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ABSTRACT

Calcium-magnesium-aluminosilicates (CMAS), such as sand or volcanic ash, are ingested by

aircraft jet engines during operation. CMAS then becomes molten while traveling through the

combustor of the engine before depositing onto turbine blades within the turbine section of the

engine. The molten CMAS melt infiltrates and interacts with the high temperature ceramic coated

turbine blades. This infiltration increases coating stiffness and promotes coating phase destabiliza-

tion, encouraging micro-crack formation and increasing the risk of spallation. Thermomechanical

effects from CMAS infiltration were mapped over time with confocal Raman spectroscopy. The

residual stresses within infiltrated 7YSZ EB-PVD coatings were captured with microscale reso-

lution. The results show an interplay between both the thermomechanical and thermochemical

effects influencing the residual stress state of the coating. Thermomechanical mechanisms have

a prominent role on the residual stress early on in a coating’s CMAS exposure and after 1 h of

infiltration, inducing tensile stresses within the coating up to 100 MPa on tetragonal ZrO2 Raman

bands. Chemical mechanisms impart a greater influence on a much slower scale and after 10 h of

infiltration, inducing compressive stresses within the coating up to 100 MPa. A monoclinic phase

volume fraction of about 35% was observed to be a transitional point for thermochemical mecha-

nisms overtaking thermomechanical mechanisms in dominating the residual stress of the coating.

These results elucidate, in a non-destructive and non-invasive manner, changes within a coating’s
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residual stress as a result of CMAS exposure and the subsequent CMAS infiltration over varying

annealing times. The results aid in the efforts to monitor coating degradation during maintenance

and towards implementing CMAS-mitigation strategies in not only 7YSZ EB-PVD coatings, but

also as a reference for more novel coating compositions under development.
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CHAPTER 1
INTRODUCTION

This chapter provides a background introduction on thermal barrier coatings, which includes

their application in turbine engines, required to understand the problem with calcium-magnesium-

aluminosilicates (CMAS), such as sand or volcanic ash. The second section of this chapter provides

the motivation and organization of the thesis.

1.1 Thermal Barrier Coatings

Thermal barrier coatings (TBCs) are multi-layer coatings applied to the combustor and turbine en-

gine components within gas turbine engines used in aeroengines and power generation to insulate

these components from the hot gas streams of the engine. TBCs are applied to superalloy metallic

components, such as turbine blades within the turbine section of the engine [1, 2]. TBCs reduce

the surface temperatures of the superalloy turbine blades by approximately 200 °C due to the low

thermal conductivity of a high temperature ceramic layer when also coupled with additional cool-

ing methods, such as film cooling, to greatly improve the overall performance of aeroengines by

allowing for higher operating temperatures as well as more durable engine components by extend-

ing its part lifetimes [3]. Currently, the two major industry standards for applying TBCs onto the
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superalloy components are air plasma sprayed (APS) and physical vapor deposition (PVD), more

specifically electron beam physical vapor deposition (EB-PVD). Each deposition method has its

own benefits and applications. APS is generally more economical as compared to PVD methods

and provides a dense, porous splat-like coating microstructure [2, 3]. APS coatings are prevalent

within the power generation industry; however, these coatings can also be found within the com-

bustor section and non-moving components held for long thermal cycles. EB-PVD, while more

costly than APS, produces a closed porosity, columnar microstructure and provides higher in-plane

strain tolerance and lower thermal conductivity in high-stress applications [3]. These characteris-

tics are favorable to allow for thin coatings to operate under extreme environments in the turbine

section with rotating turbine blades and frequent and short thermal cycling within aeroengines

introducing additional external stresses onto the coating and their underlying components [2, 4].

TBC systems typically consist of four layers: a high temperature ceramic coating layer, a ther-

mally grown oxide layer that forms throughout the lifetime of the TBC through interdiffusion of

aluminum and oxygen, the bond coating adhering the ceramic coating to the metallic component,

and the metallic superalloy substrate of the underlying turbine engine component. Each of these

four layers serve a different function in order to increase the durability and lifetime of the un-

derlying component [2, 5]. The thickness of the ceramic coating can vary from 150 – 400 µm

depending on the deposition method and the desired temperature gradient from the hot gas stream

to the surface of the substrate [2, 4]. The ceramic coating material has traditionally consisted of

some weight variation of yttria with the zirconia polymorph, known as yttria-stabilized zirconia

(YSZ) due to the low thermal conductivity of the tetragonal and cubic phases of zirconia. Previous
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work has determined that 6 – 8 wt.% yttria provides the optimal lifetime of the TBC with 7 wt.%

yttria being the industry standard (7YSZ) for YSZ coatings [1, 2]. An oxidation-resistant metallic

bond coat (MCrAlY or PtNiAl) layer adheres the ceramic coating to the superalloy metallic sub-

strate. During operation, oxygen diffuses inward towards the bond coat from the surface of the

ceramic coating, bonds to the aluminum found within the bond coat, and forms a thermally grown

oxide layer (TGO) of θ-Al2O3 that eventually turns into primarily α-Al2O3 between the bond coat

and ceramic coating [6]. As the TGO layer grows, it restricts further oxygen diffusion between the

ceramic coating and bond coat and therefore limits further growth over time [4, 7]. The α-Al2O3 is

more compatible with the YSZ layer as compared to the metallic bond coat and substrate and helps

to ensure long-term thermodynamic stability of the TBC system [8]. Finally, the nickel or cobalt

based superalloy substrate is the gas turbine component that is to be insulated with the ceramic

coating. The substrate is force air-cooled through internal cooling channels in order to establish

a thermal gradient across the component and to better control the residual stress required for an

optimal lifetime of the ceramic coating [4, 9].

1.2 Introduction to CMAS

Calcium-magnesium-aluminosilicates (CMAS) are chemical compositions that represent minerals

typical of sand or volcanic ash. It is unavoidable during operation for aircraft engines to be exposed

to CMAS in varying concentrations. Filters can be fitted to engines, such as inlet/inertial particulate

separators, or cyclonic air filters applied to helicopter to reduce the amount of CMAS that comes
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into contact with the engine, but these filters cannot prevent finer particle sizes, typically less than

100µm, from passing through these filters without further reducing the capabilities of the engines

due to losses in the inlet pressure and mass flow [10, 11, 12]. Fig. 1.1 displays a global map

of the fine particulate matter less than 2.5 microns in diameter (PM2.5) concentrations estimates

between 1998 - 2018 [13]. This PM2.5 estimate between 1998 - 2018 displays the concentrations

across the globe and while sand and volcanic ash are included within these measurements, it should

also be noted that pollutants and other foreign object debris (FOD) are also included within these

measurements and also influence the overall performance of an aircraft engine negatively.

Figure 1.1: The outdoor particulate matter less than 2.5 microns in diameter (PM2.5) concentration

estimates between 1998-2018 on a global map [13].

The CMAS that is ingested into the engine will undergo one of two distinct forms of damage

to the engine. The first is at lower combustion operating temperatures in which the combustor

temperatures are below the CMAS melting temperature. The specific melting temperature will

vary depending on the composition of the CMAS, but typically start between 1150 - 1300◦C [14].

At these temperatures lower than melting, the CMAS particulates will travel along the free hot gas

stream of the engine and eventually impact onto the moving turbine blade components or the walls
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of the engine itself. These will cause erosion and impact damage to the coating. Over time, this

impingement causes a loss in the volume of the coating as it is eroded away, reducing the overall

effectiveness of the coating [15, 16].

The second form of damage is a form of corrosion. This damage occurs when the operating

temperature is at or exceeds the temperature at which CMAS begins to melt. This form of corrosion

attack will be the primary focus of this thesis and further outlined in the subsequent chapters. The

CMAS particulates enter into the combustor and due to the extreme temperatures, becomes molten.

In this molten state, the CMAS follows along the free hot gas stream as before and impinges

onto a TBC coated surface. The molten CMAS melt then begins to wet the coating and starts to

interact with it. The type and the extent of these interactions will depend on the ceramic coating’s

microstructure. For APS coatings, the CMAS melt will primarily rest on the surface of the coating

and will only be able to further infiltrate into the coating through slower "wetting" of the coating

or through any cracks or pores that might be present [17, 18]. For EB-PVD coatings, the CMAS

melt will start to infiltrate between the columns through the intercolumnar gaps of the coating due

to capillary effects and wetting the columns as it infiltrates further into the depth of the coating

and starts to cool on contact with the coating [19]. Due to the thermal gradient present through the

thickness of the coating, there will be some depth at which the CMAS will begin to solidify. A

schematic illustrating the effects of CMAS-infiltration on 7YSZ EB-PVD coatings is provided in

Fig. 1.2.
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Figure 1.2: Schematic of a CMAS-infiltrated 7YSZ EB-PVD TBC system. The 7YSZ topcoat is

infiltrated by CMAS. These effects of this infiltration includes the sintering of columnar tips and

of the feather arms, micro-crack formation, propagation, and coalescence until causing localized

coating spallation, and the localized formation of freely transformable ZrO2 from the 7YSZ top

coat. [20].

Upon solidification, either by reaching a certain depth through the coating’s thermal gradi-

ent, or upon cooling during the thermal operational cycle, the CMAS will stiffen the EB-PVD

columns and induce additional thermal stresses due to the coefficient of thermal expansion mis-

match between the the CMAS glass and coating. The stiffened columns are fixed together, acting

as a pseudo-bulk microstructure and can no longer freely expand and contract as required during

thermal and mechanical loading from the engine operational cycle [21, 22, 23, 24]. These re-

sulting additional stresses can be categorized as thermomechanical stresses. If these stresses are

high enough, the coating may start to form microcracks and begin to locally fail through spallation
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failure. This failure risk is a lot more likely if the CMAS infiltrates to some critical depth of the

coating, which in practice tends to be around 50 - 60% of the coating thickness [25, 26]. Another

category of stresses that form during CMAS attack onto high temperature ceramic coatings are

thermochemical stresses.

