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Abstract:
Thermal barrier coatings (TBCs) are implemented in gas turbine engines to protect the
engine components from the harsh combustion environment. The current state-of-the-art TBC
is composed of 7 wt.% yttria stabilized zirconia (YSZ) which begins to degrade when
employed at temperatures above ~1200 °C for prolonged periods. This dissertation examines
advanced materials and coating design architectures which can enable operation above 1200
°C, thereby garnering enhanced engine efficiencies. The primary material of interest for this
application is the rare earth pyrochlore gadolinium zirconate (Gd2Zr2O7 – GZO), which is
phase stable to ~1500 °C and exhibits very low thermal conductivity (~1.1 W/m-K in coating
form compared to YSZ at ~1.5 W/m-K). The drawback of this material is a fundamentally
poor durability in terms of thermal cyclic life and particle erosion resistance due to a low
fracture toughness. Therefore, novel coating design architectures were created to enhance the
durability of TBCs containing GZO or similar analytes via Electron Beam – Physical Vapor
Deposition (EB-PVD), Air Plasma Spray (APS), and a novel hybrid technique, Plasma Spray
– Physical Vapor Deposition (PS-PVD).

The coatings were characterized in terms of

microstructure and crystalline phase via scanning electron micrscopy (SEM), x-ray diffraction
(XRD), optical profilometry, transmission electron microscopy (TEM), energy dispersive
spectroscopy (EDS), and selected area electron diffraction (SAED). Image analysis was
performed on the microscopy data while whole pattern fitting was employed for the XRD data
to examine phase fractions, lattice parameters, crystallite sizes, and mirostrain. Sin 2(ψ)
residual stress scans were also performed on select samples to examine the stress state after
deposition and heat treatments.

Finally, the coatings were tested in terms of thermal

conductivity via high heat flux laser technique or laser flash technique, erosion via a custom
built erosion rig, and thermal stability via heat treatments and post analysis.
iii

The first approach involved utilizing electron beam – physical vapor deposition (EBPVD) to create a layered design architecture composed of alternating layers of the advanced
GZO material and a toughening phase, t’ Low-k (ZrO2 – 2Y2O3 – 1Gd2O3 – 1Yb2O3 mol%),
which enhances the durability by resisting fracture. Nanolayering the two materials with
individual layer thicknesses on the order of 200 nm resulted in 72% of the maximum possible
reduction in the erosion rate.

At the same time, the best multilayer coating thermal

conductivity was reduced by up to 24% compared to the state-of-the-art YSZ coating in the as
deposited state. Thermal conductivity stability also improved, as the nanolayers exhibited a
small 7% increase in thermal conductivity over the 20 hour duration of the 1316 °C test,
whereas the state-of-the-art YSZ coating increased by 52%. Overall, the nanolayer concept
represents a factor of 3 reduction in the erosion rate compared to pure GZO, while maintaining
a factor of 2 reduction in thermal conductivity over YSZ. This would potentially enable a
thermal gradient of twice that of YSZ (500 °C), or operation at 1500 °C while still maintaining
the same temperature of the substrate.
The second design architecture approach involved utilizing air plasma spray (APS) to
create a composite design architecture composed of primary cubic phase zirconia materials
which exhibit higher temperature phase stability, low thermal conductivity, but poor
toughness, and a toughening secondary phase which exhibits high toughness. The primary
phases were either cubic Low-k (ZrO2 – 6Y2O3 – 2Gd2O3 – 2Yb2O3 mol%) or NZO (ZrO2 –
25Nd2O3 – 5Y2O3 – 5Yb2O3 mol%), while the toughening phase was again t’ Low-k. The best
performing cubic Low-k composites reduced the erosion rate by 67% of the maximum possible
reduction. Meanwhile, thermal conductivity of the best cubic Low-k composite was reduced
by 24% compared to that of pure YSZ, and very close to the value for pure cubic Low-k,
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indicating the second phase has minimal impact on the thermal conductivity. The reduction in
erosion rate did not linearly correlate to the weight fraction of the toughening phase, therefore,
mixing rules were applied to describe the degree of parallel and series behavior. It was found
that a Halpin-Tsai mixing rule could enable quantification of the composite behavior, and
therefore the efficiency of the toughening of the secondary phases via the ξ scaling factor,
where ξ=0 indicates pure series behavior, and ξ=inifinity (or a large number such as 100)
indicates pure parallel behavior. A ξ value of 0.5 was found for the cubic Low-k composites,
indicating some parallel (ideal) behavior was occurring, but that there was significant room for
improvement. The NZO – t’ Low-k composites were deposited with a tailored, horizontally
aligned, composite microstructure as it was hypothesized that this microstructure would
enhance the toughening response of the t’ Low-k phase. For the NZO composites, the erosion
rate was reduced by 79% with respect to the pure NZO compared to the pure t’ Low-k. This
correlated to a factor of 3 reduction in the erosion rate and ξ values of 1 – 3 confirmed the
hypothesis that a tailored design architecture such as an aligned microstructure could improve
the toughening response. The thermal conductivity of the best NZO composite coating was
reduced by 55% compared to pure YSZ, again indicating minimal impact of the secondary
phase.
Plasma spray – physical vapor deposition (PS-PVD) was utilized to deposit coatings in
a pseudo-columnar design architecture, with the hypothesis that the hybrid PS-PVD process
could combine beneficial aspects of both APS and EB-PVD. YSZ coatings were first deposited
to determine an ideal processing window for in-depth studies of process-structure-property
relations for the t’ Low-k material. It was found that YSZ coatings deposited by this process
yield the t’ structure and often times incorporate metastable reduced zirconia phases due to a
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high oxygen deficiency. Thermal conductivity of the PS-PVD YSZ coatings after ten hours of
testing ranged from a maximum of 2.10 W/m-K to a minimum of 1.05 W/m-K.

For

comparison, EB-PVD and APS YSZ coatings yielded values of 2.10 W/m-K and 1.47 W/m-K
after ten hours of testing at 1316 °C, confirming the PS-PVD process can tailor coatings from
EB-PVD-like to APS-like behavior.

A strong trend was observed between increasing

deposition rates, and decreasing thermal conductivities. Erosion trends suggested increasing
erosion rates with increasing gas flow and amperage, while erosion approached a minima at
6.4 g/min feed rates. Study of the YSZ material indicated the ideal processing range would
utilize amperages of 1600 A – 1800 A (with 1800 A being the upper limit of the system), gas
flows of 80 NLPM – 120 NLPM, and feed rates from 2.6 g/min to 10.6 g/min, which would
yield conditions with high deposition rates for low thermal conductivity, as well as conditions
for low erosion rates. For the PS-PVD t’ Low-k coatings, the erosion rate varied nearly an
order of magnitude, with the highest erosion rate at 0.500 g/kg, less than the APS t’ Low-k
studied previously (0.948 g/kg), and the lowest erosion rate at 0.068 g/kg, a significant
reduction over the EB-PVD t’ Low-k studied previously (0.118 g/kg). Erosion trends similar
to the YSZ were observed for the t’ Low-k coatings, where increasing gas flow yielded high
erosion rates while a minima was approached at intermediate feed rates.

The erosion

mechanism was investigated via post-erosion cross sectional SEM and appears to be similar to
that of EB-PVD, however, it is hypothesized that the large columns of the PS-PVD process
require more energy to fracture and generally possess larger intercolumnar gaps which prevent
crack propagation from one column into neighboring columns. This enables potentially lower
erosion rates for the PS-PVD pseudo-columnar microstructures. It was found that if the
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intercolumnar spacing becomes too large, the porous region around the column erodes quickly,
exposing column tips which rapidly erode and yield high erosion rates similar to APS.
Finally, this work compared coatings composed of YSZ, t’ Low-k, and the advanced
GZO material, all deposited via EB-PVD, APS, and PS-PVD and tested in terms of the erosion
durability and thermal conductivity, while quantitatively assessing the crystallography and
morphological features. This provided the first direct comparison of the performance of
coatings deposited by the various techniques for each of the material systems. In terms of
processing, the EB-PVD processing conditions were modified to increase the coating porosity
in an effort to improve future thermal cycling results. The PS-PVD conditions were chosen
from the t’ Low-k experiments to yield low erosion rates similar to EB-PVD and thermal
conductivities intermediate to EB-PVD and APS. The APS coatings were deposited with
parameters such that the porosity was sufficiently high to improve the thermal cycling
characteristics in future studies. The erosion rates for the YSZ coatings therefore trended from
APS (1.026 g/kg) > PS-PVD (0.277 g/kg) > EB-PVD (0.064 g/kg). For the YSZ coatings, the
PS-PVD depositions utilized a novel hollow sphere (HOSP) particle feedstock morphology. It
was found that this morphology is difficult to fully evaporate since the particles do not break
apart when entering the plasma, which then yields very low depositions rates, and
subsequently, large intercolumnar gaps and a relatively high erosion rate. The EB-PVD YSZ
erosion rate was significantly improved over previous EB-PVD YSZ (0.118 g/kg). It was
determined that the higher porosity yields larger intercolumnar gaps which prevent
transcolumnar cracking from one column to neighboring columns. This was observed for each
of the EB-PVD coatings in the final study. The thermal conductivity was highest for the EBPVD t’ Low-k (1.56 W/m-K), lowest for the APS t’ Low-k (0.62 W/m-K), and intermediate
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for the highly porous PS-PVD t’ Low-k (0.83 W/m-K). The erosion rates for the t’ Low-k
coatings trended from PS-PVD (8.076 g/kg) > APS (0.789 g/kg) > EB-PVD (0.070 g/kg). The
t’ Low-k PS-PVD coating utilized a more ideal spray dry particle feedstock morphology,
however, the PSD was sufficiently high that significant portions were not evaporated, and very
large intercolumnar gaps were formed. This yielded extremely high erosion rates due to
columns fracturing and being removed. The thermal conductivity was higher for the EB-PVD
GZO (1.06 W/m-K), and nearly identical for the APS GZO (0.51 W/m-K) and PS-PVD GZO
(0.49 W/m-K). The erosion rates for the GZO coatings trended from APS (6.409 g/kg) > PSPVD (4.050 k/kg) > EB-PVD (0.692 g/kg). The smaller particle size of the spray dried PSPVD GZO feedstock enables significant vaporization, though the column widths were still
slightly too large to take full advantage of the PS-PVD pseudo-columnar morphology, and thus
the erosion rate was higher than EB-PVD. To further tailor the PS-PVD GZO coating vapor
phase deposition and morphology, coatings were deposited at various incidence angles and
assessed in terms of morphology and erosion. It was found that depositing at a 45° incidence
can significantly reduce the intercolumnar gaps and reduce the erosion rate to a value of 0.305
g/kg, nearly half that of the EB-PVD GZO.
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Chapter 1
1.1

