be in the range of 150-180 GPa. This 

modulus reduction may be a result of the very large quantity of intersplat boundary that 
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results from the deposition of the fine spherical particulates bound within the HOSP 

precursor material. Retained HOSP clusters may also contribute to the low observed 

elastic modulus. As previously mentioned, no fine scale cracking is observed in the APS 

structure. Accordingly, the reduced modulus cannot be attributed to distributed micro- or 

nano-scale cracking. Elastic moduli of comparable value have previously been observed 

in APS TBC materials.
118,122,123

 

 

Figure 8.11: Load and displacement curves for a 4-point bending interfacial 

toughness test. 

 

Table 8.3: Interface toughness Kc of Si – MI-CMC interface at Gc calculated from 

finite element analysis solutions with phase load angle φ = 29.1 °. 

Interface Toughness KI @ Gc (MPa*m
1/2

) KII @ Gc (MPa*m
1/2

) 

Mean 1.92 1.06 

Standard Deviation 0.34 0.188 

Maximum 2.36 1.30 

Minimum 1.58 0.87 

 

The fracture toughness of the as-deposited APS Yb2Si2O7 has been measured to be 

0.925 MPa*m
1/2

, which represents a ~50 % reduction from the value measured for dense, 

bulk processed material (~2 MPa*m
1/2

, previous NASA unpublished data). This reduction 
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in toughness is likely due to some combination of the microstructural features discussed 

above. Though fracture toughness is an intrinsic material property, the scale of the 

SEVNB test when compared to the microstructure is such that porosity and boundaries in 

the structure will have an effect upon the observed value. Therefore, the toughness value 

reported should not be considered as the intrinsic toughness of the material, but instead 

that of the APS Yb2Si2O7 structure. 

The 25 °C flexure strength of the as-deposited material is also low in comparison to 

equi-biaxial data for bulk densified Yb2Si2O7 materials which have been tested at NASA. 

These hot pressed materials span the compositional space from silica lean to silica rich 

compositions and have 25 °C flexure strengths in the range of ~100 MPa to ~120 MPa, 

with silica lean or rich compositions at the lower end of this spectrum. The equi-biaxial 

flexure strength of stoichiometric Yb2SiO5, however, has been measured to be only ~15 

MPa, so it is reasonable to expect that with the presence of both Yb2SiO5 and 10 % 

porosity in the stand-alone material the flexure strength would be reduced to the observed 

value of 19.7 MPa. This trend also applies to the 900 °C flexure strength, which 

experienced a marginal increase to 24.3 MPa. 

Stresses are expected to arise in rotating hardware during service from two primary 

sources. First, the physical rotation of turbine blades leads to the generation of a 

centrifugal stress. The magnitude of this stress depends upon a large number of variables 

including the rotation rate of the turbine, the distance of the blade from the central axis, 

the density of coating layers, and the thickness of coating layers. On top of this, 

additional stresses are imposed by thermal gradients that are established by internal 

cooling. These thermal gradients may exceed 100 °C across thermal barrier layers, 
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thereby imposing a significant thermal stress. At operation temperatures of 1316 °C and 

above, even small stresses may be expected to result in creep over the thousands of hours 

of lifetime expected for turbine materials. Creep performance of coatings is therefore an 

important consideration for rotating hardware. 

Creep behavior of rare earth silicates remains unpublished. As such, there is no 

available data to which the present creep experiments for APS Yb2Si2O7 may be 

compared, even in the isothermal case. Efforts are presently underway to fabricate hot 

pressed specimens from the same HOSP material used for APS processing, but this data 

is as of yet unavailable. As such, circumstantial interpretation of the APS Yb2Si2O7 creep 

performance is difficult, and one must instead view the data in an absolute context. In 

isothermal testing at 900 °C with a maximum tensile face load of 15.8 MPa, 1 % strain is 

observed in 25 h, Figure 8.5. This temperature is far below the intended service 

temperature of the material, and the stress level is low when compared with possible 

thermally or mechanically induced stresses. If such creep data is extrapolated to higher 

temperatures, extremely high creep rates are predicted. In addition, the material exhibits 

severe primary creep behavior, which may in part be an artifact resulting from 4-point 

flexure creep testing.
165,169

 This primary creep may result in rapid deformation of as-

deposited components upon entering service. 

One method of testing such a high creep rate material at elevated temperature is to 

use a thermal gradient-based modification of isothermal 4-point flexure. This setup adds 

geometric constraint to the creep of the test specimen by keeping one face of the sample 

(and the 4-point bending fixture) comparably cool, thereby allowing higher testing 

temperatures on the sample surface without mechanically compromising the entire 
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specimen. The test also bears the added benefit of realistically replicating the thermal 

gradient exposure experienced in gas turbine engines. The drawback of this technique, 

however, is that comprehensive analytical solutions for creep have not been determined. 

Simple corrections may be implemented to account for shifts in the neutral axis of the 

beam, stress relaxation at high temperatures, and for the true creep temperature, but to 

some extent the interpretation of the creep data will be confounded by the complexity of 

the test. Therefore, it should be interpreted as an application/engineering oriented test. In 

this work, an inverse T average between the front face and back face is used as the 

assessing metric for the creep temperature. 

Having established the creep temperature and creep rates (Section 8.3.1), a reasonable 

range for the secondary creep parameter n may be determined by comparing the 

isothermal data at 15.8 MPa to the laser thermal gradient data at 7.4 MPa (assuming no 

surface relaxation or neutral axis shifts). If shifts in neutral axis and surface stress 

relaxation are assumed such that the true creep-restraining ligament stress is a factor of 2 

lower than that calculated by pure elastic techniques for the outer ligament, a range of 

possible n values can be established using these two testing methodologies. The value 

calculated for n ranges from 1.9 with a creep-restraining ligament stress of 7.4 MPa in 

laser thermal gradient testing to 0.8 with a creep-restraining ligament stress of 3.7 MPa in 

laser thermal gradient testing. It is therefore reasonable to assume that the true value of n 

is on the order of 1 for this APS Yb2Si2O7. For comparison, an n value of 1 indicates pure 

diffusional creep whereas dislocation and stress activated creep mechanisms have n in the 

range of 2-7. True isothermal determination of n using additional APS specimens is 

ongoing. 
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The activation energies for creep calculated from the isothermal data, laser thermal 

gradient data, and isothermal + laser thermal gradient data range from ~135 to ~165 

kJ/mol, Table 3 and Figure 8.7. For comparison, the activation energy for surface 

diffusion in APS YSZ has been determined to be ~105 kJ/mol.
68

 The activation energy is 

then commensurate with a primarily diffusion-based creep mechanism that is additionally 

supported by the determination of the creep stress exponent n. Based on this combination 

of data, it appears that creep of the 10 % porous APS Yb2Si2O7 is surface-diffusional and 

therefore sensitive to the microstructure (porosity, splat boundaries, retained HOSP 

clusters) of the specimens. 

The creep performance of the APS Yb2Si2O7 material bears two important 

consequences. First, if these coatings are applied to rotating hardware where significant 

centrifugal stresses exist, significant flow of the material is expected due to the extremely 

high creep rates observed. This could severely limit coating life or prohibit use of the 

material in rotating hardware. Second, considerable creep of the material at very low 

stresses indicates that total stress relaxation will occur at high temperatures. In (uncooled) 

isothermal hardware this is not problematic, but in cooled hardware where thermal 

gradients through the coating layer may be 100 °C or greater this can have important 

mechanical effects. Presuming the coating layer stress relieves in the thermal gradient at 

operating temperature, upon cooling the outer ligament will develop an additional 

gradient-induced thermal residual stress. Depending on the mismatch of CTE between 

coating and substrate, this may have either beneficial or disadvantageous effects. 
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8.4.2 APS Si 

The elastic modulus determined by impulse excitation for 94 % dense APS Si was 73 

GPa, roughly half of the 163 GPa elastic modulus reported for bulk, isotropic 

polycrystal.
88

 It is therefore evident that the reduction in elastic modulus is determined by 

the physical structure of the APS layer, which is shown in Figure 8.8 and has been 

described in Section 8.3.2. The visible intersplat boundaries in the structures of Figure 

8.8 may result from partial boundary oxidation of the Si during APS processing, and 

contribute to the heterogeneous nature of splat boundaries in the stand-alone specimens. 

This oxidation results from mixing of the surrounding atmosphere into the plume from 

flow boundary turbulence. No cracking is observed in this structure, so that the difference 

in elastic modulus must be tied predominantly to the intersplat boundaries, porosity, and 

very limited oxidation observed. 