Thermochemical stresses occur on a much slower time scale as compared to the thermome-

chanical stresses. These thermochemical stresses involve the interactions between the CMAS melt

and the TBC system. While in its molten state, any part of the coating that comes into contact or is

affected by the CMAS melt is commonly referred to as "wetted". Upon contact, the yttria (Y2O3)

and zirconia (ZrO2) begin to be leeched out into the CMAS melt. The zirconia quickly saturates

within the CMAS melt as compared to the yttria and as a result, sintering occurs with the yttria-lean

zirconia remaining in the CMAS-exposed coating [19, 22, 27]. With the yttria that once stabilized

the zirconia into a tetragonal phase no longer being present, the zirconia polymorph is able to

freely transform between different phases during an operational cycle. Of these different phases,

the monoclinic phase, which forms at temperatures below around 600◦C, is the most destructive

due to a volumetric expansion of about 3 - 5% in the lattice structure between the tetragonal and

monoclinic phases of zirconia [19, 21, 23, 25, 28, 29, 30, 31]. Additionally, Wellman et al., had

found there needs to be some concentration of CMAS, 4.8 mg/cm2 for their CMAS composition,

required for thermochemical degradation to initiate on an observable level [32]. It is primarily this

volumetric expansion that occurs within the coating that causes observable increases in the residual

stress concentrations in which microcracks may start to form and cause localized coating failure.
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Together, the thermomechanical and thermochemical components of this degradation intro-

duces stresses, over time and in strong enough concentrations, will lead to premature coating fail-

ure. The extent of this failure will depend on how much the CMAS has infiltrated into the coating

as well as to what extent the CMAS has interacted with the coating over time. Regardless, this

premature coating failure is an inherent risk that needs to be mitigated to the point where engine

components do not unexpectedly fail during operation and cause catastrophic total engine failure

with metallic components experiencing higher and unsafe temperatures during operation.

1.3 Techniques for non-destructive detection (Raman Spectroscopy)

Techniques and methods can be utilized to measure and monitor the effects of CMAS on the TBCs

within the engine. The aircraft industry already have both destructive and non-destructive measure-

ment techniques they employ during routine aircraft inspection. In high CMAS-abundant regions,

these inspections occur on a much regular basis due to the more extreme and harsh operational

environment the aircraft are expected to function under. Internal surface visual inspections are

performed through a borescope to check for the evidence of CMAS caking and build up and are

easily implemented for inspecting CMAS-related exposure [11, 33]. Additional methods involve

removing the airfoil turbine blade from the engine entirely and performing a series of destructive

and non-destructive measurements. Raman Spectroscopy has been used in this thesis with the idea

in mind of being a potential technique for routine aircraft inspection. Raman spectroscopy, first

discovered and developed by C.V. Raman, uses optical excitation to excites the phonon or vibra-
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tional bonds of the lattice structure of a material, providing a spectra from the changes in energy.

This spectral signal, coming from Stokes and anti-Stokes scattering, albeit weaker than Rayleigh

scattering, is unique to the probed phase composition and provides additional information such

as the stress distribution, vacancies or other changes within the lattice structure. As such, Raman

Spectroscopy is ideal to track the thermochemical changes from CMAS-exposure through captur-

ing the phase concentrations, phase volume fraction, due to phase transformations occurring within

the coating [27]. Thermomechanical changes from CMAS-exposure can be captured to monitor

changes within the residual stress state of the coating over time. These thermomechanical changes

have yet to be fully quantitatively captured with high spatial resolution on a microscale while also

capturing pristine subsurface measurements unaffected by post-manufacturing/processing related

stress relief, which is the focus in this thesis.

1.4 Motivation

CMAS exposure on TBCs and the subsequent interaction of CMAS with the coating causes pre-

mature failure. The failure of these coatings compromises the overall TBC system as well as

present a potential risk of component failure since the underlying metallic component is now ex-

posed to higher than nominal temperatures during operation. This puts the entire engine at risk

for catastrophic failure. It is therefore vital to capture both the thermochemical as well as the

thermomechanical effects of CMAS exposure on these high temperature ceramic coatings and to

be able to quantify these degradation mechanisms from CMAS infiltration to better elucidate the
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potential critical point of failure of coatings and the subsequent effects of this failure to the overall

TBC system itself. This is achieved within this thesis through 3D confocal Raman Spectroscopy.

Better understanding the interdependent relationship between these thermomechanical and ther-

mochemical infiltration kinetic micro-mechanisms aids in the design, development, monitoring,

and assessment of mitigation strategies for novel coatings to promote longevity in CMAS-exposed

coatings.

1.5 Overview of Thesis

The content of this thesis is divided into chapters organized in the manner that goes into depth

each component required to better understand and supports the aforementioned motivation. The

chapters are arranged as follows:

Chapter 2 provides a more in-depth introduction CMAS, giving the history of the CMAS problem

with high temperature ceramic coatings, discussing more on the infiltration kinetics for 7YSZ

EB-PVD coatings, as well as the development of CMAS-related studies on a laboratory scale.

Chapter 3 discusses more on the theory of Raman spectroscopy and how Raman spectroscopy

has been used in literature on studying ceramic coatings and CMAS infiltration.

Chapter 4 dives deeper into the manufacturing process of the samples and CMAS composition

used within this thesis as well as discussing previous Raman Spectroscopy work led by Barrett et

al., [27], focusing on the quantification of the thermochemical degradation of CMAS-infiltrated

7YSZ EB-PVD coatings tracked through the monoclinic phase volume fraction over increased
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annealing times.

Chapter 5 investigates the thermomechanical components of the CMAS infiltration kinetics

through quantifying and tracking the changes in the residual stress states of CMAS-infiltrated

7YSZ EB-PVD coatings over increasing annealing times. These are the main findings presented

within this thesis and have also been published [20].

Chapter 6 provides a summary of the conclusions from the thesis in a manner that highlights the

impact of this thesis. A future work and plans of the scope in potential future studies are also

provided that build upon the work of this thesis.
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CHAPTER 2
THEORY OF CMAS AND CMAS-INFILTRATION INTO THERMAL

BARRIER COATINGS

This chapter provides an introduction to calcium-magnesium-alumiosilicates (CMAS), such as

sand or volcanic ash. The first section in this chapter provides a short history of CMAS and the

issues it caused to helicopters and aircrafts operating within regions such as the Middle East. The

section of this chapter also provides the theory regarding CMAS infiltration kinetics and how it

affects thermal barrier coatings as well as other high temperature ceramic coatings. Additionally

this chapter talks about the thermomechanical and thermochemical mechanisms that dominate the

interactions between CMAS and thermal barrier coatings. Thermomechanical mechanisms occur

instantly as the CMAS infiltrates and begins to solidify within the coating, stiffening the columnar

microstructure of the electron-beam physical vapor deposited (EB-PVD) coating and allowing

for microcracks to form due to coefficient of thermal expansion mismatch between the coating

and solidified CMAS as well as at the interface between the CMAS-infiltrated and non-infiltrated

regions of the coating. Thermochemical mechanisms occur over a longer timeframe, primarily

through coating destabilization as CMAS interacts and leeches out Y2O3 and a minor amount of

ZrO2 from the 7YSZ thermal barrier coating. Without the Y2O3 stabilizing the ZrO2 polymorph,

locking it within a tetragonal phase (known as tetragonal-prime), the yttria-lean ZrO2 is able
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to freely transform into the cubic and monoclinic phase; the latter which involves a volumetric

expansion and further promotes microcracks to form within the coating. Finally the third section

of this chapter discusses the synthesis of various CMAS compositions for laboratory usage and the

application of this simulant for laboratory-scale research.

2.1 High Temperature Ceramic Coatings

Metallic alloy components, such as turbine blades within gas turbine jet engines, operate in ex-

treme conditions and are usually protected by high temperature ceramic layers referred to as ther-

mal barrier coatings (TBCs). These high temperature coatings provide a temperature gradient of

approximately 150 - 200◦C with respect to the hot environment [3]. TBCs and additional cooling

methods, such as film cooling, are used to increase the temperature gradient from the hot gases

produced by the combustion section of the engine in the effort to further improve the performance,

durability, and to extend the life of the hot section components [2, 5, 34, 35]. A TBC system com-

prises of several layers including a ceramic top coating, a thermally grown oxide layer (TGO) that

forms throughout the life cycle of the coating, and a metallic bond coat used to better the adhesion

between the ceramic coating and underlying metallic superalloy component [4]. During opera-

tion, oxygen diffuses into the TBC system from the surrounding free hot gas stream environment

and aluminum diffuses upwards from the bond coat to meet with the oxygen. Typically α-Al2O3

forms at these high operating temperatures once the aluminum and oxygen meets, forming the

TGO layer. Further oxidation is inhibited as the TGO layer grows during the lifetime of the TBC
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[36]. An industry standard material used for the ceramic top coats is 7 wt.% yttria partially stabi-

lized zirconia (7YSZ), corresponding to approximately 4 mol% Y2O3-ZrO2, due to its low thermal

conductivity and high mechanical strength [2, 37]. Several methods can be used when depositing

TBCs, such as air plasma spray (APS) and electron-beam physical vapor deposition (EB-PVD).

EB-PVD, the deposition method used to produce the samples within this thesis, produces charac-

teristic closed-porosity columnar structures, which provide high in-plane strain tolerance, lower

thermal conductivity, and excellent thermal shock protection. These attributes are ideal for moving

components, such as turbine blades [19, 38]. However, 7YSZ coatings are susceptible to severe

mechanical and chemical degradation, which can catastrophically endanger the functionality of hot

section components as well as the engine itself, when operating in harsh environments. Exposure

to contaminants from the external environment of the engine can have detrimental effects on the

effectiveness and operational lifetime of TBCs [21, 30, 39, 40, 41].

2.2 History of CMAS

During operation, jet engines are subjected to a variety of external environmental conditions that

can translate into airborne contaminants being ingested by the engine. Such contaminants are

calcium, magnesium and alumino-silicates (CMAS) dominated compositions, such as sand or vol-

canic ash. CMAS is ingested into the engine and may become molten due to the high temperatures

of the combustor during operation. This molten CMAS melt is then carried to the turbine section

of the engine and is then deposited onto the turbine blades. The molten CMAS rapidly infiltrates

14



into the coatings and fills the intercolumnar gaps of the top coat for EB-PVD coatings, such as

7YSZ, through strong capillary effects [19, 21, 40, 42, 43]. However, CMAS is not just an issue

for aircraft engines, but also the turbine airfoils of helicopters.