Introduction

Thermal Barrier Coatings (TBCs)
The current generation of gas turbine engines rely upon thermal barrier coatings

(TBCs) to insulate the metallic engine components from the combustion process. This
combustion process occurs in what is referred to as the hot section of the turbine engine,
pictured in Figure 1.1 [1]. If left uncoated, the metallic components in the hot section would
heavily oxidize and degrade over time, eventually leading to catastrophic failure of the engine.
Thermal barrier coatings are therefore used to protect these components from the high
temperatures and oxidative environment.

Figure 1.1. Schematic cross section of a gas turbine engine showing the cold section (intake and
compression areas) and the hot section (combustion , turbine, and exhaust) [1]. TBCs are used in the
hot section to insulate the engine components from severe oxidation and thermal exposure.

TBCs have evolved from a single outer layer to a complex coating system composed
of multiple layers with interdependent properties. A typical TBC system cross section is shown
in Figure 1.2 where we see the four primary components of state of the art TBCs: superalloy
substrate (i.e. the engine component), metallic bond coating, thermally grown oxide (TGO)
scale, and finally the insulating ceramic top coating. The superalloy substrate (i.e. the engine
components) have evolved tremendously; from simple cast parts to directionally solidified
castings, and finally into today’s most advanced superalloy substrates which are composed of
single crystal Ni-based superalloys.

Figure 1.2. SEM cross sectional image of an EB-PVD TBC showing the ceramic top coat, Al2O3 TGO,
metallic bond coating and underlying superalloy component. The top coating serves as the thermally
insulating layer while the bond coating forms a stable, slow growing and adherent oxide scale which
protects the superalloy from oxidation.

Due to their single crystal nature, these superalloys exhibit robust mechanical
properties, low creep rates, and resistance to high cycle fatigue [2] at temperatures over 70%
of the melting temperature. This evolution has resulted in a 200°C increase in the turbine entry
temperature over the course of the last five decades, as shown in Figure 1.3. The primary goal
is to maximize engine operating temperature as Carnot’s theorem shows that a higher operating
temperature (heat sink) affords a higher efficiency. Unfortunately, current Ni-based superalloy
components have effectively reached the upper limit of their operating regime, approximately
1000 – 1050°C. As seen in Figure 1.3, air film cooling can yield another ~100 – 150°C of
operating temperature, but is effectively maximized at that level.
The next layer in the TBC system is the bond coat, which is primarily responsible for
providing oxidation protection for the base alloy. This is achieved by forming a stable, slow
growing, and well adherent thermally grown oxide scale which prevent degradation of the
superalloy at high temperature. The favored TGO scale is α-Al2O3 due to its good adhesion
and very low oxygen diffusivity of ~10-23 m2/s at 1200°C [3] which results in slow TGO growth
rates. Slow growths rates are crucial since the strain energy due to CTE mismatch during
cooling scales with TGO thickness, and so as TGO thickness increases, the strain energy in the
TGO increases until it overcomes the adhesion energy and spallation occurs.
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Figure 1.3. Plot showing the evolution of turbine entry temperature versus time where the
advancement of superalloys, film cooling, and thermal barrier coatings has culminated in a ~500°C
increase in turbine entry temperatures over the past 50 years.

Lastly, the top layer is composed of an insulating ceramic. The industry standard is
currently 7 wt.% yttria stabilized zirconia (7YSZ) due to its low thermal conductivity (~2.2
W/m-K), high fracture toughness (~3 MPa√m), chemical inertness, and resistance to sintering
at elevated temperature. This material is typically deposited via either Air Plasma Spray (APS)
or Electron Beam – Physical Vapor Deposition (EB-PVD). APS TBCs have the benefit of a
lower thermal conductivity due to a lamellar microstructure which results in horizontal splat
boundaries and pores, yet have relatively poor thermal cyclic durability and erosion resistance.
In comparison, EB-PVD TBCs have a columnar microstructure that affords a large degree of
strain tolerance and exhibits lower erosion rates; however they have a slightly higher thermal
conductivity due to the vertically aligned porosity. As the complexity of the TBC system has
advanced, so has their performance, culminating in a 200 – 300°C drop across a typical YSZbased TBC. Combined with an air film cooling, the turbine entry temperature can be as high
as 1500°C while maintaining a superalloy temperature of 1000°C, as shown by the 2015 data
in Figure 1.3. This temperature approaches not only the limits of the superalloy substrates, but
also the 7YSZ ceramic top coating materials.
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1.2

Challenges Facing Thermal Barrier Coatings
There are many challenges facing thermal barrier coatings and chief among them is

ensuring that the coating is durable. Durability can take on many meanings due to the many
failure modes in TBCs. For example, thermally cycling from elevated operating temperatures
to cool temperatures during shut down can cause delamination of the ceramic top coating from
the metallic substrate due to the vast difference in thermo-mechanical properties.

As

previously mentioned, TGO growth can also cause spallation when the thickness exceeds ~7
µm. Engines can ingest particulates which may cause failure through progressive erosion of
the coating or in the case of larger particles, through one-time large-scale collision events
referred to as foreign object debris damage (FOD). Additionally, if the engines are operating
at sufficiently high temperatures, the ingested dust, sand or volcanic ash, collectively referred
to as calcium-magnesium-alumino-silicates (CMAS), can form a low melting ‘eutectic’ which
can react with the TBC and cause coating spallation and failure. With the overarching theme
of increasing engine operating temperature, CMAS reaction is becoming an important area of
study. Lastly, with increased operating temperatures beyond 1200°C comes decomposition of
the metastable tetragonal phase (t’) of YSZ into the equilibrium tetragonal and cubic phases
[4]. Upon cooling, this results in a martensitic transformation of tetragonal  monoclinic
which yields a volume expansion of approximately 5%, and thus large stresses and failure of
the coating.
New materials are under development which mitigate some of these issues, such as codoped zirconia [5–7] and the rare earth zirconate pyrochlores [8,9]. As the goal is to increase
operating temperatures beyond the 1200°C limit of 7YSZ, the primary attribute of these new
materials must be sufficient thermo-chemical stability at these temperatures, while maintaining
a low thermal conductivity less than 1.5 W/m-K (i.e. 7YSZ coatings). Some of the most
promising materials are based on modifying YSZ with rare earths and transition metals to form
fully stabilized tetragonal and cubic phases [5–7]. Additionally, the rare earth zirconate
pyrochlores are also of interest due to their very low thermal conductivity (1.5 W/m-K in bulk)
[8], low sintering rates at elevated temperatures, and CMAS resistance [10]. The drawback of
these materials is that the cubic phase has a low toughness, and thus poor durability in terms
of erosion resistance and thermal cyclic lives [11].
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1.1

Scope of this Work
This work focused on increasing the durability of thermal barrier coatings which utilize

advanced materials capable of operating at elevated temperatures (>1200 °C). Specifically,
the aim was to lower the erosion rate of coatings composed of advanced materials while
maintaining lower thermal conductivity compared to standard 7YSZ. This was achieved by
exploring a variety of extrinsic toughening approaches. The extrinsic approaches focused on
increasing the effective toughness of the coating by modifying the structure or design
architecture. These design architectures included layered composites, composite mixtures, and
hybrid pseudo-columnar microstructures, all of which increase the durability of coatings
composed of high temperature stable/low thermal conductivity materials that normally exhibit
poor mechanical properties. The increase in durability is achieved by adding toughening
phases or altering the structure, and thus coating behavior, when under stress. The toughening
phases were incorporated via either multilayered structures in EB-PVD or composite mixtures
in APS. Hybrid microstructures were created via Plasma Spray – Physical Vapor Deposition
(PS-PVD), a novel technique combining aspects of both APS and EB-PVD [12,13]. As this
process is quite new, work was first undertaken to understand the process-structure-properties.
After understanding these relationships, PS-PVD coatings were deposited with unique
microstructures and compared to standard APS and EB-PVD.
Once the coatings or bulk materials were fabricated, several analytical techniques were
used to assist in understanding the relationships between the processing methods and their
resulting structures and/or performance.