The fracture toughness (KIC) of the APS Si structure has been determined to be 1.54 

MPa*m
1/2

, which corresponds to a significant increase over the 0.8-0.9 MPa*m
1/2

 

catalogued for dense polycrystalline samples.
88

 Again, due to the difference in scale 

between testing and the microstructure, the KIC test is probing the toughness of the APS 

Si structure, not the intrinsic toughness of Si. It appears that the presence of intersplat 

boundary, a secondary phase (silica) on some boundaries, and 6 % porosity contribute to 

a slight toughening effect of the structure. Due to the nature of the defects, it is likely that 

the toughening results from some combination of crack arrest at intersplat boundaries and 

effective crack blunting by spherical pores. 

Flexure strength of the APS Si is also considerably reduced when compared to dense 

polycrystal. The 25 °C flexure strength of the APS material was 76.6 MPa, whereas 
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dense polycrystal flexure strength is ~260 MPa.
88

 It is worthwhile to note, however, that 

the scatter in 25 °C flexure strength for APS Si is extremely low, whereas the scatter in 

flexure strength for dense polycrstal is extremely high. The low scatter (and comparably 

low flexure strength) for the APS material is likely a result of a consistent flaw 

population within the APS material. Assuming all samples had a critical flaw of the same 

size (reasonable due to the high density of flaws in the APS structure), then all specimens 

should fail at the same stress level, as observed. The 900 °C flexure strength averaged 

186.8 MPa for APS Si vs. ~500 MPa for dense polycrystal.
88

 In the 900 °C flexure tests 

the scatter in strength was high for both the APS material and the dense polycrystal. As 

900 °C is over the ductile to brittle transition temperature in Si, it is likely that failure 

results from the linkage of many flaws, and is therefore variable in both the APS Si and 

dense polycrystal. 

All creep tests performed on Si were executed in the 4-point flexure laser thermal 

gradient rig. As detailed in Section 8.3.2, however, the thermal gradient across the 

thickness of the Si sample has been calculated to be <8 °C, such that the test may be 

considered as an isothermal creep flexure test. The creep rates agree reasonably (same 

orders of magnitude) with those published for glide of dislocations on the <111> planes 

in dense Si polycrystal.
88

 A direct quantitative comparison of creep rates, however, is 

complicated due to the (unanalyzed) mechanical effects of the protective Yb2Si2O7 layer. 

The activation energy of 284 kJ/mol for creep of the APS material is also in good 

agreement with the activation energy for dislocation glide on the <111> planes of bulk, 

polycrystalline  Si at 300 kJ/mol.
88

 It appears, therefore, that the creep of the APS Si 
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structure can be reasonably predicted by bulk polycrystalline Si data for temperatures in 

excess of 1,000 °C, provided the pore structure is accounted for. 

 

8.4.3 Mixed-Mode Interface Toughness 

Preliminary mixed-mode interface toughness has been determined for the as-

deposited model Yb2Si2O7/Si/MI-CMC system. Application of this technique and 

interpretation of the data, however, bears several additional considerations that merit 

discussion. In general, the 4-point flexure interface toughness test and stiffener-modified 

4-point flexure interface toughness test have considerable documentation and verification 

in public literature,
119,266-271

 and the interpretation of data used in the present study is 

much the same. 

It is worthwhile to note that the FEA solutions calculated apply specifically to steady 

state propagation of a pure delamination-type crack. Crack kinking and interface 

roughness will have local effects on KI, KII, and ϕ that are not considered in the present 

analysis. The tests were not performed in a fixture that uses a floating-platen type load 

arrangement, such that asymmetry in crack propagation will have a minor effect on the 

data. Again, the authors stress that this work is exploratory, and used primarily to 

determine the viability of this testing technique and provide initial figures for APS EBC 

structures applied to SiC/SiC composites. 

All three tests (and all 5 propagation events) occurred in a ―saw-tooth‖ load pattern, 

i.e. load spikes and then drops. This loading pattern is typical of interfaces that have 

inconsistent toughness
275

 and is therefore expected for the highly heterogeneous 
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interfaces in APS coatings. The small number of load spikes per sample is reflective of 

the low toughness of this interface (and baseline EBC materials), and may be affected by 

residual stresses in both the coating and the stiffener. As previously mentioned, the 

stiffeners used in this study had some curvature before bonding to the EBC specimens. 

This pre-curvature would result in considerable variations in the applied K with flexure 

because the stored elastic energy of the stiffener would have differed slightly between 

samples. This is important as the stored energy of the stiffener dominates the strain 

energy release rate of the composite beam.
268

 As such, the residual stress in the stiffener 

may have contributed significantly to scatter in the data and have had some effect upon 

the measured toughness. Contributions of the residual stresses in the coating would be 

small in comparison to residual stress in the bonded stiffener. 

Despite the above limitations, the data recorded from this test method appears 

consistent, Table 8.3. The KI and KII values are of appropriate magnitude considering the 

mechanical properties reported in Section 8.3.2 for the APS Si layer. As a very broad 

generality, the mixed-mode critical energy release rate at a phase load angle of 30 ° is 

roughly 1/3 greater than at phase load angle 0 ° (pure KI),
236

 such that KI = 1.92 

MPa*m
1/2

 and KII = 1.06 MPa*m
1/2

 are plausible K values for the Si-CMC interface 

when GC is attained based upon the properties determined for the Si layer. The test 

appears very promising for quantitatively determining mixed-mode interface toughness in 

EBC systems in as-fabricated and aged conditions. 
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8.5 Conclusions 

Stand-alone APS Yb2Si2O7 and Si panels have been deposited with approximate 

dimensions of 130 mm x 65 mm x 13 mm. These stand-alone panels were diamond 

ground into mechanical properties testing specimens measuring approximately 50 mm x 

5 mm x (4 or 3) mm. The specimens were sectioned and their microstructure analyzed. 

Archimedes density, porosity image analysis measurement, and elastic modulus 

measurement via impulse excitation of vibration were performed. Low temperature (25 

°C) flexure strength, high temperature (900 °C) flexure strength, and fracture toughness 

of the APS structure have all been measured. Creep behavior of the APS Yb2Si2O7 

material has been determined using isothermal and laser thermal gradient 4-point flexure. 

Creep behavior of the APS Si has been measured using laser thermal gradient 4-point 

flexure, but heat transfer calculations have indicated that the Si is effectively isothermal. 

Finite element analysis modeling has been coupled with experimental 4-point flexure 

stiffener-assisted interphase toughness testing to determine the mixed-mode fracture 

resistance of an APS Si – MI-CMC interface.  The above measurements led to the 

following conclusions: 

a) Elastic moduli and flexure strengths of APS materials are low when compared to their 

bulk densified counterparts.  The ~90 % dense APS Yb2Si2O7 elastic modulus and 

flexure strength was reduced by 4-5 times when compared to equi-biaxial data for 

similar systems. The ~94 % dense APS Si elastic modulus and flexure strength was 

reduced by 2-3 times when compared to published data for Si of comparable 

(electronics grade) purity. 
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b) Fracture toughness (KIC) of the APS structures has been measured for cracks that 

propagated normal to the coating surface, i.e. in an orientation reflective of coating 

mud (or channel) cracking. The measured toughness of the APS Yb2Si2O7 was 0.93 

MPa*m
1/2

 for a structure that is both porous and contained significant fractions of 

Yb2SiO5. The measured toughness of the APS Si was 1.54 MPa*m
1/2

 indicating some 

minor toughening from the APS structure. 

c) Creep rates of the APS Yb2Si2O7 at temperatures above 900 °C are very high. The 

creep activation energy determined for APS Yb2Si2O7 was ~155 kJ/mol with n 

determined to be ~1, indicating that steady state creep was a diffusion controlled 

process in this material.  

d) The high Yb2Si2O7 creep rates suggest that this material may suffer from rapid creep 

in coating applications for rotating hardware with high centrifugal stresses. The low 

flow stress also may lead to stress relaxation in thermal gradients, which could have 

significant effects upon the stress states and strain energy release rates of the coating 

upon cooling. 

e) The creep activation energy for APS Si was ~284 kJ/mol, which is comparable to the 

activation energy for bulk dislocation creep by glide on the Si <111> planes. Creep 

rates are also comparable to those observed for creep by Si <111> dislocation glide. 

f) Interfacial toughness measurements in EBC systems applied to CMCs are possible 

using a stiffener-modified 4-point flexure testing approach. Testing yields 

toughnesses that are reasonable for the Si – MI-CMC interface based on the other 

mechanical properties measured for this system. This testing method will allow for 

the mixed-mode toughness of aged structures to be assessed in the future. 
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9 Discussion 

Through the course of this dissertation, two separate EBC systems with different 

ytterbium silicate topcoats have been investigated. The first was a tri-layer 

Yb2SiO5/Al6Si2O13/Si system that was identified as a candidate EBC in the mid 2,000’s 

based on preliminary testing.
77,94

 A version of this system was deposited by APS using 

high power deposition parameters at the NASA Glenn Research Center where the initial 

investigations on the system had been previously performed. Chapters 2 and 3 of this 

dissertation focus on the analysis of that coating system, which was found to be deficient 

because of poor adhesion between the silicon bond coat and substrate, interconnected 

bond coat porosity, and uncontrolled loss of SiO from the ytterbium monosilicate and 

mullite layers. 