In 1991, Smialek et al. had identified compositions and determined the effects in the build

up of deposits on the leading-edge of vane platforms as well as the powdery substances within

the cooling passages of the turbine disc for helicopters operating at low-altitudes in the Middle

East during the Persian Gulf War. Smialek et al. found degradation of the airfoil to be from the

high operating temperatures in the presence of CMAS silicate deposits as well as these deposits

clogging the cooling holes [39]. This opened further investigations on the role of CMAS in both the

cool and hot sections of turbine engines in power generation as well as in military and commercial

aircraft operations [21, 44].

It was also observed that the compositions of the CMAS from the engine deposits tended to

be significantly different from the common sources of CMAS from the surrounding environment,

which was also reported by Smialek et al. and shown in Fig. 2.1. As a result, the literature re-

ported widely varying chemical compositions of sand found both within the engines as well as the

regions where these aircrafts operated [40]. Synthesized CMAS tried to replicate the compositions

to mimic the infiltration conditions and effects found with the field studies in a laboratory setting

[22, 26, 30, 44, 45]. Additionally, investigations focused on characterizing the effects of CMAS

degradation on coatings at various experimental parameters, such as changing the calcia or sili-

cate deposit concentrations and as well as replicating and modifying the environmental conditions

within the engine.
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Figure 2.1: The major oxide species present, normalized by weight %, of Saudi Arabian sand, river

bed stones, what was observed by Simalek et al. in the powders found in the cooling channels, and

within the vane deposits [39].

2.3 CMAS infiltration kinetics

At temperatures lower than the melting range of CMAS, particle impact and erosion damage was

determined to be a major contributor towards coating failure resulting from CMAS exposure [32,

45, 46]. Meanwhile, within and above the melting range, it was found that thermomechanical

and thermochemical degradation played prominent roles in the degradation of TBCs. The exact

melting range of CMAS depends on the chemical composition of the CMAS, but typically starts to
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occur around 1200◦C [40]. The work in this thesis will focus on infiltration temperatures within the

melting range of CMAS due to the detrimental and complex degradation effects it has on coatings

from infiltration during operation. A schematic by Evans et al. illustrates the effects of CMAS

attack from impact and erosion damage to its infiltration effects in Fig. 2.2 as well as an image of

a turbine blade exposed to CMAS demonstrating the real-world effects of CMAS-exposure [47].

Figure 2.2: (Left) An image of a turbine blade exposed to CMAS and exhibiting both impact dam-

age as well as coating spallation. (Right) Schematics showing the intrinsic and extrinsic influences

on coating failure. Primarily focusing on the effects of CMAS below and at CMAS melting tem-

peratures within the extrinsic factors schematic [47].
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2.3.1 Thermomechanical mechanism kinetics

The depth at which CMAS infiltrates into the coating as well as the extent and rate of coating

degradation is dependent on a variety of factors regarding the CMAS composition, its viscosity, the

microstructure and material properties of the coating, the thermal gradient present throughout the

coating, the ambient hot gas temperature, and environmental conditions such as humidity within

the turbine section to name a few [19, 48]. Similarly, the existing literature has found a critical

depth of infiltration, beyond which the coating is highly susceptible to delamination failure [25].

Experimentally, this critical depth of infiltration tends to occur around 50 - 60% infiltration [25,

30]. The CMAS melt begins to solidify within the coating as it infiltrates and reaches cooler

temperatures below its melting point due to the temperature gradient present. The solidified CMAS

effectively clogs the intercolumnar gaps, creating a pseudo-bulk CMAS glass and 7YSZ column

structure and, as a result, stiffens the overall coating. This columnar stiffening decreases the strain

tolerance, introduces mismatching coefficients of thermal expansion, and increases the overall

thermal conductivity of the coating [23, 30, 49, 50]. The now sealed intercolumnar gaps are unable

to provide relief from thermal expansion to the columns during cycling. If the CMAS has not fully

infiltrated throughout the coating and its intercolumnar gaps before cooling, two distinct regions

form through the depth of the coating [51]. The infiltrated region will experience additional tensile

stresses with the increased stiffness and decreased coating porosity [21, 23, 24, 50]. This bulk

region also induces bending forces onto the interface between the infiltrated and non-infiltrated

regions. The resulting residual stresses present within the coating coupled with thermal loading
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and coefficient of thermal expansion mismatches between these two regions of the coating during

operation will cause microcracks to form and coalesce if the stresses introduced into the coating

are severe enough. These microcracks will lead to localized delamination and eventual premature

coating failure at this infiltrated and non-infiltrated interface [40, 50, 52]. Naraparaju et al. had

tailored the microstructure of 7YSZ EB-PVD coatings by modifying the deposition parameters and

found that extending the feather arms present on the sides of the EB-PVD columns slowed down

the rate of infiltration [19]. At a higher viscosity, with the CMAS only partially melted, the CMAS

only infiltrated to half the depth of conventional EB-PVD coatings. Similarly, at a lower viscosity,

with the CMAS fully melted, the CMAS fully infiltrated the coating in about eight minutes as

compared to full infiltration taking about five minutes for the control coating [19]. What this study

demonstrates is that not only can the microstructure be modified to lower the infiltration rate with

respect to a coating’s depth, but also of how conditions, such as the operating temperature, can

influence factors such as viscosity, which directly impacts how CMAS interacts and infiltrates into

coatings.

2.3.2 Thermochemical mechanism kinetics

Additional chemically-induced stresses form within the coating as it interacts with the molten

CMAS and the coating becomes destabilized. Primarily, yttria (Y2O3), used to stabilize the zir-

conia (ZrO2), keeping it locked into the tetragonal phase, referred to as tetragonal-prime. When

exposed to CMAS, the yttria is leeched from the coating into the CMAS melt over time. Small

19



amounts of the zirconia are also leeched into the CMAS. However, the zirconia quickly becomes

saturated within the melt as compared to the yttria, allowing for more yttria to be removed from

the coating as compared to the zirconia itself [22, 53, 54, 55]. This interaction between the CMAS

melt and YSZ coating contributes to the sintering of columnar tips and feather arms on the edges

of the columns. Without yttria to stablize the zirconia polymorph, the now yttria-lean coating can

freely transform from its once stable yttria-rich coating in the tetragonal-prime phase to an yttria-

lean tetragonal, cubic, or monoclinic phase[22, 32, 40, 50, 53]. Levi et al. produced a schematic

demonstrating the chemical interactions of CMAS with 7YSZ EB-PVD coatings, as shown in Fig.

2.3 [40].

Figure 2.3: Schematic portraying the chemical interactions of CMAS with 7YSZ EB-PVD

columns. Some of the coating is dissolved into the CMAS melt and eventually reprecipitates

back, allowing for sintering to occur. Meanwhile, yttria is leeched from the non-dissolved coating,

allowing for phase transformations to occur [40]
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The monoclinic phase itself poses several problems with its associated volumetric increase in

the lattice structure of about 3 - 5% as compared to the tetragonal phase [28, 29]. The monoclinic

phase has been found to start forming around 600◦C and lower [31]. This expansion introduces

additional localized residual stresses, which contribute towards the premature failure of the coating

[19, 21, 23, 25, 28, 29, 30, 50, 52, 56, 57]. This thermochemical mechanism of phase destabiliza-

tion and transformation is delayed and much slower acting than the thermomechanical effects of

CMAS infiltration through CMAS-induced coating stiffening [22, 26]. A schematic demonstrating

the effects of CMAS infiltration into 7YSZ TBCs on the residual stress was displayed in Fig. 1.2.

In this thesis, further elucidation will be performed regarding the residual stress evolution effects of

CMAS infiltration into 7YSZ EB-PVD TBCs over time through a non-destructive confocal Raman

spectroscopy technique [58, 59].
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CHAPTER 3
RAMAN SPECTROSCOPY THEORY AND RELATED EXPERIMENTAL

METHODS

This chapter first discusses Raman spectroscopy, how the laser excites the phonons and vibra-

tional bonds between materials, and its nondestructive nature in characterizing materials through

phase composition, stress, texturing, and disorder. The second section of this chapter discusses

the previous literature of Raman spectroscopy with thermal barrier coatings both with and without

CMAS infiltration. The third section of this chapter discusses a novel technique coupling confocal

microscopy with Raman spectroscopy that provides a non-invasive and nondestructive of a way

to probe 3D volumes of thermal barrier coatings from the surface of the coating and its ability

to provide the typical Raman information with a microscale resolution within its spectra towards

characterizing coating degradation over time.

3.1 Theory of Raman Spectroscopy

When a laser impinges onto a material, the energy from the laser excites the phonons, or the vibra-

tional bonds, of the material composition. A vast majority of the incident energy impinging onto

the material and its vibrational bonds is released in an elastic process, meaning at an equivalent
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amount with no energy lost or gained overall in the return signal, also known as Rayleigh scatter-

ing. However, there is a very small amount, approximately 1×10−6 % of the light will undergo an

inelastic process, meaning the light interacted with the molecular vibrations of the material. In this

inelastic process, the emitted photons from the excitation may emit more energy compared to the

incident photon, known as Anti-Stokes Raman scattering, or the emitted photons from the excita-

tion may emit less energy compared to the incident photon, known as Stokes Raman scattering. A

schematic by Cho and Ahn demonstrating the changes in photon excitement levels with respect to

Rayleigh, Anti-Stokes Raman, and Stokes Raman scatterings is represented in Fig. 3.1. Generally,

Stokes Raman scattering is used for measurement analysis since it is more sensitive as compared

to Anti-Stokes Raman scattering.

Figure 3.1: Schematic displaying differences in photon emission excitation levels involving

Rayleight scattering as well as Stokes and Anti-Stokes Raman scattering and how these differ-

ent scatterings appear when plotted by Intensity and Raman Shift (cm−1) graphs [60].
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This observation of inelastic scattered light was first noticed by Sir C.V. Raman and his student

at the time, K.S. Krishnan in 1928 [61]. Since the inelastically scattered light interacts with the

vibrational bonds of the impinged material, Raman scattering produces what is known as a Raman

spectra, with the units of relative wavenumber or Raman Shift (cm−1). This Raman spectra is

unique towards the molecules and the overall material composition, meaning information regard-

ing the probed material’s composition and its phases can be determined through this technique of

Raman Spectroscopy. Since the laser does not alter the molecules or vibrational bonds of the ma-

terial in any destructive or irreversible way, outside of potential photobleaching effects on unstable

fluorophores, Raman spectroscopy is considered to be a non-destructive technique.