These techniques included scanning electron

microscopy (SEM), field emission scanning electron microscopy (FESEM), transmission
electron microscopy (TEM), energy dispersive spectroscopy (EDS), x-ray diffraction (XRD),
selected area electron diffraction (SAED), optical profilometry, micro and nanoindentation,
and Raman spectroscopy. The process-structure-property relationships were then related to
thermal conductivity, erosion resistance, and thermal cyclic lifetimes. The goal was to
maintain thermal conductivity values as good as or lower than standard 7YSZ, while improving
upon the erosion resistance of advanced cubic phase TBC materials such as highly doped
zirconia and the rare earth zirconate pyrochlores.
Chapter 2 provides background material for the basis of this work. It starts with an
overview of the TBC system and each of the four individual TBC components; superalloy,
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bond coat, TGO, and top coat. Common degradation mechanisms are then discussed, with the
first mechanism focusing on the phase destabilization of YSZ which caused the impetus for
developing new materials, and therefore this dissertation. Next is a discussion on delamination
mechanisms in TBCs, with emphasis on TGO growth and bond coating rumpling. TGO
interaction will then be covered, as this is a concern for newer TBC compositions. CMAS and
volcanic ash degradation is also discussed as they will become factors when operating
temperatures are increased with these new TBC materials. Lastly, the background explored
the literature on erosion and foreign object damage and what is currently understood for TBCs.
Chapter 3 covers the experimental procedure used throughout this work. The first
section details the TBC deposition procedures for the EB-PVD, APS, and PS-PVD coatings
investigated in this dissertation. Next, the testing procedures is given for thermal conductivity,
erosion, cyclic life, CMAS, and phase stability testing. An overview is then given for the
analytical characterization techniques throughout the dissertation. Emphasis is given for any
techniques which have been modified or analyzed beyond what is typical for that technique,
i.e. image analysis of SEM micrographs, residual stress measurements from XRD, etc.
Chapter 4 presents an investigation of several extrinsic methods for increasing the
erosion durability of cubic phase (low toughness) TBCs. The extrinsic methods explore
layering within EB-PVD coatings where a high toughness t’ Low-k material is layered with a
low toughness cubic phase zirconia material. The results from this chapter are then transferred
to an APS system using composites of t’ Low-k and cubic phase zirconia materials. Erosion
durability of coatings is assessed by erosion rates, while thermal conductivity is used to
determine the beneficial attributes of the cubic phases. Enhancement of the secondary phase
toughening component is discussed in terms of mixing laws and contact mechanics and the
chapter finishes with simulation of particle impact behavior for extension of the mixing laws
into a predictive capability.
Chapter 5 explores the process-structure-property relations in PS-PVD coatings
composed of YSZ and t’ Low-k. This work investigates the effects of gas flow, amperage, and
powder feeds rates on the resulting coating structure which are then linked to the properties,
with particular emphasis on erosion rate. It is shown that surface roughness heavily correlates
to initial erosion behavior while steady state erosion is dictated by a combination of properties.
The erosion rates and thermal conductivies across various processing parameters demonstrate
6

the tailorability of the process, as they span the gap from APS to EB-PVD. This portion of the
dissertation will lay the groundwork for determining if changing the structure can feasibly
reduce the erosion debit incurred by incorporating new materials.
Chapter 6 will culminate in a comparison of TBCs; one composed of the current stateof-the-art 7YSZ, one composed of rare earth doped t’ Low-k YSZ, and lastly, one composed
of the next generation material, gadolinium zirconate (GZO). These coatings will have been
processed by two techniques: APS and EB-PVD. Additionally, this chapter will utilize the
information gained from Chapter 5 to deposit a high performing PS-PVD coating for
comparison. The thermal conductivity and erosion resistance will be explored to understand
the benefits and tradeoffs of each structure while simultaneously assessing the effect of new
chemistries on these relationships. This chapter will be the first direct comparison of the three
coating techniques which simultaneously evaluates erosion durability and thermal conductivity
on the same coating.
Chapter 7 will present the conclusions from this dissertation as well as future work
and potential avenues available for further investigation. Development of intrinsic toughening
for lower thermal conductivity materials utilizing compressive microstresses and enhanced
ferroelastic toughening will be discussed. Additional discussion will follow on the modeling
of thermal barrier coating materials and approaches which have not been explored in the
literature but offer insight and potential for predictive capabilities. Particular emphasis will be
paid to the potential for development of a finite element based erosion model and the necessary
steps to achieve this model. Non-line-of-sight deposition via PS-PVD will be discussed and
related to the previous work. Lastly, new APS composite design architectures will be proposed
which potentially exhibit the trifecta of low thermal conductivity, high durability, and
thermochemical stability.
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Chapter 2

Background and Literature Survey

2.1

Components of the TBC System

2.1.1

Superalloy Substrate
The components initially used in gas turbine engines were composed of wrought alloys

which transitioned into conventionally cast alloys in the 1950’s. In the 1970’s, directional
solidification enable preferential orientation of the grains to minimize creep at the elevated
operating temperatures. Further developments of this technique in the 1980’s enabled selection
of a single grain orientation, which combined with directional solidification, yielded single
crystal components. These single crystal superalloys are therefore extremely resistant to creep
due to a lack of grain boundaries, and thus exhibit superb performance at temperatures well
beyond 0.7Tm where creep typically becomes severe [14]. The evolution of the turbine entry
temperature (TET) with time is provided in Figure 2.1.

Figure 2.1. Figure from Reed [15] showing the evolution of the turbine entry temperature (TET) over
the course of alloy development from wrought alloys during the advent of gas turbine engines to the
single crystal alloys currently in use.

The blades currently used in high performance gas turbine engines are composed of
single crystal Ni-based superalloys, with an exemplary blade and the complex internal cooling
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passages shown in Figure 2.2a-b. The advent of internal cooling passages and cooling holes
has enabled further increases of the turbine entry temperature, as seen in Figure 2.1.

Figure 2.2. Superalloy blade (a) which has been covered with a thermal barrier coating (white) [16]
and (b) showing the complex internal cooling passages. Image Credit: (a) GE Aviation and (b) Tokyo
University.

The Ni-based superalloys exhibit a two-phase γ/γ′ structure where γ is an FCC structure
(Fm3m) as shown in Figure 2.3a and γ′ is an ordered Ni3Al simple cubic structure (Pm3m) as
shown in Figure 2.3b. For the γ′ phase, the Ni atoms sit at the corners and the Al atoms sit at
the faces of the unit cell. The γ phase is the minor phase (~20 – 40%) and acts as the
interconnected matrix while γ′ is major phase (~60 – 80%) and acts as the precipitate, as shown
in Figure 2.3c. This two phase structure is particularly unique because the two phases are
almost perfectly coherent, with mismatches being on the order of a percent or less, resulting in
a single crystal. The γ′ precipitates are able to very effectively block dislocation movement
due to the formation of antiphase boundaries [17]. Antiphase boundaries can occur in ordered
alloys and are planes or lines where the atoms are misarranged into the opposite order, i.e.
antisite defects. In the case of Ni-based superalloys, when two ½<110> dislocations are on the
same plane, it results in the formation of an antiphase boundary where the atoms mirror each
other, as shown in Figure 2.4. This antiphase boundary is therefore located on a {110} plane
and links the two dislocations. For dislocation movement to occur, the antiphase boundary
must also move which means slip must occur on the {110} set of planes that the antiphase
boundary occupies. Since the {110} planes are not close packed planes and therefore non-slip
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planes, this reduces further dislocation movement and results in strengthening of the alloy.
The antiphase boundary energy is reduced as temperature increases which results in an
anomaly where the yield strength actually increases with temperature in these alloys. This
results in tensile strengths over 1 GPa at temperatures of greater than 700°C [18], and thus the
increased creep resistance.

Figure 2.3. Crystal structures of (a) γ-Ni (fcc) and (b) γ′-Ni3Al (cubic). An SEM micrograph of a γ/γ′
cuboidal microstructure is provided in (c). The γ′ phase is the major phase by volume – darker cubes
in (c) – whereas the γ phase is the minor phase by volume yet is the continuous matrix as seen by the
bright phase in (c).

Figure 2.4. Schematic of a γ′ phase looking at a (100) plane with two ½<110> dislocations which
results in a misarrangement of atoms which produces an antiphase domain along the ½[110] vector in
the {110} family of planes. Since the {110} family of planes is non-slip in this system, the alloy is
strengthened.

The most popular Ni-based superalloys are the 2nd generation alloys: René N5 (General
Electric), PWA 1484 (Pratt & Whitney), and CMSX-4 (Cannon Muskegon). The compositions
of these alloys are given in Table 2.1. Later generations have increased Re content for
improved creep resistance (along with modifications of the remaining alloying elements),
however these alloys often result in the formation of deleterious secondary reaction zones and
brittle topologically closed packed phases which can cause failure [19].
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Table 2.1. Compositions (in wt.%) for second generation alloys René N5 [20], PWA 1484 [21], and
CMSX-4 [22]. E = Young’s Modulus at 800 – 900°C along <110>, σy = yield strength at 980°C
(unavailable for PWA1484).
ρ
σy
E
Alloy
Ni Co Cr Mo W Re Ta Al Ti Hf C
B
Y (g/cc) (MPa) (GPa)
René N5
Bal 7.5 7.0 1.5 5.0 3.0 6.5 6.2 0.0 0.15 0.05 0.004 0.01 8.63 450 [23] 213
PWA 1484 Bal 10.0 5.0 2.0 6.0 3.0 8.7 5.6 0.0 0.10 0.00 0.00 0.00 8.95 Unavail. 227 [24]
CMSX 4
Bal 9.0 6.5 0.6 6.0 3.0 6.5 5.6 1.0 0.10 0.00 0.00 0.00 8.70 899 [25] 175 [26]

2.1.2

Bond Coatings and Thermally Grown Oxide (TGO)
Bond coatings are utilized as an intermediate metallic coating in the TBC system. They

are deposited onto the superalloy substrate and serve multiple functions such as providing
oxidation resistance and promoting adhesion of the insulating top ceramic layer. Indeed, prior
to the advent of ceramic top coatings, metallic bond coatings (though not named as such) were
used as corrosion/oxidation resistant coatings in gas turbines and power generation. There are
three primary classes of bond coatings; MCrAlY (M=Co, Ni, Fe, or combination), β-NiAl (βaluminides), and γ/γ′, roughly in chronological order of their development. The following
sections will discuss each of these classes in detail.
2.1.2.1