In Chapter 5, this same Yb2SiO5-based tri-layer system was deposited using an APS 

process designed to enable deposition using optimized low power spray parameters with 

the intent of remedying the issues identified in Chapters 2 and 3. Chapter 6 then 

discussed the performance of this system in steam-cycling, which was found comparable 

to that of the high power tri-layer EBC despite resolution of the adherence issues 

identified in that system. The work presented in these chapters are the first reports of 
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failure mechanisms of the Yb2SiO5/Al6Si2O13/Si system in steam-cycling and the first 

documentations of EBC failure resulting from cristobalite TGO formation. 

Due to the relatively short lifetime of the tri-layer ytterbium monosilicate based 

systems, investigations were redirected to focus on a bi-layer Yb2Si2O7/Si system 

deposited using low power plasma spray parameters at UVA. Deposition of the ytterbium 

disilicate layer was also detailed in Chapter 5, and the steam-cycling performance of this 

system was documented in Chapter 7. The Al6Si2O13 layer was eliminated due to its 

propensity for cracking, its high CTE and elastic modulus, its reactivity with Yb2Si2O7 

(which penetrates Al6Si2O13 grain boundaries), difficulty depositing the desirable high 

relative density EBC microstructures and no observed interfacial reactions between the 

ytterbium silicates and silicon in preliminary testing. The resulting system was a bi-layer 

with total thickness of~175 μm reduced from ~275 μm for tri-layers. No failures were 

obtained in steam-cycling of the bi-layer Yb2Si2O7/Si EBC with test durations up to 2,000 

cycles at 1316 °C, indicating greatly improved durability of this system. 

The demonstration of this system’s viability through thermocyclic steam testing 

prompted investigations of the mechanical properties of the component APS layers as a 

method of assessing their performance when mechanically loaded. Chapter 8 presents this 

analysis where stand-alone panels of Yb2Si2O7 and Si were plasma sprayed at UVA, 

machined into mechanical properties specimens, and tested for quasi-static and time-

dependent mechanical properties at NASA. The implications of the measured mechanical 

properties were then interpreted in the context of various EBC applications. This work is 

the first to report publically the steam erosion resistance of the Yb2Si2O7/Si bi-layer 

system and is the first report of mechanical properties of APS EBC materials. 
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To this point, the dissertation has been presented in the chronological sequence in 

which it was performed. This method conveys the evolution of knowledge acquired 

regarding EBC systems and processing throughout the dissertation, but belies the 

knowledge gained regarding EBCs as a whole. Therefore, the dissertation will now be 

reviewed topically in the context of APS processing, the Yb2SiO5/Al6Si2O13/Si system 

and the Yb2Si2O7/Si system. 

 

9.1 Air Plasma Spray of EBC Materials 

Extensive trials were performed to analyze the effects of spray parameter selection 

upon microstructure throughout this dissertation. Over 200 coatings with individual 

combinations of spray parameters were deposited and the resulting samples sectioned and 

analyzed. The fine details of this work have been presented in Chapter 5, but the result 

was the realization of high relative density layers of Si, Al6Si2O13, Yb2SiO5, and 

Yb2Si2O7 deposited by the APS process using low power deposition with internal powder 

injection. The layers of high relative density described in that chapter were attained by 

iteratively adjusting spray parameters. 

Relative densities as high as 95 % were measured for low power deposited Si bond 

coats, which sharply contrasted the ~80 % relative density of Si layers deposited using 

high power parameters. Chapter 6 subsequently demonstrated that a high-density bond 

coat is vital in reducing the rate at which silica forms upon thermocyclic exposure to 

oxidizing species. High temperature deposition of Si under a reducing environment in the 

low power APS technique also considerably improved adhesion at both the Al6Si2O13 – 
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Si and Si – SiC interfaces, Figure 6.6 and Figure 6.7. No delamination was observed 

upon cooling, whereas partial delamination was prolific in high power APS coatings 

where the Si bond coat was deposited onto ambient temperature SiC substrates, Chapter 

3. The difference in interfacial adhesion was related to the less severe quench of 

deposited splats and the absence of silica and porosity at the interfaces in low power 

EBCs. Comparable adhesion was not, however, observed at the Yb2Si2O7 – Si interface in 

the low power depositions of Chapters 7 and 8, suggesting surface wetting issues or 

chemical incompatibility between Yb2Si2O7 and Si. 

Al6Si2O13 layer relative densities as high as 95 % and ytterbium silicate layer relative 

densities greater than 98 % were also achieved by low power deposition. Again, the 

structure of these layers and method of their deposition was presented in Chapter 5. The 

target application of these ceramic layers is as an environmental barrier, so consistently 

dense layers are desirable to act as diffusion barriers. High relative density in the 

Yb2SiO5 and Al6Si2O13 layers, however, comes with the penalty of severe cracking when 

deposited onto SiC. High relative density Yb2Si2O7 layers, on the other hand, were found 

to be crack free. 

In Chapters 2 and 5, it was demonstrated that non-stoichiometry of these layers 

resulted from volatilization of Si from the pseudo-binary ytterbium silicate and aluminum 

silicate layers during APS deposition. This volatilization was shown to occur whether the 

plasma forming gas was noble (Ar/He mixture, Chapter 2) or reducing (Ar/H2 mixture, 

Chapter 5). The extent of this volatilization was also found to vary considerably in the 

Yb2O3 – SiO2 system based upon deposition parameters used. Specifically, it was 

demonstrated in Chapter 5 that the relationships between total volatility and deposition 
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parameters are not straightforward, i.e. the effect of changing deposition arc current was 

not the same as for changing secondary H2 fraction in the plasma forming gas. 

From a materials perspective, the relative Si volatilization during processing was 

controlled by two primary factors. First, the absolute magnitude of Si-bearing species was 

considered as a measure of the driving force for volatilization. This vapor pressure is 

controlled by the temperature experienced by particles entrained in the plasma (Chapters 

2 and 5). The second factor is the vapor pressure ratio between the dominant Si-bearing 

and dominant Yb-bearing vapor pressure species. Much like Si, the vapor pressure of Yb-

bearing species will dictate their evaporation rate. It was thereby concluded that the 

relative vapor pressure ratio between the Si-bearing and Yb-bearing species was a critical 

factor in determining the deviation from stoichiometry experienced during APS 

deposition. This ratio, however, was found to be constant over the temperature range 

expected for APS deposition, Figure 5.12. As a result, relative volatility was dominated 

by changes in the partial pressure of Si-bearing species with temperature. 

From an APS processing perspective, the variation of volatility with spray parameter 

was determined by the thermal history of particles entrained in the plasma plume. This is 

typically referred to as the temperature – time (T-t) history or the temperature – time – 

velocity (T-t-v) history. Variation of spray parameters would have directly altered the 

temperature – time histories of injected particles as discussed in Chapters 1 and 5 and 

therefore the stoichiometry of the deposits as well. This also explains the variations of 

stoichiometry between individual splats: particles that spent the greatest duration at high 

temperature would have experienced the greatest Si volatilization. 
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Variations of microfracture within the ytterbium silicate layers as a function of 

deposition parameter were also studied in Chapter 5. The extent of microfracture varied 

considerably in Yb2SiO5 layers as a function of spray parameter but not in Yb2Si2O7 

layers (except in vertical orientation at the highest powers). However, the angular 

distribution of microcracking in both was uniform, indicating that the experienced 

microfracture was equiaxed. At this point, the origins of this variation are not precisely 

understood. Modeling and diagnostic analyses of the APS process have yet to achieve an 

understanding of substrate-particle interactions in even the most fundamental metal 

systems, much less in complicated pseudo-binary oxides that experience complex 

volatility issues. As such, a plethora of fundamental APS processing and modeling 

opportunities exist in this complex realm.  