When the vibrational bonds are stretched or compressed due to external forces, the resulting

Raman spectra is also influenced. This is to say, when the probed material experiences tensile or

compressive forces, the subsequent Raman spectra is affected through changes in the Raman shift,

allowing to qualitatively measure internal and external stresses applied to the probed material.

Fig. 3.2 shows the Raman spectra for nanometer-sized tetragonal zirconia grains applied under

increasing hydrostatic pressure loadings up to 31 GPa measured by Bouvier and Lucazeau [62].

Shifts in the peak locations of this Raman spectra can be observed through the increasing pressure

loads. These shifts can then be plotted with respect to the applied loading and peak location to

obtain the pressure dependency of the Raman peaks. Under small loads, up to about 12 GPa in

Fig. 3.2, a linear regression can be fitted to the peak location shifts.
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Figure 3.2: Modified figure from Bouvier and Lucazeau, J Phys Chem Solids (2000), where (left)

the Raman spectra for nanometer-sized tetragonal zirconia grains under increasing hydrostatic

loading up to 31 GPa and (right) the pressure dependence of the Raman peak locations for 150,

260, 320, 480, 602, and 650 cm−1 peaks along with their linear regressions used to determine their

piezo-spectroscopic coefficient [62].

The resulting slope, along with the measured peak location, can be used on other Raman spectra

of tetragonal zirconia to determine the loading or stress that the tetragonal zirconia is experienc-

ing. This allows for the quantification of stress in the probed material, so long as it is below the

aforementioned 12 GPa for the zirconia polymorph. This quantification of stress works for both

internal residual stresses as well as externally applied stresses.
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3.2 Brief Literature review of Raman Spectroscopy and 7YSZ EB-PVD TBCs

Due to the Raman spectra holding information regarding the phase volume fractions as well as

stresses experienced by the probed material, Raman spectroscopy has been utilized over the past

few decades to analyze thermal barrier coatings and different characteristics of these high tempera-

ture ceramic coatings. Typically these studies are coupled with additional measurement techniques,

such as scanning electron microscopy (SEM), X-ray diffraction (XRD), and energy-dispersive X-

ray spectroscopy (EDAX) to name a few. Some fundamental, yet essential, measurements regard-

ing finding the piezo-spectroscopic coefficients for different coating compositions have been done,

such as from Tanaka et al., who looked at a free standing 7YSZ EB-PVD coating [63]. Additional

Raman measurements often consider phase evolution over time for 7YSZ, doped variants of 7YSZ,

and of more novel coatings such as gadolinium zirconate (Gd2Zr2O7) [27, 64, 65]. Measurements

have also been taken to observe how changes in the peaks of Raman spectra occurs over time, such

as sharpening or broadening [66]. A prominent measurement often taken is measuring the stress

state of the coating under different deposition parameters and conditions, through doped coatings,

or throughout cycling [67, 68, 69].

Similarly, Raman spectroscopy studies have been performed on CMAS exposed TBCs and

the resulting effects of CMAS infiltration. These studies often looked at phase compositions as

well as stress measurements just as their non-CMAS-infiltrated counterparts. Often for 7YSZ, the

most observable changes in the phase evolution of CMAS-infiltrated coatings, is the formation of

the monoclinic phase. This formation can be tracked as well as qualitatively seen to increase in
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its concentration over time and throughout the depth [22, 23, 49, 52, 70, 71]. The effects of the

chemical composition of CMAS has on the ceramic coating has also been studied. Ultimately,

it was found that the calcia and silica ratios (CaO/SiO2) plays a big role on how aggressive the

CMAS reacts with the 7YSZ coating and the mechanisms that dominate the the CMAS-7YSZ

reaction [? ]. Minor constituent species within the CMAS mixture, such as titanium dioxide (TiO2)

and iron oxide (FeO), can influence the resultant species products that form when the CMAS melt

interacts with the coating, increasing the chances of forming zirconolite, fluorite, garnet and apatite

compositions [55].

In-situ Raman measurements have been taken regarding the formation of different zirconia

phase peaks after CMAS exposure throughout different temperatures [31]. It should be noted that

in-situ experiments at high temperatures has its own considerations, such as peak widening with

increasing temperatures, that must be taken into account. CMAS has also been observed to induce

tension within the residual stress measurements [50]

3.3 3D Confocal Raman Spectroscopy

Higher spatial resolutions are achieved when coupling microscopy with Raman spectroscopy to

focus the laser. A focal point is created when redirecting the laser through some objective lens,

outside of which, the laser is considered to be unfocused. An Airy disk superimposing the focused

and out-of-focus regions of data collected forms as a result [72, 73]. The diameter of the Airy
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disk can be approximated with eq. 3.1, where λ is the excitation wavelength, NA is the numerical

aperture, and n is the refractive index.

RLateral =
1.22nλ

NA
(3.1)

It should be noted that the shape of the laser and its probed volume is conical in nature and has

the cross-section of an airy disk when observing along the incident laser plane. An example of this

conical shape is shown with varying numerical apertures in Fig. 3.3.

Figure 3.3: The shape of the laser beam at the surface of a probed silicon sample for (a) 20x, (b)

50x, and (c) 100x objective lens and the subsequent laser radius with respect to the distance from

the surface of a silicon sample [72].

This boundary between the focus and out-of-focus regions will depend on various instrumental

parameters, such as the aperture distance and the numerical aperture of the lens. The smaller the
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aperture distance, the more out-of-focus signal will be blocked, but at the expense of reducing the

return beam output to the CCD. The higher the numerical aperture of the lens is, the smaller the

working distance is, the higher the spatial lateral resolution will be, as described theoretically in

eq. 3.2, and the higher the depth resolution will be, as described theoretically in eq. 3.3, where λ

is the excitation wavelength, NA is the numerical aperture, and n is the refractive index.

RLateral =
0.61nλ

NA
(3.2)

RDepth =
2nλ

NA2 (3.3)

Taking both the lateral and depth spatial resolutions in mind, the focal point can be moved

to create a planar map across the same depth into the coating (lateral) or focused deeper into the

coating (depth). Taking a 2D map across the same focal depth before changing the focal point

deeper into the coating to take another 2D map across the new focal depth and repeating this

process allows for the creation of a 3D probed volume of Raman data. It should also be noted

that the refractive index will change going into the coating as compared to the laser traveling only

through air to reach the surface of the coating. The refractive index will vary depending on the

coating’s microstructure, but tends to be around 1.6 for pure CMAS and 2.19 for pure zirconia

compositions, separately [74]. Another thing to consider is more and more focused signal will be

"lost" as the focal point shifts deeper into the coating since the laser will need to traverse through

more and more material to reach the desired focal point. This will result in a higher out-of-focus

information being collected and signal intensities decreasing over increasing depths. Therefore, a
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microstructure that is more porous or has intercolumnar gaps of air, such as with EB-PVD, while

making the changing probed volume more complicated at higher spatial resolutions, also allows

for more in-focus data since the laser is unhindered for much further into the depth of the coating

if probing the edge of a column as compared to a bulk splat-like monolithic microstructure. With

these considerations in mind, 3D confocal Raman Spectroscopy is possible and produces these 3D

probed volumes for data analysis where each point within the volume contains a Raman spectra for

the probed region, whose size is defined by the lateral and depth resolutions. This novel technique

was first published in previous work, which is discussed more in Chapter 4.2.2 as well as in patents

[58, 59] and has been used within this thesis and its corresponding journal publication [20].
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CHAPTER 4
MANUFACTURING AND PROPERTIES OF CMAS-INFILTRATED

TBCS

Contents within this chapter have been published in:

C. Barrett, Z. Stein, J. Hernandez, R. Naraparaju, U. Schulz, L. Tetard, and S. Raghavan, "Detri-

mental effects of sand ingression in jet engine ceramic coatings captured with Raman-based

3D rendering." Journal of the European Ceramic Society, vol. 41, no. 2, pp. 1664-1671,

2021. doi: 10.1016/j.jeurceramsoc.2020.09.050 [27]

This chapter outlines the manufacturing processes used to synthesize and apply the calcium-

magneisum-aluminosilicate (CMAS) paste to 7YSZ EB PVD samples used within this thesis. Prior

efforts are also discussed including a cross-sectional validation of the 3D confocal Raman mea-

surements as well as quantifying the chemical degradation tracked through the monoclinic phase

volume fraction concentrations within the measured probed volume, providing a thermochemical

analysis of CMAS-infiltration within the later sections of the chapter.
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4.1 Manufacturing and Processing of CMAS-Infiltrated 7YSZ EB-PVD Samples

A 150 kW electron-beam physical vapor deposition (EB-PVD) system at the German Aerospace

Center (DLR) in Cologne, Germany was used to produce 400 µm 7YSZ coatings deposited onto

alumina substrates. These coatings were produced with higher thicknesses than average to isolate

and study the CMAS infiltration kinetic effects in the EB-PVD coatings. The potential effects from

the substrate are minimized with a control sample annealed without any CMAS infiltration. This

not only provides a baseline, but also isolates any thermochemical and thermomechanical effects

induced solely by CMAS infiltration. During the deposition process, the alumina substrates used

were placed on a sample holder with a rotational speed of 12 rpm directly above the YSZ ingot

with a substrate temperature of 1000◦C. More information regarding the sample fabrication and

manufacturing can be found in [27].

4.1.1 CMAS composition and fabrication

The CMAS composition was derived from compositions found within aero-engines operating

within Middle Eastern countries (in mol.%: 24.6% CaO, 12.4% MgO, 11% Al2O3, 41.7% SiO2,

8.7% FeO & 1.6% TiO2) as previously described in [19, 27]. The CMAS powders were artificially

synthesized through the co-decomposition of SiO2 and TiO2 as well as Me-nitrates powders. The

process of this producing these CMAS powders are described in greater details in [19].
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4.1.2 CMAS infiltrated TBC preparation

A paste of CMAS in a concentration of 10 mg/cm2 was applied on the 7YSZ coating and infiltra-

tion experiments were performed at an annealing temperature of 1250◦C. A 10 K/min heating and

cooling rate in a laboratory box furnace was used. Two annealing times of 1 h and 10 h were se-

lected to understand short-term and long-term infiltration kinetic effects of molten CMAS in 7YSZ

coatings. This provides initial observations on the time dependency effects of CMAS infiltration

with respect to coating stress evolution, of which can be further expanded upon in the future with

full coating systems and with higher temporal resolutions.