MCrAlY Bond Coatings
MCrAlY overlay coatings span a large composition range typically exhibiting two

phase microstructures such as γ/β or even γ′/β phase, as shown in Figure 2.5a. These coatings
are generally either majority Co or majority Ni depending on the intended environment. The
CoCrAlY overlay coatings tend to yield good hot corrosion resistance while the
NiCrAlY/NiCoCrAlY coatings provide better oxidation resistance [27,28]. The hot corrosion
performance is due to the high Co content which results in higher Co-Co4S3 eutectic
temperatures (877°C) for hot corrosion compared to Ni-based alloys Ni-Ni3S2 (645°C) [29].
Additionally, a higher Cr content promotes formation of a corrosion resistant Cr2O3 oxide
scale. Corrosion resistance is particularly important in maritime environments where salts are
present, as well as with certain grades of fuel with high sulfur content. Oxidation resistance
may be favored in certain industrial power generation applications where the coatings operate
in a high temperature environment for very long periods of time. As these coatings oxidize,
Al is depleted from the β-NiAl phase which results in formation of the γ Ni phase near the
surface. Continued oxidation can then lead to formation of transient oxides such as spinels
(CrAl2O4 or NiAl2O4) or NiO due to the lower Al content. These oxides generally have poor
mechanical durability and adhesion.
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The overlay coatings are deposited through a variety of techniques including high
velocity oxy fuel (HVOF), APS, low pressure plasma spray (LPPS), EB-PVD, and cathodic
arc. Each of these deposition techniques have their own merits and are beneficial for a given
substrate and top coating system. For example, HVOF, APS, and LPPS are utilized when the
top coating is to be deposited via thermal spray since the APS process requires a relatively
rough surface to promote good adhesion. In comparison, cathodic arc and EB-PVD are often
used when the top coating is to be deposited via EB-PVD since the EB-PVD coating is more
chemically bonded than mechanically bonded, and so the smooth surface results in better
aerodynamics. Some advantages of MCrAlY type coatings are that they provide flexibility in
their chemistry and deposition methods, which enables a highly tailorable coating which can
accommodate a variety of superalloy chemistries and environmental needs.

Figure 2.5. Cross sectional SEM micrographs of (a) MCrAlY, (b) β-NiAl from Das [30], and (c) γ/γ′
classes of bond coatings. The MCrAlY coatings are overlay type while the β and γ/γ′ are both diffusion
based coatings and provide superior oxidation resistance due to lower oxidation rates but exhibit a
lower corrosion resistance and less tailorability.

2.1.2.2

β-NiAl Aluminide and β-(Pt,Ni)Al Pt-Modified Aluminide Bond Coatings
The next classes of bond coatings to be developed were the β-phase NiAl diffusion

coatings, often broadly referred to as aluminides. These coatings promote very good oxidation
resistance over longer periods due to a higher overall aluminum content of around 50 at.%
versus the ~20 at.% in the MCrAlY coatings. Though good in terms of oxidation, the low Cr
and Co content in the aluminides result in a relative poor corrosion resistance for aluminide
coatings compared to MCrAlY coatings. Diffusion bond coating materials have evolved from
standard β-NiAl to their current state-of-the-art Pt modified β-(Pt,Ni)Al with reactive element
additions such as Hf, Zr, and Y to further increase their oxidation resistance and adhesion of
the α-Al2O3 TGO [31,32].
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The β-NiAl (Pm3m) structure of the diffusion aluminides is provided in Figure 2.6a
where Ni occupies the corners of the primitive cube and Al occupies the center of the primitive
cube. The high 40 – 60 at.% Al content in the β phase ensures formation of an Al2O3 scale at
elevated temperatures whereas the low Al content of the γ (0 – 15 at.% Al) and γ′ (~25 at.%
Al) phases of the superalloys can eventually result in the formation of transient oxides such as
NiO and Ni(Al,Cr)2O4 (spinels) at elevated temperatures. These oxides are unfavorable as they
have high growth rates and poor adhesion to the bond coating resulting in poor thermal cyclic
durability. The tendency of the γ and γ′ phase to form these deleterious oxides is also the
reason β-NiAl coatings typically outperform the two phase γ/β MCrAlY coatings during
oxidation [33]. Furthermore, the total Al sink which is available to form the protective Al2O3
is larger in β-NiAl coatings, thus it takes a longer time to deplete these coatings of Al. In
comparison, the β-NiAl diffusion coatings have a significant impact on the substrate properties
and the high Al content results in substantially different thermal and mechanical properties
which can at time reduce the thermal cyclic life. If interdiffusion between the substrate and
the bond coating is too large, topologically closed packed (TCP) phases can precipitate which
further embrittles and degrades the components.

Figure 2.6. Crystal structure of (a) β-NiAl (cubic) and (b) ternary isotherm for the Al-Ni-Pt system at
1150°C from Gleeson et al. [34]. The solubility for Pt is high in the Ni-Al system which enables further
increases to Al2O3 formation by enhancing Al diffusion to maintain high Al content while also
increasing scale adhesion.
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The benefit of Pt is that it increases the Al2O3 TGO adhesion by suppressing the sulfur
segregation to the surface which can cause oxide layers to spall [35–38] and by directly
modifying the oxide adhesion energy to the metal surface [32]. Sulfur, present in the alloys,
tends to migrate to the surface (e.g. bond coat/TGO interface) [38–41] as this reduces the
overall system energy but also reduces the scale adhesion [42]. Pt tends to reduce this sulfur
segregation to the surface by decreasing the NiAl surface energy, and is more favorable to
segregate to the surface than sulfur [40]. A good overview of the Pt modified aluminides has
been written by Das [30]. An isotherm from Gleeson et al. [43] of the Al-Ni-Pt phase diagram
at 1150°C is provided in Figure 2.6b. At this temperature, the solubility for Pt in the β and γ′
phases is quite high (~30 – 40 at.%) while it is completely soluble with the γ-Ni phase. This
enables the β phase to incorporate large amounts of Pt to ensure optimal scale adhesion. The
current state-of-the-art generation of Pt modified aluminide bond coating also incorporate
reactive elements such as Y, Zr, and Hf which have been shown to increase oxide adhesion
and oxidation performance [32,38,44]. This is due to suppressing S migration and segregation
to the surface by reacting with the sulfur [39], reducing sulfur activity [45], and/or formation
of oxide pegs which anchor the scale to the alloy [46]. The result of this increased adhesion
and oxidation rate is evident in Figure 2.7a where the alloys have significantly better oxidation
performance when Pt or reactive elements are added, and particularly when both are added,
compared to alloys with (orange). Notably, most of the coatings in this graph are γ/γ′ coatings,
which will be discussed next.
2.1.2.3

γ/γ′ Pt Diffusion Bond Coatings
The latest class of bond coatings are the γ/γ′ diffusion coatings, as shown in Figure

2.5c. Much of the work done on this class of coatings has been carried out by Gleeson et al.
[43,47–50]. This alloy system offers superior oxidation resistance compared to β-(Pt,Ni)Al,
even with the relatively low Al contents, due to the uniform and slow growth of the α-Al2O3
TGO resulting from the high Pt content. The γ/γ′ coatings also yield a better match to the
substrate thermomechanical properties. It was first shown by Gleeson et al. [43] that additions
of Pt in the γ/γ′ system can lower the activity of Al which results in uphill diffusion of Al into
the bond coating. It was then shown that γ/γ′ alloys of various compositions including Cr and
Hf exhibited very low oxidation rates and formation of scales exclusively composed of Al2O3.
The oxidation rate of these alloys was further decreased with additional Pt content [47,48] as
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shown in Figure 2.7a blue (triangle)  red  pink.

Finally, it was shown that these

coatings/alloys outperform the oxidation resistance of Pt modified β-aluminides as shown in
Figure 2.7b comparing the red γ/γ′ to the blue β-(Pt,Ni)Al [49].

Figure 2.7. Figures from Izumi and Gleeson [47] and Mu et al. [49], respectively, showing the
oxidation of various β and γ/γ′ alloys and coatings at 1150°C in air. (a) shows the effect of reactive
element and Pt content versus a pure γ/γ′ alloy (orange) where Hf additions (green) increase adhesion
and ratio of Pt/Hf also effects the oxidation. A β-(Pt,Ni)Al coating is also shown in blue squares. (b)
Shows that the latest γ/γ′ coatings (red) can even outperform a β-(Pt,Ni)Al coating (blue) along with a
superalloy for reference (maroon). The γ/γ′ coating in (b) performs similarly to the best performing
alloy in (a).
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Aside from their very low oxidation rates, the γ/γ′ coatings also have potentially less
interdiffusion with the superalloy which prevents formation of the brittle TCP phases. These
phases plague the β-(Pt,Ni)Al and standard aluminides as there is significant interdiffusion
between the coating and the superalloy due to very large differences in chemistry [30].
Additionally, the similarity in phase/chemistry between the Pt modified γ/γ′ bond coatings and
the γ/γ′ superalloy substrates should minimize the rumpling effect which occurs in some alloys.
Indeed, unpublished nanoindentation experiments performed by the author have shown a γ/γ′
Pt diffusion coating exhibited a very similar reduced modulus (~200 GPa) compared to a MarM-247 substrate (~192 GPa). This is compared to β-(Pt,Ni)Al coatings which exhibit typically
around 180 GPa or less [51]. A summary of the bond coating phases, thermal properties, and
mechanical properties is provided in Table 2.2.
Table 2.2. Phases, thermal, and mechanical properties for the three classes of bond coatings. *Data
collected in house. **Data unavailable, based on γ/γ′ Rene N5.
Al
Elastic
Thermal Expansion
Thermal
Bond
Primary
Content
Modulus
Coefficient (ppm/°C) Conductivity
Coating
Phases
(at.%)
(GPa)
@ ~1000C
(W/m-K)
MCrAlY