Deposition power is frequently used as a measure of the processing conditions in the 

thermal spray industry, but Chapter 5 has demonstrated the use of deposition power alone 

to be an insufficient metric of the APS process for the pseudo-binary oxides deposited in 

this dissertation. Still, broad trends in microstructure were observed with deposition 

power, Figure 5.7 and Figure 5.11. This was true not only within the low power studies 

performed at the University (Chapter 5), but also when high power depositions are 

considered (Chapter 2). At about 3x the deposition power, high power deposited Yb2SiO5 

experienced roughly 3x the Si volatilization, matching the trend line of Figure 5.7. 
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9.2 Performance of the Yb2SiO5/Al6Si2O13/Si System 

Micro and macrofracture were pervasive within as-deposited Yb2SiO5 layers whether 

deposited using high power or low power combinations of spray parameters. In high 

power tri-layer coatings considerable microfracture of the ceramic layers was observed. 

This microcracking, however, was overshadowed by the extent of partial delamination 

and channel (mud) cracking. In Chapter 3, partial delaminations were observed to have 

occurred at the Si – SiC interface of high power EBCs and were found to have originated 

at coating edges and corners. The delaminations were attributed to insufficient bonding of 

the interface due to interface porosity and oxidation. Severe edge delamination had 

resulted in spallation of coatings upon cooling from deposition or the stabilization 

annealing treatment. 

The strain energy release rate (ERR) during delamination at various interfaces within 

the high power tri-layer coating was also determined in Chapter 3. Among the requisite 

data for this calculation, the CTE of Yb2SiO5 was verified by dilatometry to be 7.5 x10
-6

 

°C
-1

 and the elastic modulus was tested by nano-indentation and found to be 172 GPa. 

Large tensile thermal residual stresses and accompanying stored elastic strain energy 

release rate (ERR) of up to 150 N/m were identified as the driving force for mud cracking 

and partial edge delamination. Mud cracks initiated at the surface, penetrated the Yb2SiO5 

and Al6Si2O13 layers, and then terminated at the Al6Si2O13 – Si interface in these coatings. 

That interface was found to have considerable porosity originating from an abundance of 

very small radius particles that comprised the Si bond coat. The bond coat was also 

identified to have 20 % porosity, which would have considerably altered the mechanical 



240 

 

properties of this layer when compared to bulk Si, as suggested by the 10 % elastic 

modulus used in calculations for the APS structure in Chapters 3 and 6. 

In Chapter 5, low power depositions eliminated the edge delaminations observed in 

high power coatings by processing the Si bond coat at elevated temperature (nominally 

1200 °C) in a reducing environment (Ar/H2). No delaminations were observed despite the 

tri-layer system having a calculated ERR 60 % higher than the comparable high power 

deposited system (Chapter 6). Therefore, interfacial adhesion was significantly improved 

by the refined low power processing of the Si bond coat at high temperature and under a 

reducing environment. The altered spray parameters, layer thicknesses, and as-deposited 

defects also resulted in a change of the mud crack spacing: high power tri-layer EBCs 

had an average mud crack spacing of 280 μm whereas low power EBCs had an average 

mud crack spacing of 240 μm. 

The microstructural analyses of Chapter 6 focused on differences in mud cracking 

that resulted in a new failure mode in low power tri-layers. The previously mentioned 60 

% increase in ERR combined with the different coating configuration resulted in cracks 

bifurcating at interfaces and large defects within the Al6Si2O13 layer, as shown in Figure 

6.8. The bifurcation behavior was assessed using Finite Element Analysis (FEA) and J-

integral calculation of ERR, and was found to be unfavorable in both the low power and 

high power systems. However, the energy release for following large (10-20 μm) defects 

was assessed and suggests a large energy release for following defects in both systems. 

The origins of bifurcation have not been conclusively identified, but are clearly linked to 

the plethora of defects in the APS structure. Further modeling efforts are needed to fully 

understand the factors that control bifurcation behavior. 
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The divergent mud cracking behavior detailed in Chapters 3 and 6 illustrates the 

difference that small microstructural changes may have upon APS EBC behavior. This 

slight difference in initial cracking resulted in significant consequences for the long-term 

behavior in steam-cycling. In Chapter 3, it was demonstrated that the high power EBC 

microstructure leads to penetration of oxidizers down mud cracks and the subsequent 

formation of a cristobalite thermally grown oxide (TGO) at the Al6Si2O13 – Si interface 

during cycling in flowing 90 % H2O/10 % O2. This TGO grew rapidly and was severely 

microcracked. The microcracking was attributed to the β   α inversion-type phase 

transformation in cristobalite upon cooling through ~220 °C, which is accompanied by a 

~4.5 vol% contraction. The microfracture compromises the protective abilities of 

normally dense, vitreous SiO2 scales. 

Growth of the TGO and the extent of its cracking was most severe at coating edges in 

high power deposited tri-layers. Ultimate failure occurred by spallation of the upper 

layers of the coating by interlinked TGO microfracture, which always initiated at the 

sample edge and propagated towards the sample center. Oxidizer penetration appears to 

have occurred through the poorly bonded Al6Si2O13 – Si interface. Based on cross-

sectional imaging of the failed coatings such as Figure 3.6, it was hypothesized that a 

three-dimensional network of void space was developed below mud cracks that allowed 

for gas path diffusional access from the coating edges. 

On the other hand, high temperature thermocyclic exposure of low power deposited 

tri-layers (described in Chapter 6) found that bifurcated mud crack ligaments propagated 

through the mid-plane of the Si layer in the form of delamination cracks, the faces of 

which were covered by a cristobalite TGO. The cristobalite thickness observed on crack 
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faces at 250 cycles was ~15 μm, representing a significant decrease in oxidation from the 

high power EBC. A cyclic crack growth mechanism was proposed wherein oxidation 

occurred at the tip of the crack in the Si layer during the hot cycle and then was 

subsequently microfractured during the cold cycle by the cristobalite β   α phase 

transformation. This process cyclically advanced the delamination crack. Eventual 

linkage of these delamination cracks resulted in spallation. 

Unlike the high power deposited system, failure in the low power deposited 

Yb2SiO5/Al6Si2O13/Si EBCs occurred uniformly across the coating. Microstructural 

examination also revealed the extent of oxidation to be consistent across specimens: no 

selective edge attack was observed. This was verified by examination of the coating 

edges, where no delaminations initiated at the coating edge were identified. Therefore, 

the revised low power processing contributed to significantly enhanced interface bonding 

that effectively eliminated environmental attack of interfaces, removing both quasi-static 

and time-dependent edge damage mechanisms. 

Both high power and low power EBCs failed before 800 steam cycles. Statistical 

analyses of the lifetime data indicated neither a difference in mean lifetime nor a 

difference in the variance of the lifetime between the two tri-layer EBC systems. Despite 

the delayed onset of failure in low power EBCs, it is clear that no significant 

improvement in coating lifetime was achieved through the revised low power deposition. 

The properties of this system appear to be such that the upper limit of durability is below 

1,000 steam cycles at 1316°C. 
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9.3 Environmental and Mechanical Behavior of the Yb2Si2O7/Si 

System 

Bi-layer Yb2Si2O7/Si coatings were found to be free of both mud cracks and 

delamination cracks. Microfracture was also greatly reduced in comparison to Yb2SiO5–

based tri-layers. At a fundamental level, the difference in CTE between the two ytterbium 

silicates was the property responsible for the differences in cracking: in this dissertation 

Yb2Si2O7 was measured to have a CTE of ~4.1 x10
-6

 °C
-1

 compared to the α-SiC reported 

value of ~4.67 x10
-6

 °C
-1

. The elastic modulus measured by nano-indentation for 

Yb2Si2O7 was 180 GPa. One other important difference was the elimination of the 

Al6Si2O13 layer. From a coating design standpoint, minimization of both thickness and 

the number of coating layers is desirable. With the removal of the Al6Si2O13 layer, the 

entire coating was predicted to develop a small, compressive residual stress upon cooling, 

as detailed in Chapter 7. The revised system also had extremely low ERRs (~10 N/m) in 

its pre-exposed state. 