A summary of the samples within this thesis is provided in Table 4.1. A control sample com-

posed purely of 7YSZ without any CMAS infiltration (A3) was used as a reference to rule out

the effect of high temperature annealing on 7YSZ and to serve as a reference coating state. Any

variation from this reference would then demonstrate the resulting effects of CMAS infiltrated in

7YSZ for the chosen 1 h (B2) and 10 h (B3) annealing times. Validation was performed on a cross

section of a CMAS infiltrated TBC annealed for 10 h (B3). More information on the validation

measurements carried out on this cross-sectioned sample to the probed volume with the confocal

non-destructive approach used within this thesis can be found in Chapter 4.2.1 and in [27].
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Table 4.1: Samples information regarding composition, annealing temperature, and annealing time.

Sample Composition Temperature (◦C) Time (h)

A3 7YSZ 1250 10

B2 7YSZ + CMAS 1250 1

B3 7YSZ + CMAS 1250 10

4.2 Experimental Efforts of CMAS-Infiltrated 7YSZ EB-PVD Coatings

The Raman spectroscopy measurements were performed on an Alpha 300RA WITec Confocal

Raman microscope equipped with a He:Ne 532 nm laser source excitation. A 20X objective lens

was used for data collection. The 20x objective lens has a numerical aperture of 0.4, which cor-

responds to a Z-resolution of 6.65 µm and XY-resolution of 0.8 µm. An excitation laser power

of 11 mW and additional collection parameters, including an integration time of 20 s, remained

constant for all the data reported in this study. The Rayleigh scattering was filtered with a notch

filter and the inelastically scattered light was split with an 1800 g/mm grating. A step size of 1 µm

was used for the line scans and 2D maps as to prevent potential overlapping of probed points from

the theoretical 0.8 µm lateral resolution. Each 2D map consists of an array of 20 × 20 spectra,

corresponding to 400 spectra being collected for a total acquisition time of 8000 s. The detection

spectral range covered during these measurements range between 100–800 cm−1. 2D Raman spec-

tral maps at increasing depths were collected by focusing the light at increasing positions beneath

the surface to assess CMAS degradation by the corresponding localized residual stress changes in
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7YSZ. The step size between these different depth planes was 6.65 µm, which corresponds to the

axial resolution limit for the 20x objective lens used within this study.

4.2.1 Cross-Sectional Validation of 3D Confocal Raman Measurements

A brief description of what 3D confocal Raman spectroscopy was mentioned in Chapter 3.3. This

novel method was validated by taking cross-sectional data through the coating’s thickness to a size

that matched the probed volumes between the two methods of data acquisition and the two results

were compared, as shown in Fig. 4.1 [27].
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Figure 4.1: Comparison of 3D confocal Raman spectroscopy and cross-section Raman spec-

troscopy. (a) Representation (not to scale) of a 3D volume of CMAS infiltrated EB-PVD 7YSZ

used for validation of the 3D confocal Raman spectroscopy approach for non-destructive analysis.

The rectangles represent the edge (blue) and center (red) of the column as a depth measurement

taken with 3D confocal Raman spectroscopy. The circles represent the cross-sectional surface

measurements. (b-d) mPVF measured through confocal Raman spectroscopy at (b) the center, and

(c) the perimeter of column. (d) Successive 2D maps of mPVF obtained. Scale bar indicates 3m.

(e-g) mPVF measured on the cross-sectioned B3 sample. Raman spectra collected along (e) the

center, and (f) the outer layer of the column. The three curves in each graph represent triplicates.

(g) Map of mPVF capturing one edge and center of a column in the section as represented by the

black box in (a). Scale bar indicates 8m. [27].
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4.2.2 Chemical Degradation tracked through Monoclinic Phase Volume Fraction

The measured monoclinic phase was previously quantified in work by Barrett et al., [27], finding

its concentrations throughout the 3D probed volume through a monoclinic phase volume fraction

(mPVF) equation, eq. 4.1, which was created from a model established by Clarke and Adar [75].

This equation uses the intensity values of the 182 and 191 cm−1 monoclinic peaks and the intensity

values of the 148 and 263 cm−1 tetragonal peaks. The

mPV F(%) =
I182
m + I191

m

0.97∗ (I148
t + I263

t )+(I182
m + I182

m )
(4.1)

The tetragonal phase volume fraction (tPVF) was also calculated as a validation, shown in eq.

4.2, from an equation established by Perry et al. [76].

tPV F(%) =
I263
t

(I263
t + I182

m )
(4.2)

The corresponding intensity of the bands mentioned for the Raman shifts in eq. 4.1 and eq. 4.2

were fitted using a pseudo-Voigt function using MATLAB and its nonlinear least squares solver

for curve fitting. Then using the equations, the 3D volumes as well as the box and whisker plots,

shown in Fig. 4.2 where created. For the box and whisker plots in Fig. 4.2(c,f), the plot is used to

indicate the maximum and minimum mPVF values as well as the standard deviation and average

mPVF value for each depth measurement and should not be confused as to indicate outliers within

the data.
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Figure 4.2: 3D reconstruction of (a) tetragonal and (b) monoclinic phase volume fractions of B2

sample (1250◦C, 1 h annealed), (c) variation of mPVF along the depth in B2 (d) tetragonal and

(e) monoclinic phase volume fractions of B3 sample (1250◦C, 10 h annealed), and (f) variation of

mPVF along the depth B3 sample [27].

The main results of these findings were that a majority of the thermochemical degradation,

quantified through the formation of the monoclinic phase, occurs within the first hour of CMAS

infiltration. This also implies that the thermochemical degradation greatly aggravates the thermo-

mechanical degradation of the coating within the first hour too. Only around a 10% increase in the

mPVF is observed from the 1 h sample to the 10 h sample at the surface. Locally, it was observed

that the phase transformation was higher in areas directly exposed to CMAS and had a higher

surface area of contact, the edges of the columns, as compared to the center of the columns.
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CHAPTER 5
OUTCOMES OF RESIDUAL STRESS MEASUREMENTS OF

CMAS-INFILTRATED THERMAL BARRIER COATINGS

Contents within this chapter have been published in:

Z. Stein,R. Naraparaju, U. Schulz, L. Tetard, and S. Raghavan, "Residual stress effects of CMAS

infiltration in high temperature jet engine ceramic coatings captured non-destructively with

confocal Raman-based 3D rendering." Journal of the European Ceramic Society, 2022. doi:

10.1016/j.jeurceramsoc.2022.11.003 [20]

The residual stress and its evolution within CMAS-exposed thermal barrier coatings were in-

vestigated through confocal Raman spectroscopy. The residual stress state of the coating demon-

strated predominantly thermomechanical components, such as coating stiffening and sintering,

contributing towards the overall residual stress state of the coating after 1h of infiltration with

minor contribution from thermochemical components, relating to coating phase destabilization

and the formation of a monoclinic phase from the ZrO2 polymorph. Conversely, the thermochem-

ical components became more prominent in its contribution towards the overall residual stress

state of the coating after 10h of infiltration as compared to the aforementioned thermomechanical

components. Discussions of these results, their implications, and the relationship between phase
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destabilization and the residual stress state of the coating are further expanded upon within the

sections of this chapter.

5.1 Data Fitting and Processing of the Raman spectroscopy peaks

Previous literature has found the tetragonal peak labeled at 643.78 cm−1 is stress sensitive and an

excellent candidate for quantifying the stress within tetragonal ZrO2. The unstressed reference of

the tetragonal 643.78 cm−1 peak used within this study is based on a full freestanding EB-PVD

4 mol% YSZ coating from Tanaka et al. [63]. From this unstressed reference peak position, any

shifts could be attributed to additional stresses introduced to the coating as a result of CMAS infil-

tration. A shift to a lower relative wavenumber corresponds to a chemical bond associated with the

tetragonal peak in the coating that is experiencing tension (also known as a red shift). Likewise, if

the measured peak shifts to higher relative wavenumber, then the coating is experiencing compres-

sion (also known as a blue shift). An experimentally determined piezo-spectroscopic coefficient

associated with the 643.78 cm−1 peak can then be used to quantify the stress the coating is expe-

riencing [62]. Similar to tracking degradation through the phase concentration [27, 77], using this

Raman shift and piezo-spectroscopic coefficient stress relationship equation, eq. 5.1 allows for the

tracking and quantification of the stress evolution throughout CMAS-induced degradated coating.

It is from quantifying the stress in multiple 2D Raman hyperspectral maps at increasing depths

in the coating that a 3D reconstruction can be created to track the residual stress evolution of the

coating as a result of CMAS degradation throughout a probed volume.
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∆σ ≈ v− v0

Π
(5.1)

Fig. 5.1 shows a collection of nine peaks relating to the tetragonal and monoclinic peaks that

will be considered in this thesis. This collection of peaks are organized by their rough location

as well as the phases of these peaks as either t-phase or m-phase for the tetragonal and mono-

clinic phases, respectively. The peaks locations observed previously in literature as well as their

respective piezo-spectroscopic coefficient (Π), if measured, are listed for each respective peak

[62, 78, 79, 80, 81, 82]. The Raman spectra peaks that will primarily be considered for stress

analysis consist of two sets of doublet peaks, [62, 80, 81, 82], associated with both the tetragonal

peaks, 607.1 cm−1 [77] and 643.78 cm−1 [63], as well as the monoclinic peaks, 615.2 cm−1 [77]

and 637.6 cm−1 [77]. Another tetragonal peak located at 463.7cm−1, [50, 62], and a monoclinic

doublet at 479.49 and 507.88 cm−1, [79], were used to compare the trends of stress. These peak

positions are indicated as vertical dashed lines in Fig. 5.3. Since these four peaks are so close

together and influence each other when convoluted, these four peaks must be deconvoluted before

the residual stress results can be determined and discussed.
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Peak Raman 
Shift 
(cm-1)

[1]
Observed Pk.
Π Coeff.

[2]
Observed Pk.
Π Coeff.

[3]
Observed Pk.
Π Coeff.

[4]
Observed Pk.
Π Coeff.

[5]
Observed Pk.
Π Coeff.