γ/β

15 – 30

210 [52]

18 [53]

20 [54]

β-(Pt,Ni)Al

β

40 – 60

180 [51]

15 [51]

76 [55]

Pt-γ/γ′

γ/γ′

15 – 20

200*

15 [23]

21[56]**

2.1.3

Thermal Barrier Coating Ceramic Top Coating
The following section will discuss the ceramic top coating materials and their relevant

properties. It will start with the development and relevant crystal structure attributes of yttria
stabilized zirconia (YSZ) in section 2.1.3.1. Next, it will cover the toughening mechanisms in
the stabilized zirconia system and compare to various other ceramics in section 2.1.3.2. The
last portion of this section will discuss advanced TBC materials and their potential benefits
and drawbacks in section 2.1.3.3.
2.1.3.1

Development and Crystal Structure of YSZ
The concept of the ceramic thermal barrier coating for gas turbine engine components

was first introduced in the late 1970’s/early 1980’s by Stecura et al. [57–60] at NASA Glenn.
In these early studies, air plasma sprayed zirconia was the primary material explored with a
variety of stabilizers (Y, Ca, and Mg). It was first found that yttrium showed the best
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performance as a stabilizer [57] and later that the optimum concentration was around 6.2 – 7.9
wt.% (3.5 – 4.5 mol%) Y2O3 [59]. At concentrations above and below this threshold, the
thermal cyclic life appeared to decrease significantly as shown in Figure 2.8. It should be
noted that these APS coatings were initially identified as combinations of cubic and monoclinic
phases with some excess Y2O3 observed for the highest concentrations of stabilizer content
(17.4 and 24.4 wt.% Y2O3).

Figure 2.8. Thermal cyclic life versus Y2O3 stabilizer content in ZrO2 APS coatings on NiCrAlY bond
coated superalloy substrates. A maximum durability was observed around the 6.2 – 7 wt.% (3.5 – 4.5
mol%) range which is still today’s standard composition. Figure reproduced from [59].

It was later determined that YSZ coatings in the 6 – 8 wt.% (3.5 – 4.5 mol%) Y2O3
range exhibit a metastable tetragonal phase, now commonly referred to as t’ (t prime) [61].
This t’ phase was likely present in the APS coatings exploring the effect of Y2O3 content [59]
but was not identified at that time because it was not known to exist. Pure Zirconia has three
common polymorphs: monoclinic at room temperature (P21/c), tetragonal above 1170°C
(P42/nmc), and cubic above 2370°C (Fm3m) until melting at 2715°C. These polymorphs are
shown in Figure 2.9a-c, respectively. The monoclinic phase (Figure 2.9a) exhibits a sevenfold
coordination of Zr and two different O coordinations, threefold, and fourfold. The multiple
coordination is due to the fact that Zr4+ is too small to support eightfold coordination with
oxygen according to Pauling’s rules.

The tetragonal cell (Figure 2.9b) has eightfold

coordinated Zr atoms at the corners and body center with pairs of oxygen atoms on each face
of the cell. These oxygens are slightly displaced up or down with respect to the neighboring
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face. The extension in the z-axis and slight displacement of the oxygens satisfies an eightfold
coordination for zirconia, albeit with differing bond lengths.

Figure 2.9. Crystal structures of the common zirconia polymorphs (a) monoclinic, (b) tetragonal
(1200°C), and (c) cubic (2370°C). The monoclinic phase is ~3 – 5% larger than the tetragonal phase
and so transformation from tetragonal to monoclinic during cooling can cause stresses and even failure.

The simplest structure is the high temperature cubic phase (Figure 2.9c) which exhibits
the fluorite structure with Zr atoms at the face centered positions in eightfold coordination to
the oxygen atoms which are located at the (¼, ¼, ¼) symmetry positions and fourfold
coordinated to the Zr atoms. For simplicity, the tetragonal phase is often considered as a
fluorite cell with a slight extension in the c-axis (i.e. c/a > 1). This can be pictured by stacking
four tetragonal cells together and cutting along the diagonal of the original tetragonal cell, as
shown in Figure 2.10a-c. The degree of tetragonality therefore describes how close the
tetragonal structure is to the cubic polymorph.

Figure 2.10. The (a) tetragonal unit cell is often described in terms of a cubic cell where (b) four
tetragonal unit cells are stacked together and (c) the diagonals of the cell make the faces of a cubic cell,
slightly elongated (< 2%) in the c-axis.

The monoclinic phase has a significantly higher volume (~3 – 5%) than the tetragonal
phase due to the lower Zr coordination in the monoclinic phase. Because of this, large
thermoelastic stresses can develop upon cooling from high temperature which can
subsequently lead to failure. In comparison, the cubic to tetragonal transformation only yields
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volume changes on the order of ~1% or less which results in negligible stresses. The
deleterious volume transformation of tetragonal  monoclinic can be avoided by stabilizing
the high temperature phases of zirconia by ‘doping’ with elements which have a lower cation
valence than Zr4+ which causes the formation of charge compensating oxygen vacancies.
Additionally, the cation species are often much larger than Zr4+ and so are capable of
supporting the eightfold coordination of the tetragonal and cubic phases. For example, the
addition of Y3+ yields the following reaction in Kröger-Vink notation:
𝑍𝑟𝑂2

𝑌2 𝑂3 →

′
2𝑌𝑍𝑟
+ 3𝑂𝑂𝑥 + 𝑉𝑂∙∙

Equation 2.1

The resulting oxygen vacancies help to reduce the average coordination of the Zr4+ cations
while also shifting the lattice in the c-axis, while the larger Y3+ cations support the eightfold
coordination of the tetragonal phase. Large amounts of stabilizer can even yield a metastable
cubic phase at room temperature. The YSZ discussed herein is stabilized in a metastable t’
phase which is maintained upon cooling and therefore prevents the large compressive stresses
associated with the tetragonal to monoclinic transformation. This phase has identical structure
to the tetragonal phase (P42/nmc) with the key difference of a larger stabilizer content which
prevents the crossover of T0(t/m) line upon cooling, thereby preventing phase transformation.
Indeed, the stabilizer content in the t’ phase is high enough that, thermodynamically speaking,
it should yield a two-phase mixture of tetragonal and cubic stabilized zirconia phases.
However, since the deposition processes are non-equilibrium processes, they can quench in a
metastable tetragonal phase which simply has a larger unit cell volume than the equilibrium
tetragonal phase due to the accommodation of increased stabilizer. Further discussion on the
thermodynamics and stability of this phase will be discussed in section 2.3.1.
2.1.3.2

Toughening Mechanisms in the Stabilized Zirconia System
The stresses encountered during phase transformation can be utilized in a positive

manner via transformation toughening [62] where the tetragonal phase is stabilized at room
temperature. Upon interaction with the tensile strain field surrounding the crack tip, the
tetragonal phase transforms into the monoclinic phase and the resulting volume expansion
causes a compressive stress which unloads the crack tip. This toughening mode is not active
in YSZ thermal barrier coatings as the t’ phase is non transformable. Moreover, even a
transformable phase material would not transform since the TBC operating temperature is
above the tetragonal to monoclinic transformation temperature.

However, a separate
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mechanism was identified for the high toughness of coatings in the 6 – 8 wt.% stabilizer range
and is termed ferroelastic toughening [63–66]. Ferroelastic toughening occurs when the
tetragonal domains ‘switch’ when stressed, similar to the pole switching observed in
ferroelectric materials. When a crack travels through the material, the tetragonal distortion in
the c-axis switches to one of the a/b-axes in response to the stress concentration surrounding
the crack tip. Notably, the tensile stress from the crack must be aligned along the a/b-axis to
cause it to switch to a c-axis, however, the domains are typically polydisperse and this
directionality does not cause cracks from different directions to have different toughening. The
domain switching dissipates stress from the crack tip and therefore increases toughness in the
material. The domain switching process is analogous to the ferroelectric phenomena where
applying a coercive electric field (Ec) results in a spontaneous polarization (Ps), schematically
shown in Figure 2.11a.

Figure 2.11. (a) Schematic showing ferroelectric behavior where a spontaneous polarization (P s)
occurs after experiencing the coercive electric field (Ec) which results in the formation of a hysteresis
loop. In (b) the same behavior occurs in ferroelastic materials where a spontaneous strain (εs) occurs
after experiences a coercive stress (σs). The shaded area inside the hysteresis loop in (b) is related to
the mechanical energy dissipated by domain switching and thus the increase in toughness. In (c) the
measured coercive stress and resulting strain are shown for a 3 mol% YSZ single crystal (From Mercer
et al. [66] reproduced from Beither et al. [67]).
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In ferroelastic materials, a sufficient coercive stress (σc) is applied to yield a
spontaneous strain (εs), shown in Figure 2.11b. The area inside the hysteresis loop is
descriptive of the total mechanical energy dissipated by one cycle of the ferroelastic process.
The spontaneous strain (εs) is given in Equation 2.2:
εs = 1⁄3 (c⁄a − 1)

Equation 2.2

where (c) and (a) are the tetragonal lattice parameters and thus c/a represents the extension
along the c-axis or ‘tetragonality’ of the structure. The higher the tetragonality, the higher the
potential spontaneous strain which results in a higher contribution to toughening as shown in
Equation 2.3:
Gf = 2h ∫ σc dεs