A thin, porous Yb2SiO5 layer was found on the outer surface of the Yb2Si2O7 layer 

after 2,000 cycles of testing. This layer was observed only when the steam-cycling 

apparatus was not near saturation in Si(OH)4 volatilized from exposed SiO2 grown on 

SiC (only the 2,000 cycle sample). The Yb2SiO5 layer was determined to result from SiO2 

volatilization from Yb2Si2O7, which was accompanied by a 26 vol% reduction. This 

produced a porous Yb2SiO5 surface layer that was found to be severely cracked or 

partially spalled, presumably due to its high CTE and the thermo-cyclic nature of testing. 

The volatilization is consistent with prior weight loss and steam jet characterization of 

Yb2Si2O7 in flowing steam environments.
78,258

 Further controlled cyclic volatility 
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investigations are necessary to determine the performance of Yb2Si2O7 in high flow 

thermocyclic conditions typical of gas turbine applications. 

Edge attack was also observed during steam-cycling of the Yb2Si2O7/Si bi-layers. 

This occurred through oxidation of the Si bond coat to cristobalite with a 100 % volume 

increase. Oxidizers penetrated the Yb2Si2O7 – Si interface and caused continuing 

oxidation inwards along the interface. The cristobalite formed by oxidation of the bond 

coat was subsequently volatilized or mechanically spalled at coating edges, allowing 

further oxidizer penetration. The volumetric expansion of the Si bond coat upon 

oxidation led to the coating edge lifting phenomenon pictured in Figure 7.13, the severity 

of which increased with greater exposure. 

In Chapter 7, high temperature thermocyclic exposure in the slowly flowing 90 % 

H2O/10 % O2 environment led to the formation of a cristobalite TGO at the Yb2Si2O7 – Si 

interface. Neither mud cracking nor spallation of the coatings was observed in exposures 

of up to 2,000 cycles. The mechanical driving forces were assessed for the system with 

cristobalite scales grown at the Yb2Si2O7 – Si interface and the calculated ERR was less 

than 20 N/m for all interfaces at a cristobalite TGO thickness of 5 μm, twice that 

observed at 2,000 steam cycles of exposure. The low ERR supports the absence of 

cracking in this system even after significant cristobalite formation. 

The thickness of the TGO was measured after various exposure times and found to 

follow linear growth kinetics. The linear oxidation rate constant kl was measured to be 

1.44 nm/h when normalized to a 100 μm Yb2Si2O7 diffusion barrier thickness, Figure 

7.7(b). As mentioned in Chapter 7, this TGO growth rate represents a 1-2 order of 
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magnitude reduction when compared to that found in the Yb2SiO5/Al6Si2O13/Si system. 

The linear oxidation behavior is also in contradiction to the typically established 

parabolic growth of protective oxides such as SiO2, and indicates that the rate-limiting 

diffusion step was not transport through the growing scale. Rather, the growth rate of the 

TGO was limited by diffusion of the oxidizing species through the Yb2Si2O7 

environmental barrier layer. kl was used to calculate an oxygen flux (JO) through this 

layer, which was subsequently used to solve Fick’s First Law for an effective monatomic 

oxygen diffusion coefficient. DO = 3 x10
-15

 m
2
s

-1
 for Yb2Si2O7 at 1316 °C. 

The thickness at which the oxidation behavior would transition from linear growth 

controlled by diffusion through the Yb2Si2O7 layer to parabolic growth controlled by 

diffusion through a growing, dense cristobalite scale was calculated using the diffusion 

coefficient found for Yb2Si2O7 and published data for monatomic oxygen diffusion 

through cristobalite
261

. The transition scale thickness was determined to be ~2.24 μm for 

the coating configuration tested, which is below the TGO thickness observed in the 2,000 

cycle test. However, the TGO was found to be channel (mud) cracked, such that short 

circuit oxidizer diffusion would have been the dominant transport mechanism. 

Accordingly, it was determined in Chapter 7 that oxidation of the Si bond coat would 

continue at a linear rate indefinitely. 

Based on the steam-cycling testing and observed oxidation behavior, the Yb2Si2O7/Si 

system was concluded to be a potential candidate for 1316 °C isothermal applications. 

Volatility of the topcoat may be a concern, but the volatilization and spallation behavior 

of the surface layer have yet to be addressed. One method to avoid the volatilization 

would be to deposit a more environmentally stable layer above the bi-layer. Such a 
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configuration would be necessary for (rotating) applications where total thickness is a 

concern, but for stationary hardware it may be possible to simply use very thick coatings 

such that repeated surface spallation is tolerable. 

In Chapter 8, mechanical properties investigations were performed upon APS 

Yb2Si2O7 and APS Si materials as a proxy for assessment of stressed environmental 

exposure. As such, the testing is anticipated to be considerably less severe than the true 

environment experienced by rotating hardware. Fracture toughness, low temperature 

flexure strength, high temperature flexure strength, and creep were all examined to the 

extent possible based on the limited number of specimens. Elastic modulus, low 

temperature flexure strength, and high temperature flexure strength were all tested 

according to ASTM standards. Fracture toughness was determined by a single edge V-

notched bending (SEVNB) technique.
264,265

 Creep behavior was tested in 4-point flexure 

both with and without thermal gradients imposed upon the specimen. 

The mechanical properties of as deposited, ~10 % porous APS Yb2Si2O7 were 

significantly altered when compared to those of similar bulk material (hot pressed or 

spark plasma sintered). Quasi-static properties were all reduced by roughly a factor of 5 

when compared to bulk properties. This trend is well established for APS ceramic 

materials which can have reductions in elastic modulus in the as-deposited condition in 

the range of 2-10x.
120,122,124

 Reductions in the flexure strength were also considerable, but 

these were explained by porosity and the presence of Yb2SiO5 in Chapter 8. The 

toughness of the APS Yb2Si2O7 structure was measured to be roughly half that of bulk 

material. Creep rates of APS Yb2Si2O7 were extremely high: 1 % creep strain was 

observed in testing after 25 h at only 900 °C with a load of only 15.8 MPa. Creep 
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activation energy was in the realm of 150 kJ/mol. The extremely high creep rates and low 

activation energy signify that this material is incapable of bearing the stresses seen in 

rotating hardware. 

The mechanical properties of as-deposited ~6 % porous APS Si were also altered. 

Elastic modulus, low temperature flexure strength, and high temperature flexure strength 

were all reduced by a factor of 2-3 when compared to bulk material. Unlike all other 

properties, the fracture toughness (KIC) of the APS Si was slightly increased when 

compared to bulk polycrystalline Si. The increase in toughness was attributed to the 

presence of porosity, intrasplat boundaries, and minor intrasplat oxidation functioning as 

crack arresting or blunting mechanisms in Chapter 8. Reductions in both low and high 

temperature flexure strength were reasonable based on the porosity of the material. Creep 

rates and creep activation energy of the APS Si were comparable to dislocation glide on 

the <111> planes of bulk Si polycrystal. The similarity in creep rate and activation energy 

to bulk material indicates that bulk Si properties may be used to approximate the creep 

behavior of the APS material. 

The altered mechanical behavior of the APS Yb2Si2O7 and Si materials indicates that 

the use of bulk properties is inappropriate for APS materials systems. Materials property 

data will need to be determined for individual coating microstructures to accurately 

model EBC system behavior. Perhaps most importantly, the mechanical properties of the 

presently considered bi-layer Yb2Si2O7/Si system are insufficient for mechanically loaded 

(rotating) systems. Fracture toughness, low temperature flexure strength, and high 

temperature flexure strength are all low. For the prime-reliant EBC application, these 

properties are concerning. However, the most important issue identified in Chapter 8 was 
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the extremely poor creep performance of Yb2Si2O7. In isothermal applications, this poor 

creep performance is likely acceptable. For rotating components, however, the very high 

creep rates are grossly inadequate and would literally lead to the coating creeping off of 

the component. 
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10 Conclusions 

This dissertation has broadly addressed the four goals initially stated: (i) APS 

capabilities have been developed at UVA and the relationships between deposition 

parameters and the microstructure of deposited coating layers studied. (ii) The steam-

cycling behavior of the tri-layer Yb2SiO5/Al6Si2O13/Si EBC system has been examined. 

Both high power and low power APS deposited versions were critically analyzed and 

compared. (iii) Insights from processing studies were combined with lessons learned 

from the two Yb2SiO5/Al6Si2O13/Si systems to select, deposit and test a revised bi-layer 

Yb2Si2O7/Si EBC with greatly improved performance in steam-cycling. (iv) Mechanical 

properties tests of APS Yb2Si2O7 and Si materials have been used as a metric to assess 

the viability of this system for mechanically loaded (rotating) hardware. 