[6]
Observed Pk.
Π Coeff.

Peak ID
(t/mYSZ)

1 180 cm-1 180 cm-1 178.29 cm-1 N/A 180 cm-1 177 cm-1 180 cm-1 mYSZ

2 190 cm-1 192 cm-1 189.38 cm-1 N/A 192 cm-1 189 cm-1 192 cm-1 mYSZ

3 460 cm-1 473 cm-1 461.72 cm-1 461.6 cm-1

5.58 cm-1GPa-1

N/A 466 cm-1 N/A tYSZ

4 476 cm-1 476 cm-1 479.49 cm-1 N/A 477 cm-1 474 cm-1 476 cm-1 mYSZ

5 502 cm-1 502 cm-1 507.88 cm-1 N/A N/A 500 cm-1 503 cm-1 mYSZ

6 610 cm-1 615 cm-1 604.76 cm-1 N/A N/A N/A cm-1 N/A tYSZ

7 615 cm-1 617 cm-1 622.18 cm-1 N/A 619 cm-1 615 cm-1 616 cm-1 mYSZ

8 637 cm-1 638 cm-1 647.23 cm-1 N/A 638 cm-1 638 cm-1 638 cm-1 mYSZ

9 640 cm-1 640 cm-1 641.21 cm-1 648.5 cm-1

2.79 cm-1GPa-1

N/A 637 cm-1 N/A tYSZ

KEY:
[1] Phillippi & Mazdiyasni (1971)
[2] Pezzotti & Porporati (2004)
[3] Bouvier & Lucazeau (2000)

[4] Arunkumar & Babu (2018)
[5] Kypraiou & Eliades (2012)
[6] Kim & Hamaguchi (1997) [Includes 
additional 6 references in a table]

1 2
3 4

5

6
7 8

9[5]

Figure 5.1: A collection of nine peaks for the tetragonal (t-phase), denoted by green, and mon-

oclinic (m-phase) peaks, denoted by pink, used within this thesis as well as previously reported

observed peak locations and piezo-spectroscopic coefficients, if measured, for these nine peaks.

It is worth bearing in mind moving forward that Raman spectroscopy is unable to directly and

easily distinguish between the peaks within the yttria-rich stabilized tetragonal-prime phase and

the similar yttria-lean transformable tetragonal phase, so the peaks associated with both have been

labelled as the tetragonal phase throughout this thesis paper. These four peaks were deconvo-

luted using a nonlinear least squares solver within MATLAB and were fitted using a pseudo-Voigt

function. The monoclinic phase volume fraction (mPVF) values found in a previous investigation

reported in [27] and relative peak relationships including the intensity ratios and full width at half
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maximum peak values were used as additional initial parameter values for defining the pseudo-

Voigt function to both improve the overall fittings and their consistency between points. Fig. 5.2

illustrates the influence of inclusion of the mPVF fitting parameter.
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Figure 5.2: (a) The mPVF map for B3 (CMAS1+7YSZ 1250◦C, 10 h) at the surface, [27]. The

pseudo-Voigt fitting deconvolution (b) without and (c) with considering the mPVF for each point.

The signal-to-noise ratio and the normalized root mean square equation goodness of fit are shown

as SNR and NRMSE, respectively.

For points where there is a smaller influence of the monoclinic phase on the spectra (lower

mPVF), this fitting parameter did not change much. However, in regions where there are higher

mPVF, and therefore higher influence of the monoclinic doublet in the convolution of peaks, this
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fitting parameter had a much more significant impact on the fittings. To keep consistency, this

mPVF fitting parameter was used for each point throughout each map through the depth of the

coating. An example of the final results of this deconvolution for both the monoclinic and tetrago-

nal doublets as well as the residual, signal-to-noise ratio, and normalized root mean square equation

(NRMSE) goodness of fit equation where 1.0 is a perfect fit is shown in Fig. 5.3.
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Figure 5.3: The deconvolution of the monoclinic (m) and tetragonal (t) doublets around the 643.78

cm−1 peak. Additional measurement and goodness of fit parameters are also shown through the

signal-to-noise ratio and the normalized root mean square equation goodness of fit, shown as SNR

and NRMSE, respectively. The residual differences between the fitted and measured peaks are

plotted in the lower graph.

The stress reference peak position reference and the piezo-spectroscopic coefficient reported

by Tanaka et al. is used for the 643.78 cm−1 tetragonal ZrO2 Raman band since their measure-

ments were conducted on a similar free standing 7YSZ EB-PVD coating [63]. This allows for

the changes in the residual stress solely due to the coating’s interaction with CMAS to be more
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accurately quantified when coupled with the PS-coefficient. This stress reference peak position

takes into account the stresses induced to the ZrO2 bonds when structured through EB-PVD spray

as compared to ZrO2 nano-powder.

Additionally, it should be noted that there is are two broad cubic peak spanning throughout the

500 - 650 cm−1 Raman shift range with one of the cubic peaks having a maximum around 617−1

[83]. Due to its very broad nature, it was found that fitting this peak had little influence on the

resulting peak locations of the remaining tetragonal and monoclinic doublets, and therefore was

found to be negligible and are not considered in the fitting results.

A 2D stress map for each depth was obtained by applying eq. 5.1 to each deconvoluted 643.78

cm−1 peak in every point of the 2D map. These 2D maps were then stacked by their respective

probed depths creating a 3D reconstruction of the probed volume. This reconstruction was per-

formed for each sample by compiling and importing the sequence of 2D maps into the volume

viewer plugin with a trilinear interpolation within ImageJ.

5.2 Stress Results for CMAS-infiltrated TBCs with respect to Annealing Time

Using the stress calculation method detailed in 5.1, volumetric reconstructions of the Raman stress

are considered for non-infiltrated sample A3, annealed at 1250◦C for 10 h (Fig. 5.4(a)), and for

CMAS infiltrated samples B2 and B3, annealed at 1250◦C for 1 h and 10 h Fig. 5.4(b,c), as

well as the average stresses throughout the depth of the probed volume Fig. (5.4(d)). The non-

infiltrated A3 sample serves as a stress reference of the 7YSZ EB-PVD coating prior to infiltration
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and can therefore be compared to the CMAS infiltrated samples. The extent that CMAS influences

the stress state of the coating over an increased exposure and annealing time can be extracted

from using the non-infiltrated sample as the reference point since this will minimize the influence

the coating-substrate interface has on the coating’s residual stress. The non-infiltrated sample

also serves as a reference to evaluate the CMAS infiltrated B3 sample, both of which have been

annealed at the same temperature and duration.
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Figure 5.4: 3D reconstruction of the stress for the 643.78 cm−1 peak for (a) a non-infiltrated 7YSZ

sample annealed at 1250◦C for 10 h (A3), (b) a CMAS infiltrated 7YSZ sample annealed at 1250◦C

for 1 h (B2), and (c) a CMAS infiltrated 7YSZ sample annealed at 1250◦C for 10 h. (d) Average

stress as a function of depth for A3, B2 and B3.
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It can be observed that the non-infiltrated sample has a very uniform stress state after being

annealed for 10 h at 1250◦C (Fig. 5.4(a)). Compression estimated at 100 MPa was calculated

throughout the volume of the coat. This compression within the probed volume of the coating

is typical for columnar microstructures of EB-PVD coatings [6]. As a non-infiltrated EB-PVD

coating ages, the gradient of compressive stress coming from the growth of the thermally grown

oxide layer at the interface is expected to increase as the thermal grown oxide layer becomes more

developed early in a coating system’s lifetime, causing the coating to experience more compression

[6].

CMAS exposure and its infiltration is observed to have an effect on the stress state of the coating

in Fig. 5.4(b-d). After 1 h of infiltration, the overall average stress state of the coating becomes

slightly tensile, as observed in the red line in Fig. 5.4(d). The tensile loading is likely a result of

both the coating stiffening from CMAS infiltrating the intercolumnar gaps of the coating as well

as coating sintering [52]. Additionally, non-uniform stresses appear in the probed volume of the

coating in Fig. 5.4(b). While some regions still display a similar stress state to that of the non-

infiltrated sample, other regions are experiencing around 100 MPa of tension. This variation can be

attributed to the local microstructure of the coating. While molten, CMAS infiltrates throughout the

intercolumnar gaps and feather arms of the EB-PVD columns and then solidifies before stiffening

the coating upon cooling [19, 43, 84]. As a result, there are higher concentrations of CMAS within

these intercolumnar gaps. This is not only observed with higher monoclinic concentrations as

in [27], but also within the residual stresses of the coating. While other factors will influence
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the overall residual stress state within the microstructure, there will be a trend towards a red shift,

tension, for the edges of the 7YSZ columns as well as any coating surfaces in contact with CMAS.

After 10 h of infiltration, as seen in Fig. 5.4(c), the overall stress state of the coating drastically

changes, shifting to an average state of compression. While there still are small regions of tension,

as observed after 1 h of infiltration, a majority of the coating is ranging from around 100 MPa of

compression at the surface to around 300 MPa of compression around 46 µm into the depth of

the coating, noted in the yellow line in Fig. 5.4(d). As compared to the non-infiltrated sample,

which was also annealed for 10 h at 1250◦C, the average stress state of the coating overall is also

more compressive on and around the edges of the columns. This higher stress state of compres-

sion as well as the minor shift from tension to compression in most regions can be attributed to

phase destabilization and subsequent phase transformation of the coating. Additionally, this trend

towards of a residual stress profile first becoming more tensile and then transforming to become

more compressive with increased CMAS exposure and annealing times aligns with what has been

found in literature [50, 85, 86].

Yttria is used in YSZ to stabilize ZrO2 into the tetragonal state, referred to as tetragonal-prime.

Over time, molten CMAS leaches enough yttria from the coating to transform from the tetrago-

nal phase into cubic and monoclinic phases [22, 32, 40, 50, 53]. The phase transformation from

tetragonal to monoclinic has been associated with a volumetric expansion of the lattice structure

of approximately 3 - 5%, while little change within the lattice structure from a tetragonal to cubic

phase transformation is expected [19, 21, 23, 25, 30, 50, 52, 56, 57, 87, 88]. However, this ther-

mochemical mechanism of phase destabilization and transformation is delayed and much slower
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acting than the thermomechanical effects of CMAS infiltration through CMAS-induced coating

stiffening [22, 26].
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Figure 5.5: 3D reconstruction based on Raman shifts of the 643.78 and 637.6 cm−1, tetragonal and

monoclinic peaks, respectively, for CMAS infiltrated 7YSZ samples annealed at 1250◦C for (a) 1

h and (b) 10 h. Shifts are relative to the unstressed peak position references in [63, 77].