Equation 2.3

where (Gf) is the additional contribution of ferroelastic switching to toughness and (h)
represents the process zone or volume of material outside a crack which experiences domain
switching. Coercive stresses (σc) have been reported as high as 1.65 GPa for Ce- tetragonal
zirconia polycrystal (TZP) [63] while on the order of ~0.65 GPa for 3 mol% YSZ in the t’
phase as shown in Figure 2.11c [67].
The result of ferroelastic toughening is that the t’ phase exhibits an anomalously high
fracture toughness as compared to the cubic phase, which may explain the increased thermal
cyclic durability of the 3.3 – 4.5 mol% YSZ TBC compositions from Figure 2.8. For
perspective, the fracture toughness of 4 mol% YSZ is compared to other stabilized zirconias
and common ceramics in Figure 2.12 from Mercer et al. [66]. In Figure 2.12, the magnitude
of ferroelastic toughening is shown by comparing the cubic 12 mol% YSZ (20 wt.%) in blue
to the 4 mol% YSZ (7 wt.%) in green where there is a 3x improvement of KIC from ~1 MPa√m
to ~3 MPa√m. For the same 4 mol% YSZ, transformation toughening (red data points) is able
to achieve a toughness of just under 6 MPa√m. For comparison, grey lines with fracture
toughness values for several other common ceramics have been provided in Figure 2.12. The
transformation toughening in tetragonal zirconia polycrystal (TZP) yields the highest
toughness values, however the ferroelastic toughening in 7YSZ is still comparable to Al2O3.
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Figure 2.12. Figure modified from [66] showing the effect of yttria content on fracture toughness or
zirconia materials. The benefit of ferroelastic toughening are shown when comparing 7YSZ (green)
versus fully stabilized 20YSZ (blue) where there is a 3X increase in the toughness. Transformation
toughening in TZP (red points), tetragonal zirconia polycrystal (TZP), and zirconia toughened alumina
(ZTA) (grey bar) yields the largest toughness values, however this mechanism is not available at engine
operating temperatures. The effect of ferroelastic toughening is still drastically improved compared to
a non toughening zirconia and comparable to other tough ceramics such as Al 2O3 or equiaxed Si3N4.
Elongated grain Si3N4

2.1.3.3

Thermal Conductivity in Defect Structure Materials
A general expression for thermal conductivity (k) of defect structures at high

temperatures is provided by Klemens et al. [68,69] and Callaway and Baeyer [70] where the
thermal conductivity can be described through Equation 2.4:
𝑘 = 𝑘𝑚𝑖𝑛 + 𝑘𝐷

Equation 2.4

This equation relates the thermal conductivity (k) to the minimum thermal conductivity (kmin),
which is intrinsic to the material, and to the defect contribution (kD), which is inversely
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proportional of the defect concentration. The kmin can be effectively described via Equation
2.5 [71]:
𝑘𝑚𝑖𝑛 = 0.87𝑘𝐵 (

2
1
𝑛𝜌𝑁𝐴 ⁄3 𝐸 ⁄2
)
(
)
̅
𝑀
𝜌

Equation 2.5

̅ is the
where kB is Boltzmann’s constant, n is the number of ions in the cell, ρ is the density, 𝑀
average atomic mass, NA is Avogadro’s number, and E is the Young’s Modulus. This
represents the minimum intrinsic thermal conductivity of the material where the phonon
scattering length or mean free path is approximately the size of the lattice. This occurs when
nearly all of the phonons are undergoing the Umklapp process at very high temperatures as
described by Peierls [72] and shown schematically in Figure 2.13.

Figure 2.13. Schematic showing the Umklapp process where two phonons with wave vectors k1 and
k2 interact to produce a resultant phonon Kr. The resultant phonon wave vector is outside of the first
Brillouin zone (grey box) and is mathematically equivalent to a vector translated by one reciprocal
lattice ‘G’ back into the first Brillouin zone, to yield the Umklapp vector, Ku, which is traveling in the
opposite direction, and thus reducing the phonon transport or thermal conductivity.

The Umklapp process occurs when two phonons interact (K1 and K2) and their resultant
K-space (reciprocal space) vector (Kr) is larger than the first Brillouin zone (grey box –
reciprocal space unit cell). As a matter of equivalency, the resultant K-space vector (Kr) can
be translated back into the first Brillouin zone via the addition of a reciprocal lattice vector ‘G’
to yield a new resultant vector, Ku (similar to translating points outside of the first unit cell in
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real space). This process results in a phonon that has a K-space vector in opposite direction,
and thus a reduction in the phonon transport and therefore thermal conductivity. When the
majority of the phonons have scattering lengths that are approximately the size of the unit cell,
their K vector is approximately the size of the first Brillouin zone and so any interacting
phonons will undergo the Umklapp process, and thus thermal conductivity is minimized. The
kD term from Equation 2.4 can be effectively described via Equation 2.6 [70]:
𝑘𝐷 =

𝑘𝐵 √ 𝜈 𝑠
√𝜋 3 𝛺0 𝛤𝐶𝑇

∙ tan−1 [

𝑘𝐵 𝜃
ℏ

𝛺 𝛤

√4𝜋𝜈03 𝐶𝑇 ]
𝑠

Equation 2.6

where kB is Boltzmann’s constant, νs is the velocity of sound, Ω0 is the unit cell volume, C
described anharmonic phonon-phonon scattering in defect free crystals, θ is the Debye
temperature, ℏ is Planck’s constant, and T is temperature, and finally, Γ is the phonon scattering
term related to the defect concentration, described in Equation 2.7:
𝑛

𝑀

2
2 ∑ 𝑓 (𝑀 −𝑀
𝑗 𝑗
𝑖 ̅𝑗)
̅𝑖2
𝑀

𝛤 = ∑𝑝𝑖=1 𝑛𝑖 ( 𝑀̅𝑖 )

Equation 2.7

where n is the number of atoms in the unit cell, ni is the number of atoms on the ith sublattice
̅ is the mean mass of the unit cell, 𝑀
̅𝑖 is the mean mass on the ith sublattice,
(of p total lattices), 𝑀
f is the fraction of atoms Mj on the ith sublattice. Thus, the KD term relates to the defect
contribution to the thermal conductivity. If the defect concentration or mass scattering is low
(Γ 0), then the contribution of Equation 2.6 (kD) is substantial to the overall k. As the defect
concentration or mass scattering increases, the contribution of the second term is minimized
until k ≈ kmin. Therefore, to achieve low thermal conductivity, a desirable material must
possess a low minimum instrinsic thermal conductivity (kmin) which can be approached by
adding heavy atoms in large concentrations which also modify the modulus. Equation 2.7
likely underestimates the contribution of vacancies since not only is there a mass difference,
but there is also the effect of missing bonds. This has been partially addressed by Wu et al.
[69] for the Gd2O3-ZrO2 system which can have substantial amounts of vacancies according to
Equation 2.1 (e.g. 0.5 mol% vacancy for every 1 mol% RE2O3, RE = rare earth). Wu et al.’s
calculations assume phonon transport and neglect electron transport, which is a reasonable
assumption of many ceramics at elevated temperatures. Additionally, the contribution of
radiative heat transfer begin to be important at elevated temperatures and already the subject
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of investigation for thermal barrier coatings with enhanced thermal reflection [73]. Overall,
these results suggests optimal systems must should incorporate a large amount of heavy atoms
and a low modulus, which act to minimize the kmin term. This is possible in the Zirconia system
by adding defect through the use of stabilizers.
2.1.3.4

Advanced Co-doped TBC Compositions
In recent years, the stabilizers in YSZ have been expanded to include many of the rare

earth elements [74,75]. Figure 2.14 from Zhu et al. [76] shows that the thermal conductivity
of APS zirconia TBCs tends to decrease with increasing stabilizer content with a minimum at
around 10 mol%. It was also shown that co-doping can further reduce the thermal conductivity
and that this effect is even more pronounced when using heavier rare earths. The same study
showed that when multiple rare earths are used there is a more significant reduction,
particularly when the ratio of rare earth dopants is 1:1. These effects can be understood in
terms of Equation 2.7, where the mass difference between rare earths and Zr is quite large (ΔM
= 81.8 g/mol for Yb-Zr), thus the phonon scattering term is large and thermal conductivity is
reduced.

Figure 2.14. Figure from Zhu et al. [76] showing thermal conductivity versus total dopant
concentration (mol% RE2O3) for APS TBCs composed of a variety of stabilized zirconia materials. A
clear minimum in thermal conductivity of about 0.4 W/m-K is observed around the 10 mol% region
which corresponds to a cubic phase.
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The initial reduction by switching from Y2O3 to RE2O3 (where RE is Yb, Nd, or Gd) is
due to the larger mass of the rare earths and increased phonon scattering. The further reduction
when incorporating multiple rare earths was attributed to several factors. First, by changing
the number of stabilizers from a single cation (Y3+) to multiple cations (Y3+ + Yb3+ + Nd3+)
there is more disorder and mass contrast in the lattice and thus more phonon scattering.
Secondly, it has been shown these rare earths tend to segregate into defect clusters [7] which
further inhibit phonon transport. Additionally, the defect clustering reduces the mobility of
these elements and thus reduces sintering, which therefore minimizes the increases in thermal
conductivity over time by maintaining porosity.
2.1.3.5