The primary results from this work have been addressed topically in the discussion, 

and following that format will now be presented based upon their relevance to APS 

Deposition, the Yb2SiO5/Al6Si2O13/Si EBC system, and the Yb2Si2O7/Si EBC system. 

Finally, the entire dissertation will be closed with suggested avenues for future research. 
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10.1 APS Deposition 

 Very dense layers of Si, Al6Si2O13, Yb2SiO5, and Yb2Si2O7 can be deposited by the 

Air Plasma Spray (APS) process using low power deposition with internal powder 

injection. Relative densities as high as 95 % were measured for Si bond coats, which 

contrasts the ~80 % density of Si layers deposited using high power parameters. 

Al6Si2O13 relative densities as high as 95 % and ytterbium silicate relative densities as 

high as 99 % were achieved. High relative density is important in the bond coat to 

reduce the rate at which thermally grown silica forms upon thermocyclic exposure to 

oxidizers, and important for ceramic layers of the EBC to reduce oxidizer diffusion to 

the surface of the underlying bond coat. Careful spray parameter selection and well 

controlled deposition are imperative in achieving target microstructures. 

 

 Volatilization of Si occurred from the pseudo-binary Yb2O3 – SiO2 system during 

APS deposition. The volatilization occurred whether the plasma forming gas was an 

Ar/He mixture or a reducing Ar/H2 mixture. Vapor pressure curves for relevant 

species were calculated as a function of temperature and indicate that the relative Si 

volatilization during plasma spraying was controlled by the absolute magnitude of Si-

bearing species vapor pressure and the vapor pressure ratio between Si-bearing and 

Yb-bearing species. The magnitude of Si-bearing species vapor pressure increased 

considerably with temperature while the vapor pressure ratio remained constant. This 

indicates that the temperature – time history of a particle during the deposition 

process directly controlled its chemistry. 
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 Low power deposition of the Si bond coat at elevated temperature in a reducing 

environment (Ar/H2) considerably improved adhesion at both the Al6Si2O13 – Si and 

Si – SiC interfaces. No partial delamination or spallation of coatings deposited under 

these conditions was observed, while partial delamination and spallation were prolific 

in those high power coatings where the Si was sprayed onto an ambient temperature 

SiC substrate in air. The difference in interfacial adherence is related to both the 

slower cooling rate of deposited splats and the absence of silica and pores at these 

interfaces. Comparable adhesion was not, however, observed at the Yb2Si2O7 – Si 

interface, suggesting surface wetting issues or chemical incompatibility. 

 

10.2 Yb2SiO5/Al6Si2O13/Si Tri-layer EBC 

 Extensive macrofracture (mud cracking) and microfracture of as-deposited and 

annealed Yb2SiO5 layers was consistent with the development of high tensile stresses 

and stored elastic strain energy release rate (ERR) upon cooling from elevated 

temperature. Channel (mud) cracking was observed with an average crack spacing of 

280 μm in high power coatings and 240 μm in low power coatings (high scatter due 

to 3D structure with standard deviation of approximately 100 μm in both cases). 

Severe microcracking of Yb2SiO5 layers occurred despite the large energy release by 

mud cracking. The ERR calculated for this system (75-150 N/m depending upon 

elastic moduli assumed) and the extent of cracking reflect the coefficient of thermal 

expansion mismatch: Yb2SiO5 was found to have a CTE of 7.5 x10
-6

 °C
-1

 versus only 
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4.67 x10
-6

 °C
-1

 for SiC. This indicates the paramount importance of CTE as a design 

criterion for environmental barrier layers. 

 

 Small differences in the deposited structure of Yb2SiO5/Al6Si2O13 tri-layers affect 

fracture behavior. High power EBCs had a ~75 μm Yb2SiO5 topcoat and a ~20 % 

porous Si bond coat. Low power EBCs had a ~125 μm Yb2SiO5 topcoat and ~5 % 

porous Si bond coat. The difference in topcoat thickness led to ~60 % higher ERR in 

the low power EBC while the disparity in bond coat density led to greatly varying 

compliance. This resulted in mud crack termination at the Al6Si2O13 – Si interface in 

the high power system whereas bifurcation occurred in the low power system. The 

bifurcation behavior was assessed using Finite Element Analysis (FEA) and J-integral 

calculation of ERR, and was found to be unfavorable in both systems. It was also 

identified that the energy release by following defects (cracks or poorly bonded 

boundaries) in the coating is very large, so that microstructure plays a dominant role 

in crack path selection. Further modeling is needed to determine the exact 

circumstances that result in bifurcation, but modeling is clearly a powerful tool for 

investigation of mechanical phenomena and design criteria in EBCs. 

 

 In high power EBCs where mud cracks terminated at the Al6Si2O13 – Si interface, 

high temperature thermocyclic exposure in 90 % H2O/10 % O2 led to the formation of 

a cristobalite SiO2 scale at the Al6Si2O13 – Si interface. This thermally grown oxide 

(TGO) microcracked severely at thicknesses greater than a few micrometers. The 
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microcracking is attributed to the reversible β   α transformation in cristobalite at 

~220 °C, which is accompanied by a ~4.5 vol% reduction. The large volume change 

causes the severe microfracture observed, and creates high diffusivity pathways that 

compromise the protective ability of the TGO. TGO thicknesses as great as 100 μm 

were grown in 400 cycles (400 hot hours). Severe preferential attack was observed at 

coating corners and edges with the greatest TGO thicknesses found in these locations. 

There, the cristobalite scale grew rapidly at the Al6Si2O3 – Si interface and eventually 

led to delamination crack propagation to the nearest mud crack. This led to 

progressive spallation of the upper layers of the coating starting from the sample edge 

and progressing towards the center. 

 

 In low power EBCs where mud cracks bifurcated, high temperature thermocyclic 

exposure in 90 % H2O/10 % O2 led to propagation of the bifurcated mud crack 

ligaments through the mid-plane of the Si layer. The faces of these delamination 

cracks were covered by a cristobalite TGO. Microfracture of the TGO was found to 

be oriented exclusively in the surface normal direction to the delamination crack. 

Minimal oxidation was observed at the Al6Si2O13 – Si interface with this bifurcation 

mechanism, indicating that the upper layers of the EBC had successfully protected the 

Si bond coat in these areas. The delamination cracks grew through the Si bond coat 

by cyclic extension, with eventual spallation resulting from linkage of delamination 

cracks. Unlike high power deposited tri-layers, failure was not localized to edges of 

the sample and damage appeared uniform in cross-section. This indicates that 

interfacial adhesion plays a significant role in the oxidation damage. 
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 The premature failure of this coating system is reflective of both the 

thermomechanical incompatibility of the coating layers with the substrate and the 

formation of cristobalite:  all Yb2SiO5/Al6Si2O13/Si tri-layer EBCs failed before 800 

steam cycles of exposure. The mean lifetime and variance in lifetime were not 

statistically different between high power EBCs and low power EBCs despite the 

considerable difference in failure mechanism observed between these two coatings. 

The massive ERRs resulting from cristobalite formation necessitate mitigation 

strategies. If acceptable durability is to be achieved, either: (i) the formation of 

cristobalite must be entirely eliminated, (ii) the β phase only must be stabilized to 

avoid phase transformation and the high CTE α phase, or (iii) the formation rate of 

cristobalite must be drastically reduced. The first two options will require alternate 

bond coats or intermediate layers, whereas the third option may be implemented by 

greatly reducing oxidizer access to the bond coat. 

 

10.3 Yb2Si2O7/Si Bi-layer EBC 

 Channel (mud) cracking was not observed in the Yb2Si2O7 system and microfracture 

was greatly reduced in comparison to the Yb2SiO5 systems. The differences in 

macrofracture and microfracture resulted from the greatly improved CTE match 

between Yb2Si2O7 and SiC: 4.1 x10
-6

 °C
-1

 for Yb2Si2O7 versus 4.67 x10
-6

 °C
-1

 for 

SiC. No delamination or spallation of Yb2Si2O7/Si bi-layer EBCs occurred during the 

deposition process or the subsequent stabilization annealing treatment. The absence 
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of mud cracking, delamination, and spallation has been further rationalized by the 

calculation of low, compressive thermal residual stresses and very small ERRs (<10 

N/m). In the sense of coating mechanics, materials such as Yb2Si2O7 with slightly 

lower CTE than the substrate are excellent candidates for environmental barrier layers 

since the elimination of cracking also eliminates short circuit oxidizer diffusion paths 

to the bond coat. 