Volumetric reconstructions of the Raman stress-induced peak shifts are shown in Fig. 5.5 for

both the 643.78 cm−1 tetragonal peak of B2 and B3 coatings, Fig. 5.5(a,c) respectively, and for

637.6 cm−1 monoclinic peak of B2 and B3 coatings, Fig. 5.5(b,d) respectively. These peak shifts

can be quantified into stress using the piezo-spectroscopic coefficients and the Raman shift and

piezo-spectroscopic relationship equation, eq. 5.1. In both cases, the higher the wavenumber is

from the unstressed peak reference of the tetragonal 643.78 cm−1 [63] and monoclinic 637.6 cm−1
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[77] peaks, blue shift, is indicative of compression. Conversely, the lower the wavenumber from

the unstressed peak references, red shift, is indicative of tension.

It can be observed that after 1 h of annealing that, overall, the tetragonal peak has red shifted

towards tension as well as the monoclinic peak. Then after 10 h of annealing, the tetragonal

peak has shifted more to a blue shift in compression. The monoclinic peak for 10 h of annealing,

while split, has more of a compressive blue shift, similar to the tetragonal peak at 10 h, but has

also retained its tensile red shift in some areas. The red and blue shifts in the monoclinic peak

corresponds to both microstructure as well as the presence and concentration of the monoclinic

phase in those regions. Areas with a lower presence of the monoclinic phase will naturally have a

weaker Raman signal than regions with higher monoclinic concentrations.

In addition to the 643.78 cm−1 tetragonal peak, the 463.7 cm−1 peak has also been used pre-

viously in literature to measure the stress of the non-transformable tetragonal phase [50, 62]. The

463.7 cm−1 peak was used as a form of validation of the results within this study. For this vali-

dation the unstressed reference peak position is 463.7 cm−1 [50, 62] and the piezo-spectroscopic

coefficient used is 5.6 cm−1 GPa−1 [62]. It should be noted that this coefficient is for air plasma

sprayed 5YSZ, meaning some minor discrepancy will be present as compared to what the coeffi-

cient would be for the 463.7 cm−1 peak for EB-PVD 7YSZ. Similarly, a 488 nm Ar/Kr laser was

reported in Krämer et al. [50], compared to the 532 nm He/Ne laser used within this study. The

stress for the 463.7 cm−1 peak is reported in Fig. 5.6. A similar trend in the localized stress distri-

bution between the intercolumnar gaps and on and at the edge of the columns to what was found

in Fig. 5.4 is observed. However, there are differences within the overall average stress states
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Figure 5.6: 3D reconstruction of the stress for the 463.7 cm−1 peak for (a) a non-infiltrated 7YSZ

sample annealed at 1250◦C for 10 h (A3), (b) a CMAS infiltrated 7YSZ sample annealed at 1250◦C

for 1 h (B2), and (c) a CMAS infiltrated 7YSZ sample annealed at 1250◦C for 10 h (B3) as well as

(d) the average stress as a function of depth for all three samples.
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throughout the depth. Most notably, the overall reported stress state within the non-infiltrated sam-

ple (Fig. 5.6(a)), while uniform, is estimated at nearly 1 GPa in tension. While high, using the

residual stress within the non-infiltrated sample as a reference for the infiltrated, it is observed that

both the infiltrated samples are more in compression relative to the non-infiltrated sample. The lo-

calized microstructural effects on the stress distribution also influence the stress state of the probed

volume. The intercolumnar gaps tend to be less compressive than on or at the edge of the columns.

A schematic of the stress evolution of the coating as a result of CMAS infiltration summarizing

our observations is shown in Fig. 5.7. Fig. 5.7(a) is a schematic of the pristine columnar mi-

crostructure prior to CMAS infiltration. The columnar tips are well defined and feather arms can

be observed along the edges of these columnar finger-like structures. The center of these columns

would be in compression and a stress gradient to a less stressed or more neutral state is present

approaching the edge of these columns. As molten CMAS deposits onto the surface of the coating,

as seen in Fig. 5.7(b), it infiltrates to some depth as seen in Fig. 5.7(c). Distinct stress regions

form, which can be distinguished between the infiltrated and non-infiltrated zones of the coating.

These differences in the stress state of the coating within these two zones matches the literature

[50]. The depth at which the CMAS infiltrates is dependent on the operating temperatures as well

as infiltration time. With the thermal gradient present from the surface of the coating to the in-

terface of the coating, bond coat, and substrate, commonly the CMAS will infiltrate to a certain

depth and solidify as it reaches below melting temperatures within the coating. This infiltration

can also be interrupted if the operating temperatures of the turbine decreases. Depending on the

temperature, the CMAS might not solidify, resulting in full infiltration of the entire thickness of
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the coating. At the beginning of CMAS exposure, the effects of infiltration depth on the residual

stress of the coating is immediately observable [89].

c

Volumetric expansion of m-phase

induces additional stress onto the

surrounding t-phase

Intermixed Stress 

Gradient Region
m-

phase

t-phase

More Compressive More Tensile

Stress

CMAS 

Infiltration

b

7YSZ

a

Figure 5.7: Schematics of (a) a pristine 7YSZ EB-PVD coating cross-section prior to any CMAS

exposure or infiltration. (b) Top down view of the 7YSZ EB-PVD coating, showing cut-aways of

the columns as well as a region for CMAS infiltration. (c) The cross-section of the 7YSZ EB-PVD

coating after some time that CMAS as infiltrated and interacted with the coating, allowing for

substantial monoclinic formation to occur.

Primarily two different types of stresses are introduced during infiltration. The first is purely

mechanical and the second is purely chemical. The mechanical stress comes as the coating sin-

ters as well as stiffens when the CMAS solidifies within an infiltrated region and displays a ten-

sile stress state similar to that observed during aging with the bulk splat-like microstructure of air
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plasma sprayed coatings [69, 90]. In this case, the solidified CMAS would start to pull the columns

of the coating in tension and cause a stress gradient from the edge of these columns to the column

center. This stress is also fast acting, occurring immediately upon CMAS solidification and will

be the predominant stress contributor early in the coating’s exposure to CMAS. Depending on the

extent and intensity of this additional residual stress, the coating may already start to fail through

the formation, propagation, and coalescence of cracks [26]. The chemically induced stress occurs

over longer periods of exposure and over several cycles of temperature fluctuations. Phase desta-

bilization leading to phase transformation occurs upon cooling below approximately 600◦C within

the yttria-lean parts of the 7YSZ. This leads to the transformation of the tetragonal phase to the

monoclinic phase [31]. As observed in a previous investigation in this work [27], a majority of this

phase transformation into the monoclinic phase occurs by 1 h of CMAS exposure and infiltration

and only slightly increases by 10 h. Though it should also be noted that the concentration and

extent of this phase transformation becomes more developed throughout measured probed volume

of the coating over time. The newly transformed monoclinic phase induces a compressive force

onto the surrounding coating due to its volumetric expansion during phase transformation. Since

this stress is dependent on the concentration and on the rate of monoclinic phase volume frac-

tion growth, this stress is slow acting and becomes more dominant over longer exposure times.

In high enough concentrations, this chemically-induced stress would negate the aforementioned

mechanically-induced tensile stress and push the coating into a residual stress profile of compres-

sion.
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Outside of this infiltrated region, the coating would behave as it did prior to CMAS deposition.

However, as represented in Fig. 5.7(c), an interface between the infiltrated and non-infiltrated

regions would result in some mismatch between the residual stress states. This intermixed stress

region would introduce a gradient between the two stress states of the infiltrated and non-infiltrated

and would depend on additional parameters, such as, but not limited to, the infiltration depth and

the age of the coating. It is at this interface zone that cracks and CMAS-related spallation are be

most likely to occur, especially when considering the accumulation of stresses at the interface [91],

coefficient of thermal expansion mismatch, and thermal loading during an operational cycle.

The monoclinic phase volume fraction (mPVF), as previously described in [27], and its re-

lationship to stress can be observed in Fig. 5.8. For Fig. 5.8(a,b), mPVF and stress stack maps

throughout the depth of the coating are shown for both CMAS-infiltrated samples for 1 h of anneal-

ing, Fig. 5.8(a), and 10 h of annealing, Fig. 5.8(b). Within both of these stack maps are highlighted

regions displaying relatively low and high mPVF concentrations for each sample. All mPVF and

stress measurements within the low and high mPVF regions were then averaged throughout the

depth and are summarized in Fig. 5.8(c,d). For the CMAS infiltrated sample annealed at 1250◦C

for 1 h, Fig. 5.8(a,c), it can be observed that regions with low mPVF are more in tension as com-

pared to region with high mPVF, which are more in compression. This can be observed in the

average stress and mPVF throughout the depth plots for the low and high mPVF regions. On av-

erage, the stress in the low mPVF region is around 50 MPa in tension. The mPVF varies between

20 - 30% in this low mPVF region. The stress being in tension follows what has been observed

in literature for CMAS exposed coatings with little phase transformation [22, 52]. Meanwhile, the
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Figure 5.8: A comparison of the localized monoclinic phase concentrations, measured through the

phase volume fraction (mPVF) [27], and the localized stress state of the probed areas throughout

the probed depth of the coating are shown for samples infiltrated by CMAS annealed at 1250◦C

for (a) 1 h and (b) 10 h. For both samples, relatively low and high mPVF regions were selected

and mPVF and stress were tracked within these regions throughout the depth of the coating for the

(c) 1 h and (d) 10 h samples.
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stress in the high mPVF region is around 50 MPa in compression. The mPVF in this high region

starts around 55% and decreases towards around 35% around 46 µm into the depth of the coating.

As the monoclinic phase becomes more developed throughout the coating after annealing a

CMAS infiltrated sample at 1250◦C for 10 h, Fig. 5.8(b,d), the stress does not vary as drastically

between low and high mPVF regions relative to the sample. Both regions have an average stress

starting around 50 MPa in compression at the surface and becomes more compressive throughout

the depth of the coating until reaching around 250 MPa in compression around 46 µm into the

depth of the coating. The low mPVF region is relatively consistent throughout the depth of the

coating with a mPVF at around 40%. The high mPVF region starts around 55% and decreases to

around 40% around 46 µm into the depth of the coating.