Advanced Rare Earth Pyrochlore TBC Compositions
Further increases in the rare earth content can eventually result in the formation of the

pyrochlore phase (RE2Zr2O7) at 33 mol% RE2O3. These materials have recently garnered a
large amount of attention in the TBC community due to their low thermal conductivities
[8,9,77] as shown in Figure 2.15 from Levi [75]. Additionally, their high temperature stability
(~2300°C for La2Zr2O7 [78]) and lower sinterability [79] are ideal for use in gas turbines with
higher turbine entry temperatures. The low thermal conductivity is due to large amounts of
̅ , a very high concentration of oxygen
the heavier rare earth cations which yield a large 𝑀
vacancies which yields a lower average number of atoms per unit volume, and high overall
defect concentration which all result in a minimization of the kmin and kd terms in Equations
2.4. The high oxygen vacancy concentrations in the pyrochlores are clear when looking at their
ordered defect fluorite structure, shown in Figure 2.16a where one eighth of oxygen sites are
vacant. Ordering in the pyrochlore structure yields three separate tetrahedrally coordinated
oxygen positions: the 8a site where the oxygen vacancies are located with four B site nearest
neighbors, the 8b site with four A site nearest neighbors, and the 48f site with two A and two
B nearest neighbors. Additional ordering occurs for the cations where the A site has eight
nearest neighbor anions forming a distorted cube and the B site has six nearest neighbors
forming a distorted octahedron. The A and B sites correspond to the larger RE3+ and smaller
Zr4+ and ions, respectively. This ordering results in very low activation energies for oxygen
diffusion; 0.8 eV for Gd2Zr2O7 [80] compared to 0.8 – 1.0 eV for 10 mol% YSZ [81] which is
used as an electrolyte in solid oxide fuel cells and is considered a ‘fast ion conductor’ [82,83].
This results in the pyrochlore compositions having very high oxygen ionic conductivity [84].
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Disorder can occur when insufficient time or temperature is available for the cations to
equilibrate to their individual sublattice positions. This results in a standard fluorite cell, as
shown in Figure 2.16b, where the cation positions are mixed and the oxygen vacancy can occur
at any position.

Figure 2.15. Thermal conductivity of various thermal barrier coatings processed by EB-PVD [75].
The rare earth pyrochlore Gd2Zr2O7 exhibits thermal conductivity much lower (1 W/m-K) than standard
7YSZ (1.8 W/m-K). It should be noted that the coatings have not been normalized in terms of porosity.

Figure 2.16. The A2Zr2O7 materials can exhibit an (a) ordered pyrochlore (one eighth of the unit cell
is given) or (b) disordered fluorite crystal structure. Figures modified from Zhao [85] and Wilde and
Catlow [86].

The A3+/B4+ radius ratio essentially determines the pyrochlore stability [87] and in the
rare earth zirconates the minimum ratio for formation of the pyrochlore phase is 1.26 [88].
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This is shown in Figure 2.17a in a plot of lattice constant versus ionic radius ratios from [88]
and further reflected by the phase diagrams from [75] shown in Figure 2.17b where the δ phase
(A4B2O12) becomes stable beyond the GdO1.5-ZrO2 system. This stability occurs in the larger
rare earths because their radii contrast is sufficiently large that separate (ordered) sites can
lower the energy with respect to a randomly mixed fluorite lattice.

Figure 2.17. (a) Plot of lattice constant vs ionic radius ratio from Yamamura et al. [88] showing
pyrochlore stability beyond ratios of 1.26. (b) Calculated phase diagrams of the rare earth zirconates
from Levi [75] where beyond Gd, the pyrochlore zirconate phase is not stable, agreeing well with (a).
Phase stabilities for the pyrochlore phases are all beyond 1500°C and up to ~2300°C for La2Zr2O7.

The size of the pyrochlore field is also enlarged as the A3+ cation gets bigger, which in
the case of the largest rare earth system (La2O3-ZrO2), leads to the pyrochlore phase being the
28

only stable intermediate phase. Another trend in the RE2Zr2O7 zirconates is the decreasing
thermal conductivity with increasing cation mass [77,89–91]. Further reductions can be
realized by doping on the A-site with multiple rare earths [92–94]. The disadvantage of the
pyrochlore phase materials are their low fracture toughness, with typical values of around 0.75
– 1 MPa√m [95–97] though some authors show higher [98]. This is significantly lower than
YSZ and thus the durability of pyrochlore coatings is poor. Table 2.3 lists a variety of thermal
and mechanical properties for several TBC materials.
Table 2.3. Thermal and mechanical properties for several TBC systems. The pyrochlores exhibit the
low thermal conductivities and high thermal stability limits attractive for next generation TBCs but
exhibit poor erosion durability due to low fracture toughness values.
CTE
(ppm/°C)
10.5
10.5
10.0

KIC
(MPa√m)
3.0
3.0
0.8

H
(GPa)
11
11
5

E
(GPa)
210
210
237

CMAS
Poor
Poor
Good

Thermal
Stability
Limit
(°C)
1200
~1300
1500

Material
7YSZ
t’ Low-k
Gd2Zr2O7

Phase
t’
t’
Pyrochlore

Thermal
Conductivity
(W/m-K)
2.2
1.8
1.2

La2Zr2O7

Pyrochlore

1.6

8.0

1.0

6

216

Good

2300

Y3Al5O12

Garnet

14.0

6.14

1.8

12

190

Good

1900

2.2

TBC Deposition Techniques
TBCs are commercially deposited primarily by two techniques: Electron Beam –

Physical Vapor Deposition (EB-PVD) and Air Plasma Spray (APS). Several derivative of
these techniques have emerged, offering a variety of improvements in the structure, deposition
efficiency, or general tailorability of the deposition process. The following sub sections will
cover general EB-PVD and APS as well as some modifications of these techniques. A
summary of some of the most important aspects of TBC deposited by EB-PVD and APS is
provided in Table 2.4. Additionally, one of the newest processes, Plasma Spray – Physical
Vapor Deposition (PS-PVD) will be covered as it was also utilized in this dissertation. Each
sub-section will provide an overview of the deposition technique, the important processing
variables, the microstructures, and the resulting properties.
2.2.1

Electron Beam – Physical Vapor Deposition (EB-PVD) of TBCs
In EB-PVD, an electron beam is used to melt and vaporize feedstock material in a high

vacuum chamber, with the process shown schematically in Figure 2.18. The feedstock material
is placed within a water cooled crucible, typically in the form of an ingot or a bed of small
pieces of raw material. Thermionic emission from a tungsten filament yields an electron beam
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of variable power that is focused onto the feedstock material and the exchange of kinetic energy
results in heating and eventually melting of the raw material. Depending on the size and type
of feedstock, the electron beam may either be focused or rastered in some shape/direction to
ensure a uniform melt. Higher voltages increase the electron velocity and thus the kinetic
energy which allows penetration through the vapor plume, while higher emission currents yield
a higher quantity of electrons. Therefore, increasing either of these variables can result in a
higher evaporation rate.
Table 2.4. Microstructural, thermal, and mechanical properties, and durability of typical YSZ coatings
deposited by EB-PVD and APS.
Deposition
Technique

In-Plane Elastic
Microstructure Modulus (GPa)

Thermal
Conductivity
(W/m-K)

EB-PVD

Columnar

10

1.45

APS

Lamellar

40

1.05

 Cyclic Life
Surface
Roughness  Erosion
(µm)
Durability
 Good
2–4
 Good
 Poor
10 – 20
 Poor

Figure 2.18. Schematic of the EB-PVD process, where an electron beam is rastered across the surface
of feedstock material contained within a water cooled crucible. The feedstock material melts, and this
melt pool evaporates in the vacuum environment and forms an expanding vapor plume which deposits
onto parts or substrates above, typically rotating for TBCs, to form a columnar microstructure.

Additional factors such as pressure and feed rate also play a role in the evaporation
rate. Typical TBC deposition pressures are on the order of 10-4 Torr (10-7 atm) which enables
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vaporization of the molten feedstock. This can be easily understood by looking at a the
equilibrium vapor pressures in the YSZ system shown in Figure 2.19 [99]. The melting
temperature of YSZ is around 2700°C which from Figure 2.19 corresponds to vapor pressures
of 10-2 – 10-1 Torr or 10-4 atm, which are at approximately three orders of magnitude higher
than the 10-4 Torr vacuum. This effectively causes the ingot melt pool to boil, resulting in high
rates of vaporization and formation of a vapor plume.

Figure 2.19. Vapor pressure of possible vapor species for YSZ from Jacobson [99]. At the melting
point of YSZ (~2700°C) the vapor pressures are on the order of 10-1 – 10-2 Torr or 10-4 atm, compared
to a chamber pressure of 10-4 Torr or 10-7 atm. This enables swift vaporization of the molten feedstock
material in the EB-PVD process.

The pressures involved in the EB-PVD process are sufficient to maintain a large mean
free path such that the evaporated species have minimal interaction and therefore result in a
line-of-sight process. This can be modified in a process called directed vapor deposition by
flowing a high volume of gas during the deposition process which entrap the vapor stream and
increase collisions [100]. The entrapment of the vapor flux within the fast flowing gas results
in higher deposition rates and increased efficiencies while the increased collisions can yield
non line-of-sight deposition. The deposition rate in the EB-PVD process generally follows a
cosine relationship described by Equation 2.8:
𝐷

𝐷(𝑟, 𝜃) = 𝑅02 cos 𝑛 𝜃

Equation 2.8

where D(r,θ) is the flux at some distance from the vapor source, R, and some angle, θ, with
respect to the normal to the vapor source, and D0 represents the base flux at θ=0. The exponent
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n in the cosine term relates to the angular dependence of the exiting vapor species and the
resulting density distribution in the vapor plume. High exponent values indicate a tight
distribution of the vapor plume into a cone shape and thus a large reduction in flux as a function
of angle. The extreme would be an exponent of infinity which would result in a vertical vapor
‘beam’. Typically, the values are low and are a function of the deposition species, evaporant
material and shape, chamber pumping and pressure, and shape of the melt pool. The flux is
important not only in terms of microstructure and efficiency, but also in terms of stoichiometry.
During the deposition of oxides, oxygen is often fed into the deposition chamber to maintain
stoichiometry in the vacuum environment. During TBC depositions this occurs from the
preheat stage onward where the oxygen flow combined ~1000°C substrate temperature results
in formation of a thin, dense α-Al2O3 scale, thus ensuring the optimal TGO is formed.
Additionally, the oxygen prevents significant deviations in stoichiometry or an oxygen
deficient zirconia.
When depositing TBCs, the substrates rotate through this vapor plume while
maintaining temperatures of ~1000°C. Local variations in coating thickness combined with
rotation through the vapor plume result in shadowing effects which yields a porous columnar
microstructure, as shown in Figure 2.20a. This morphology exhibits microstructural features
at all length scales. The large scale columnar morphology is ideal for thermal barrier coatings
as the vertical intercolumnar porosity (red circle in Figure 2.20b) enables expansion and
contraction and results in a low in-plane modulus of 10 GPa for YSZ coatings [101] compared
to bulk YSZ at 210 GPa. This stiffness increases as more columns come into contact [101]
and so changing column diameter and intercolumnar spacing can change the effective elastic
modulus. The low modulus and ability to expand and contract provides a large degree of strain
tolerance which yields good thermal cyclic durability.