 

 Minimal damage was observed in Yb2Si2O7/Si bi-layer exposures up to 2,000 cycles. 

However, edge attack occurred during cycling wherein the Si bond coat was oxidized 

to cristobalite (with a ~100 % volume expansion) and subsequently volatilized and 

mechanically spalled at coating edges. The volumetric expansion led to the observed 

coating edge lifting phenomenon. Volatilization of SiO2 from the surface of the 

Yb2Si2O7 layer was also identified. SiO2 volatilization from Yb2Si2O7 was 

accompanied by a 26 vol% reduction resulting in a porous Yb2SiO5 surface layer that 

was found to be severely cracked or partially spalled. Volatilization appears to have 

occurred via a gas path diffusion route through the open porous network formed in 

the Yb2SiO5. Adhesion of the Yb2Si2O7 – Si interface and volatilization of SiO2 from 

Yb2Si2O7 are both concerns for the long term durability of this system. 

 

 High temperature thermocyclic exposure in 90 % H2O/10 % O2 still led to the 

formation of a cristobalite TGO at the Yb2Si2O7 – Si interface. The thickness of the 

cristobalite TGO was measured after various exposure times and found to follow 

linear growth kinetics. The linear growth rate (kl) was 1.44nm/h when normalized to a 
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100 μm Yb2Si2O7 layer thickness, which represents a two order of magnitude 

reduction when compared to cristobalite growth rates in the Yb2SiO5/Al6Si2O13/Si 

system. An effective monatomic oxygen diffusion coefficient (DO) through the APS 

Yb2Si2O7 layer was calculated based on kl and found to be DO = 3.11 x10
-15

 m
2
s

-1
. 

The relatively low oxygen diffusivity of this layer and its lack of cracking indicate 

that it has great merit as an environmental (diffusion) barrier layer for SiC. 

 

 The mechanical properties of as-deposited ~10 % porous APS Yb2Si2O7 were 

significantly altered compared to those of bulk material. Neither quasi-static nor time-

dependent bulk material properties were applicable to APS Yb2Si2O7. 

o Elastic modulus, low temperature flexure strength, and high temperature flexure 

strength were all reduced ~5x when compared to bulk material properties (some 

variation based on stoichiometry of the reference silicate). 

o The toughness of the APS structure was reduced by a factor of 2 when compared to 

dense, bulk material. 

o Creep rates of APS Yb2Si2O7 were extremely high: 1 % creep strain was observed in 

testing after 25 h at only 900 °C and with a load of only 15.8 MPa. 

o Creep activation energy was in the realm of 150 kJ/mol, which is within the 

activation energy regime for surface diffusion processes. 

The low toughness and flexure strength of Yb2Si2O7 are undesirable for loaded 

applications, but could be tolerated due to the layer’s excellent functionality as a 

diffusion barrier. However, when the very poor creep performance of the material is 

taken into account, it is clear that Yb2Si2O7 cannot be used in loaded applications. 
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 The mechanical properties of as-deposited ~6 % porous APS Si were generally 

altered when compared to those of bulk material. Quasi-static bulk material properties 

were found to be inappropriate for APS Si, but time-dependent properties were 

similar in the range of temperatures and stresses examined. 

o Elastic modulus, low temperature flexure strength, and high temperature flexure 

strength were all reduced by a factor of 2-3 when compared to bulk material. 

o Fracture toughness (KIC) was slightly increased when compared to bulk Si, 

presumably due to toughening mechanisms active at splat boundaries. 

o Creep rates and creep activation energy were comparable to dislocation glide on the 

<111> planes of bulk Si polycrystal. 

The low toughness and flexure strength of Si combined with relatively high creep 

rates indicate that the material would be undesirable in loaded applications. 

 

10.4 Future Work 

This dissertation has exposed severe mechanical weaknesses in both the Si bond coat 

and the ytterbium disilicate topcoat of baseline EBC systems. For rotated applications, 

these issues will need to be addressed. Si bond coats also suffer from formation and long 

term stability cristobalite, which must be avoided in future bond coats. Potential research 

directions that address the shortcomings of the Yb2Si2O7/Si baseline EBC system will 

now be addressed. Development areas include bond coats, environmental barrier layers, 

topcoats, modeling efforts, and more advanced EBC systems. 
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10.4.1 Bond Coat 

One method for improving the properties of the bond coat is to form a composite 

between Si and another material. So long as a relatively uniform distribution of Si exists 

in the bond coat, diffusing oxidizers will still react with Si before reaching the substrate. 

Hafnia is a particularly appealing material to use for composite applications because it 

has a relatively low CTE (~6 x10
-6

 °C
-1

)
276

 and the highest environmental stability of 

known oxides in water vapor containing environments.
196

 Hafnia-silicon bond coat 

systems have been explored at the NASA Glenn research center,
277

 but much work is still 

needed to fully understand their behavior due to the great number of compounds that can 

form in the system at various temperatures
278

. The system is also particularly appealing 

because thermally grown silica reacts with hafnia to form hafnium silicate (HfSiO4- CTE 

in 3.6-5.5 x10
-6

 °C
-1

 range
277,279

),
280

 which should eliminate problems associated with 

cristobalite transformation provided that oxidation rates are lower than the hafnia-silicon 

reaction rate. 

 

10.4.2 Environmental Barrier Layer 

The extremely high creep rates of ytterbium disilicate are a primary concern. The 

creep of this material is likely to be best addressed by one of two methods. First, the 

diffusion coefficient of this material could be significantly altered by doping. Many of the 

rare earth silicates are isomorphous, so a multi-RE disilicate could have significantly 

reduced diffusion coefficient and thereby reduced diffusional creep (assuming creep is 
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bulk diffusion based). This would also have the dual benefit of reducing oxidizer 

diffusion, improving the layers functionality as an environmental barrier. Second, 

Eshelby strengthening could be used to enhance the creep performance. This is akin to 

dispersoid strengthening, and has considerable potential if an acceptable strengthening 

particle/material could be identified. Again, hafnia is a possibility for this application, 

though it will react with ytterbium disilicate
260

. 

 

10.4.3 Thermal Barrier Layer 

A thermal barrier layer has been suggested for use above the environmental barrier 

layer to serve both a TBC-type function and help mitigate CMAS attack. Hafnia and 

stabilized hafnia layers are particularly appealing for a number of reasons, including 

stability of reaction products with ytterbium silicates.
64,260

 Investigating the properties of 

systems implementing hafnia TBCs as the outermost layer will be highly desirable. Both 

vapor deposited and plasma sprayed forms of this system are appealing. The University 

has the requisite equipment and experience to study both approaches. 

 

10.4.4 Modeling 

Modeling of EBCs will be extremely useful in identifying practical materials design 

spaces. Since the design constraints of EBCs are so unique for a protective coating 

system, some guidance on the property space of mechanically viable coatings is 

extremely important. Evaluation of the demands of CTE, elastic modulus, strength, 



260 

 

toughness and creep are particularly interesting for EBCs targeted at both isothermal and 

thermal gradient applications. 

 

10.4.5 Advanced Systems 

As indicated in Chapter 1, the drive to increase operating temperature is enormous. 

Future developments are targeted at 1482 °C (2700 °F) surface temperature of bond coats 

with topcoats at 1649 °C (3000 °F).
277

 This is above the melting point of silicon, so no 

free silicon will be permissible in such systems. These systems will require new classes 

of materials, and are not likely to be championed by universities due to the demands of 

testing large numbers of materials and the associated personnel and raw materials costs. 

Experimentation with such systems has already been conducted at NASA and turbine 

engine OEMs over the last several years. However, there may be opportunities for 

university involvement through fundamental scientific investigations of the performance 

of simple systems such as the rare earth silicides. 
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12 Appendix A: Experimental Methods 

The experimental methods presented at the beginning of each chapter in this 

dissertation are sufficient to re-create the experiments performed. However, some 

additional information regarding the testing methods may be useful for the context of 

experimental continuity, and aid in comprehension of the rationalization behind certain 

experimental methods. The following sections present this additional information. 

 

12.1 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) was the primary characterization technique 

used in this dissertation. SEM analyses were performed on two different FEI (Hillsboro, 

OR) Microscopes: a Quanta 600 (VT ICTAS NCFL) and a Quanta 650 (UVA NMCF). 