Comparing the 1 h and 10 h annealing samples, it can be observed that there is some threshold

range of mPVF, in which the residual stress state of the coating is dependent on. Below this

threshold, the additional residual stresses introduced by CMAS infiltration are dominated primarily

by physical mechanisms, such as coating stiffening. Above this threshold, the additional stresses

introduced are dominated more by chemical mechanisms, such as the phase transformation of the

coating. Finally, as the mPVF approaches this threshold, the stress state of the coating would

slowly shift from tension to compression, as what is seen between the low and high mPVF regions

for the 1 h annealed sample in Fig. 5.8(c). This trend has also been noted in literature [50, 85]. It

is noted that additional exposure studies with a more comprehensive annealing time sample matrix

between 1 h and 10 h would be needed to better quantify this transitional point and to observe

how this value may change due to varying coating conditions and ageing. From the results in Fig.

57



5.8(c,d), the transition from tension to compression appears around a mPVF of 35% for EB-PVD

7YSZ coatings exposed to CMAS early in its lifetime. This is observed in the 1 h annealed sample

where the residual stress shifts from being in tension for the low mPVF region to compression for

the high mPVF region. This shift into compression is continued when comparing the high mPVF

region of the 1 h annealed sample, Fig. 5.8(c) with the low mPVF region of the 10 h annealed

sample, Fig. 5.8(d). An increase in the mPVF, when comparing the low mPVF region and the

high mPVF region of the 10 h annealed sample, has minimal effects on the residual stresses of the

coating beyond an mPVF of 40%.

5.3 Correlation and Relationship between mPVF and Stress and its implications

A linear Karl Pearson Correlation Coefficient calculation, eq. 5.2, was performed to establish a

correlation relationship between the mPVF and stress at varying monoclinic concentrations, where

R is the correlation coefficient, n is the sample size, mPVF is the concentration of mPVF at a given

point, and σ is the stress calculated at a given point. The resulting correlation coefficients calcu-

lated can be seen in Table 5.1. Eq. 5.2 is the linear Karl Pearson Correlation Coefficient equation

and this equation provides a linear coefficient value between -1 to 1, where -1 would indicate a

purely negative linear relationship in which there is an inversely proportional relationship trend

between the mPVF and stress. Conversely, 1 would indicate a purely positive linear relationship in

which there is a proportional relationship trend between the mPVF and stress. Another important

value would be 0, which would indicate no linear relationship between the mPVF and stress values.
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R =
nΣ(mPV Fσ)− (ΣmPV F)(Σσ)√

[nΣ(mPV F2)− (ΣmPV F)2][nΣ(σ2)− (Σσ)2]
(5.2)

Due to the varying mechanisms influencing stress, such as the mPVF concentration as observed in

Fig. 5.8, all probed points on the surface measurement were put into one of three different sections:

a low mPVF, medium mPVF, and high mPVF region. The range for each of these regions were

determined relatively for each CMAS infiltrated sample by equally distributing the three ranges

between the minimum mPVF value and the maximum mPVF value previously calculated. Since

there is an uneven distribution of the mPVF values across the samples, the sample size is not

consistent among the different regions and has been taken into consideration in the standard error

calculations, eq. 5.3.

SER =

√
1−R2

n−2
(5.3)

Strong correlations can be observed for both CMAS infiltrated samples across the low,

medium, and high mPVF sections. This is expected since previous literature has established phase

transformations having the ability to influence the overall stress state of the coating [28, 89]. The

low mPVF section for B2 (1250◦C, 1 h) has the lowest correlation coefficient, relative to the

other coefficients and mPVF sections. This is explained by the chemical mechanisms influencing

stress being weakest within the low mPVF section while the physical mechanisms being more

dominant with a mPVF lower than the transitional point around 35% mentioned previously when
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Table 5.1: Pearson correlation coefficients between the calculated mPVF and stress, categorized by

low mPVF, medium mPVF, and high mPVF ranges relative to the CMAS infiltrated 7YSZ samples

annealed at 1250◦C for (B2) 1 h and (B3) 10 h.

Sample Low mPVF Medium mPVF High mPVF

(0 - 20.2) (20.2 - 40.4) (40.4 - 60.5)

B2 (7YSZ+CMAS, 1250◦C for 1 h) 0.62 ± 0.08 0.97 ± 0.01 -0.93 ± 0.04

Sample Low mPVF Medium mPVF High mPVF

(36.8 - 43.9) (43.9 - 50.9) (50.9 - 58.0)

B3 (7YSZ+CMAS, 1250◦C for 10 h) -0.91 ± 0.05 -0.95 ± 0.03 -0.90 ± 0.06

comparing the mPVF and stress evolution throughout the depth in Fig. 5.8. The correlation

coefficient value then increases through the transition from the physically dominant to chemically

dominant mechanisms for the residual stress as the monoclinic concentration increases and the

residual stress becomes compressive within the medium mPVF and high mPVF sections. The high

mPVF section for the 1 h sample as well as all of the mPVF sections for the 10 h sample have a

negative coefficient due to the notation of tensile stresses being "postive" and compressive stresses

being "negative" in stress calculations. The 10 h sample, B3, as a relatively uniform correlation

coefficient with little deviation across the low, medium, and high mPVF sections. This suggests

that the transition to chemically dominated mechanisms, which impacts the overall residual stress
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profile of the coating the most, has already been completed.
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CHAPTER 6
CONCLUSIONS

This final chapter provides a summary of the conclusions highlighting the overall impacts as

well as the contributions both within these findings as well as overall towards the broader scientific

community. This chapter will conclude with the progression of future work and the plans moving

forward as a result of the conclusions within this thesis.

6.1 Conclusions

In this study, the localized residual stress within CMAS-infiltrated EB-PVD YSZ samples were

observed to experience two different mechanisms using 3D confocal Raman spectroscopy with

microscale resolution. The first relates to thermomechanical mechanisms, such as coating stiffen-

ing and CMAS closing the intercolumnar gaps of EB-PVD, almost immediately inducing tensile

stresses on the residual stress state of the coating. The second relates to thermochemical mecha-

nisms, such as coating dissolution into the CMAS melt and phase transformation, and is slower act-

ing. The compressive stress induced onto the coating results from monoclinic phase formation and

increases as the concentration of the monoclinic phase increases over time. For low-cycled 7YSZ

EB-PVD coatings exposed to CMAS, a monoclinic phase volume fraction of about 35% was found
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to be the point at which thermochemical mechanisms become the dominate stress mechanism as

compared to thermomechanical mechanisms below this threshold value. After 1 h of infiltration,

the residual stress state of the coating, as measured by tetragonal phase, at the surface shifted 50

MPa in tension relative to the non-infiltrated coating. Then after 10 h of infiltration, the residual

stress shifted 100 MPa in compression relative to the 1 h infiltrated coating.

Key Outcomes:

• Thermomechanical mechanisms, such as coating stiffening, influences the coating residual

stress state almost immediately and shifted the coating, on average, in a state of tension.

• Thermochemical mechanisms, such as phase transformations, occurs much more slowly for

7YSZ coatings in influencing the coating residual stress state. Over time, the coating shifted

to a state of compression as the monoclinic phase volume fractions (mPVF) increased over

annealing time.

• For 7YSZ EB-PVD coatings with little aging exposed to CMAS, an mPVF of around 35%

was observed to be the point in which the thermochemical mechanisms provided enough of a

compressive stress to counteract the thermomechanical mechanisms providing tensile stress.

• After 1 h of infiltration, the tetragonal coating stress was 100 MPa in tension, redshift.

• After 10 h of infiltration, tetragonal coating stress shifted 100 MPa in compression, blueshift.

• The thermomechanical and thermochemical mechanisms have a non-linear influence on the

residual stress state of the coating as CMAS infiltrates over time.
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• The edges and surfaces of the EB-PVD columns were observed to be more sensitive to the

residual stress effects from CMAS infiltration than regions with lower exposure to CMAS,

such as the columnar cores and centers.

The results from this thesis aids in the elucidation of the infiltration micro-mechanisms influ-

encing the residual stress of the CMAS-exposed coatings in a microscale spatial resolution. Un-

derstanding and being able to quantify how CMAS infiltration over time influences the the residual

stress as well as the development of these mechanisms, thermomechanical and thermochemical,

and their contributions to the overall residual stress of the coating is essential when considering

potential CMAS mitigation strategies and when developing novel more CMAS-resistant and more

durable coatings.

6.2 Future Work

Minimizing CMAS infiltration or minimizing its effects on the high temperature ceramic coating

is essential towards mitigating the effects of CMAS on coatings. As can be observed in this thesis,

thermomechanical mechanisms occur much more rapidly than thermochemical mechanisms cur-

rently for 7YSZ coatings. Using coating compositions, such as gadolinium zirconate (Gd2Zr2O7

(GZO)), where the coating reacts so rapidly with the CMAS melt that it forms an apatite and gar-

net reactionary layer that inhibits further CMAS infiltration into the depth of the coating may be

beneficial in limiting the overall effects of CMAS [50, 51, 92, 93]. Utilizing GZO-like rapid re-

actionary responses in coatings for other compositions may reduce the overall degradation impact
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of CMAS. The formation of these reactionary products can be tracked in-situ non-destructively

through 3D confocal Raman Spectroscopy. Some limitations regarding Raman measurements at

high temperatures will need to be considered and mitigated, such as peak broadening that occurs at

elevated temperatures [31]. Improvements are also needed to be made regarding the measurement

collection times to achieve higher temporal resolutions to capture in-situ the intermediary interac-

tions occurring during infiltration. Similarly as these reactionary products are forming and being

tracked, the residual stress can also be captured and changes in these stresses can be observed as

CMAS comes into contact with the coating and as the coating interacts and reacts to the CMAS

melt itself. 3D confocal Raman Spectroscopy can also be used for other novel coating systems such

as environmental barrier coatings (EBCs) since this method is not limited only to 7YSZ or thermal

barrier coatings. A better understanding on the limitations of this method is needed to capture the

capabilities of EBCs and other traditionally air-plasma sprayed coatings.
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