The Quanta 600 instrument was equipped with a Bruker AXS Energy Dispersive 

Spectroscopy (EDS) system (Bruker Corporation, Ewing, NJ) and the Quanta 650 was 

equipped with an Oxford Instruments EDS system (X-Max
N
 150 SDD, Oxford 

Instruments, Concord, MA). 
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Imaging was consistently performed using an accelerating voltage of 10 kV. This 

accelerating voltage was selected to strike a balance between minimizing the electron 

beam interaction volume (low kV) and maximizing signal (high kV). All images in this 

dissertation were captured using Backscattered Electrons (BSEs). The backscattered 

signal is directly related to the electron density of the material imaged, so that higher 

atomic number (Z) elements emit stronger BSE signals. Therefore, the BSE imaging 

mode is very sensitive to the compositional differences in EBCs. This leads to significant 

benefits in the microstructural analyses performed in this dissertation. The spot size used 

for analyses on either Quanta system was in the range of 3-5 (physical dimension of the 

spot is instrument and working distance dependent, and not reported by FEI), depending 

on the magnification used in imaging. Very high magnification images were also 

occasionally captured at lower accelerating voltages down to 3 kV in order to achieve a 

reduced BSE interaction volume. Pixel dwell times for all images were greater than 30 

μs, and generally 60 μs or longer in duration. 

EDS spectra were generally collected using an accelerating voltage of 20 kV. This 

accelerating voltage was selected for multiple reasons. By handbook X-ray Mass 

Attenuation Coefficients,
234

 X-ray attenuation is highest at low accelerating voltages. 

Therefore, higher kV electrons will have an increased interaction volume by reduced X-

ray attenuation. The high kV also leads to a strong signal due to greater X-ray emission, 

but secondary fluorescence (through the 5 different M emission lines of Yb) is very high 

so that the true interaction volume may be very large (many 10’s of micrometers 

possible). Using a lower accelerating voltage therefore appears desirable, but this greatly 

reduces the signal and does not appear to significantly affect the severity of the 



281 

 

fluorescence issues. Using a 20 kV accelerating voltage also allows spectral analysis of 

Yb by its L lines (7.414 keV), which helps with discrimination from Al (Al K at 1.486 

keV overlaps Yb M at 1.521 keV), and the L spectra are slightly more accurate 

compositionally. The greatly improved signal at high kV is also highly desirable for 

mapping purposes. 

 

12.2 Image Adjustments and Analyses 

All image adjustments in this dissertation were performed using Adobe Photoshop 

(Adobe Systems Inc., San Jose, CA) and analyses were performed using ImageJ (NIST, 

Gaithersburg, MD). Contrast adjustments were performed by multi-stage gamma 

corrections to normalize the contrast ranges of the disparate signals from high and low Z 

materials to a single visible range. Brightness was also linearly adjusted. No selective or 

area based contrast modifications were used to highlight individual features at any point 

throughout this dissertation. As previously indicated, image analysis has been performed 

on BSE SEM images. The overwhelming majority of this work was performed using 

simple contrast threshold operations. These operations are relatively insensitive to 

threshold settings in the high contrast images captured in this dissertation, but as with all 

subjective analysis techniques some bias may be assumed. 

Porosity and phase fractions were the primary microstructural features measured by 

the threshold operation. Even with the subjectivity of the threshold operation, the high 

contrast differences between these features in the BSE imaging mode lead to minimal 

error using this technique. For phase fractions, the actual fraction calculated may 
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qualitatively be in the range of 1 % of the reported value: reported values are a best 

estimate using the mean threshold value identified to reasonably encompass the target 

image features. For porosity measurements, errors are minimal due to the extreme 

contrast differences between pores and the surrounding material. When compared with 

Archimedes density measurements of samples, the image analysis threshold operations 

for porosity agreed to within 1 %, confirming the accuracy of this measurement 

technique. 

Crack distributions and aspect ratios of splats have also been calculated. These 

distributions were determined by individually measuring all linear crack segments and 

splats in a collection of BSE images that span a 1 mm length of the coating. In both cases, 

the number of features sampled was so great that numerical errors are effectively nil. 

However, this does not preclude subjective errors in the analyses. Particularly for the case 

of measuring splat aspect ratios, the definition of length and height of a particular splat is 

somewhat arbitrary. Best estimates were used based upon the longest dimensions 

observed horizontally and vertically in these cases. Likewise with crack lengths, 

discrimination of a linear crack segment is highly subjective, and best estimates were 

used throughout the extensive collections performed (greater than 10,000 individual 

crack segments were measured and tabulated in this dissertation). 

 

12.3 X-ray Diffraction (XRD) 

As-deposited and annealed topcoats were subjected to X-ray diffraction (XRD) 

measurements (X’Pert Pro MPD, PANalytical, Westborough, MA) with patterns 
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analyzed by Rietveld refinement (HighScore Plus, PANalytical, Westborough, MA). 

These measurements were all performed using a flat bracket sample holder, which leads 

to some (minor) error in the height of the sample in the beam path. This error was 

deemed to be inconsequential in the context of phase identification, and was accordingly 

ignored. Fluorescence was evident in the diffraction patterns of all samples by the 

elevated background. Fluorescence was found to be far more severe when the incident X-

ray source was Cr as opposed to Cu; this is supported by handbook X-ray Mass 

Attenuation Coefficients,
234

 which indicate that Yb has higher Cr radiation absorption 

than Cu radiation absorption. 

The high background resulting from fluorescence and the very large number of 

reflection peaks in the ytterbium silicate systems lead to considerable difficulties in 

volume fraction analyses by Rietveld refinement. Indeed, it appears likely that spike 

experiments are necessary for true quantitative verification by XRD methods. This 

technique has previously been used for the analysis of BSAS-based EBCs, and 

determined to be the only reliable method for true quantitative analysis of phase fractions 

using X-ray diffraction.
228

 

Though crystallographic phases have been identified by XRD in both as-deposited 

and annealed topcoats, these phases have been verified in annealed coatings using 

electron diffraction in the transmission electron microscope (TEM). This additional 

verification solidifies the phase identifications performed by XRD. TEM based electron 

diffraction characterizations of as-deposited phases have not been performed. This work 

would be a requisite step in the analysis of phase evolution in these systems. 
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12.4 Mechanical Properties Testing 

All mechanical properties tests were performed at the NASA Glenn Research Center. 

Test specimens were also fabricated in the NASA Glenn machine shop by fine diamond 

grinding of the sprayed stand-alone panels. 

Elastic modulus was determined using the Impulse Excitation method for rectangular 

cross section beam specimens as defined in ASTM C 1259. The test setup records the 

natural frequency of the beam when excited mechanically in the desired mode (flexure on 

any axis or torsion about any axis). An Audio-Technica (Stow, OH) ATM350 condenser 

microphone amplified with an M-Audio (Cumberland, RI) DMP preamplifier was used to 

acoustically detect and amplify the natural frequency emitted by the mechanically excited 

beam. A computer system instrumented with National Instruments (Austin, TX) acoustic 

signal acquisition hardware and Sound & Vibration Toolset software was used to 

determine the natural frequency. 

A Single Edge V-Notch Beam (SEVNB) technique was used to test fracture 

toughness. The test utilizes a 0.25 mm wide diamond saw notch that is sharpened with a 

razorblade coated in diamond slurry. The technique facilitates preparation of samples that 

cannot be micro-machined by electronic discharge and that are difficult to stably pre-

crack by fatigue. The test has been extensively verified for the application of fracture 

toughness testing of technical ceramics by international round robin.
265

 The physical 

toughness test was performed using a 4-point bend fixture with 20 mm support and 10 

mm load spans. The load rate used for all tests was 0.008 mm/s. 



285 

 

Both flexure strength and isothermal creep tests were performed in a 4-point bend 

fixture with 40 mm support and 20 mm load spans. Again, the load rate used was 0.008 

mm/s. Beam center point deflection was measured using a linear variable data transducer 

(LVDT) for creep displacement measurement. None of the flexure tests used a floating 

platen type load arrangement. Instead, all tests were performed using superalloy rollers 

that were mounted to the symmetric bending fixture. This method may result in some 

slight error in the values determined (a few percent maximum), but such errors are 

irrelevant in the present work as the context is not for engineering design curves. The 

greater simplicity of this experimental setup makes it far more valuable for the basic 

flexure strength and creep experiments performed. 
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