The vertical orientation of the

intercolumnar pores does not provide a large reduction in the thermal conductivity, however,
the micron scale feathery pores (orange arrows in Figure 2.20b) exhibit a more horizontal
alignment and thus are more effective in reducing the thermal conductivity. Additionally, a
finer scale periodic porosity (<1 µm) is present as a result of the rotation in and out of the vapor
cloud as shown by the green markers in Figure 2.20c.

This porosity further reduces the

thermal conductivity through the bulk of the column and is aligned in chevron shaped layers
and is therefore effective in reducing the phonon transport. Other factors such as source to
32

substrate distance, rotational velocity, substrate temperature, non uniformity of the vapor
plume, as well as overall deposition rate all play a role in the resultant coating morphology,
and thus the properties and performance. Complex component/substrate geometries can yield
further variations in the shadowing, deposition rate, and overall coating thickness and
morphology.

Figure 2.20. SEM cross sectional micrographs of a TBC microstructure typical of the EB-PVD process
exhibiting (a) large scale columnar morphology, (b) multiscale porosity with intercolumnar pores (red
circle), feather pores at the periphery of columns (orange arrows) and (c) higher magnification view of
the finest scale porosity resulting from rotation (green marker). This morphology provides good strain
tolerance and low thermal conductivity.

Another factor in the morphology of EB-PVD coatings is the surface roughness of the
component and resulting surface roughness of the coating. Since the vapor process typically
results in coatings that mimic the surface upon which they are deposited, a smooth surface is
ideal to produce a low surface roughness coating that has good aerodynamic properties. The
high thermal cyclic life and erosion durability of EB-PVD coatings make then attractive for
high performance TBC applications, though the capital cost of the equipment is relatively high,
as is the cost per coating. Additionally, the need for a high vacuum chamber means they can
only coat parts of a modest size with good uniformity (perhaps 12 – 24 inches in commercial
systems). This makes them more useful for the aerospace industry, particularly military, where
performance is of utmost importance, costs are of a lesser concern, and the parts are not large.
2.2.2

Air Plasma Spray (APS) of TBCs
In the air plasma spray (APS) process, ceramic powder of the intended TBC

composition is fed into a plasma torch which melts and accelerates the material towards the
substrate, as shown schematically in Figure 2.21. The plasma is formed with inert gasses such
as Ar, He, or N and amperages of 400 – 1000 Amp for total powers of up to 60 kW. Hydrogen
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is occasionally used when a reducing environment is desired, or to alter the plasma enthalpy
and heat characteristics.

Figure 2.21. Schematic of the APS process where the feedstock material is in the form of particles
which are injected into a plasma torch operating with an inert gas (Ar/He typically, and H2
occasionally). The plasma liquefies the particles and the molten beads are accelerated towards the
substrate where they splat-cool and form a lamellar microstructure. The torch rasters across the samples
in the traverse direction to form the coating.

Upon entering the torch, the powder is melted and accelerated towards the substrate
where it splat cools to form a lamellar microstructure. This technique is performed in air and
so minimal deviations in oxygen content occur. The morphology of the coating is dictated
primarily by the torch conditions (power), standoff distance, powder morphology, and particle
size distribution. Larger standoffs tend to yield higher porosity, while higher powers tend to
increase particle melting and subsequently increase density.

Low powers can result in

unmelted particles which both reduce density and the mechanical durability in terms of erosion.
Thus, to deposit a coating of reasonable porosity without the presence of unmelted particles
requires a balance of standoff distance, plasma power, and feed rate. The particle size
distribution and morphology also play a role, as smaller particles tend to yield smaller pores
and more splat boundaries. These characteristics also effect the surface roughness, which is in
part determined by the particle size distribution and morphology, as well as standoff distance
and plasma power. The resultant high surface roughness of the APS top coating is not as
aerodynamically favorable as those of EB-PVD coatings and is therefore less ideal for rotating
components in high performance aero engines. Substrate temperatures in the APS process are
typically in the range of 100 – 250°C [102]. This is insufficient to form an α-Al2O3 scale and
so the TGO is developed natively during use, which combined with the MCrAlY bond
coatings, typically yields initial formation of a transient oxide before formation of stable αAl2O3. The use of MCrAlY coatings and subsequent formation of transient oxides combined
with only mechanical bonding between the top coating and bond coating can result in relatively
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low thermal cyclic durability. Deposition rates for APS are quite high at > 20 µm/min as
compared to around 2 – 4 µ/min for EB-PVD of rotating parts. Additionally, the deposition
efficiency is much higher for the APS process (~80%) than for EB-PVD (~10% for a rotating
component) since the vapor plume in EB-PVD deposits in all directions with the cosine
dependency described in Equation 2.8 whereas APS deposits in the molten form and thus a
controlled and direct manner where overspray accounts for the majority of lost material.
The APS deposition mode yields a vastly different microstructure than EB-PVD, which
results in large differences in thermal and mechanical properties, performance, and thus
durability. A typical APS microstructure is shown in Figure 2.22 where the molten droplets
splat cool to form a lamellar microstructure containing features at a variety of length scales.
Overall, the process yields a large scale lamellar morphology and large pores as seen in Figure
2.22b (red circle). These features are comparable in scale to the columns and intercolumnar
pores in EB-PVD. In APS, smaller scale pores form at splat boundaries (orange arrows in
Figure 2.22b), and are comparable to the feathery pores in EB-PVD. These splat boundaries
are aligned relatively parallel to the substrate as the molten droplets “splat” horizontally and
subsequently solidify.

Figure 2.22. SEM cross sectional micrographs of a TBC microstructure typical of the APS process
exhibiting (a) large scale porous lamellar morphology and (b) various feature sizes such as large scale
pores (red circle), smaller scale splat boundaries which are relatively horizontally aligned (orange), and
the fine scale microcracking (inset, green arrows). The microcracks in the APS coating effectively
reduce the modulus, while the horizontal splat boundaries reduce the thermal conductivity.

The finest scale features are the microcracks which form during the rapid solidification
as shown by the green arrows in the inset of Figure 2.22b. The microcracks therefore tend to
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form in the direction of cooling, i.e. perpendicular to the surface. As the splat undulates, so
will the direction of the microcracks. The large scale spherical pores and predominantly
horizontal porosity at the splat boundaries results in less of an effect on the in-plane modulus
compared to the intercolumnar pores of EB-PVD. For example, the splat-like lamellar
structure of APS coatings results in an in-plane elastic modulus that is typically higher than
EB-PVD (10 GPa) at around 40 GPa [103], though this value strongly correlates to the porosity
[104]. The anisotropy is apparent when considering that the porosities in APS coatings
generally range from 10 – 20% whereas in EB-PVD they are often lower at 5 – 15%, yet APS
coatings have higher in plane moduli since the horizontally aligned pores have a smaller
reduction in the modulus. The presence of microcracks like those shown in Figure 2.22b can
reduce the modulus in APS coatings since they are often at least partially aligned vertically,
though they can also serve as stress concentrators which negates the effect of the lower
modulus. The higher modulus in APS coatings results in more stress buildup, which, when
combined with the lower adhesion and formation of transient oxides during operation,
generally results in poor cyclic durability and reliability for APS coatings compared to EBPVD. Sintering effectively changes the microstructural features by reducing or eliminating
pores and cracks, and therefore results in an increased in-plane modulus for both types of
coatings as a function of time at temperature. This is one of the factors in determining thermal
cyclic durability. The anisotropy of the porosity in APS coatings also plays a role in the
thermal conduction. The horizontal porosity at the splat boundaries very effectively reduces
the thermal conductivity of the APS coatings compared to the less effective vertical inter
columnar porosity in EB-PVD coatings. The result is that APS coatings tend to have lower
thermal conductivities. For example, a YSZ APS coating has a thermal conductivity of 1.05
W/m-K [105], whereas a YSZ EB-PVD coating has a thermal conductivity of 1.45 W/m-K
[106] (both with similar overall porosities). Surface roughness is also quite different between
EB-PVD (1 – 4 µm) and APS (10 – 20 µm). The surface roughness is an important
consideration for the aerodynamics and a small increase in surface roughness can have result
in a large loss of efficiency [107]. Lastly, the microstructures result in very different erosion
behavior, where EB-PVD TBCs typically exhibit erosion rates an order of magnitude lower
than APS [108]. This will be discussed in greater detail in Section 2.3.3.3. It should be noted
that it was generally thought that the reproducibility of APS was poor, though this has changed
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in recent years due to greater microstructural control and repeatability [109]. Derivatives of
APS have been developed, such as solution precursor plasma spray [110,111], and generally
involve the formation of vertical cracks which can improve the thermal cyclic durability by
lowering in-plane modulus and alleviating stress buildup. Additionally, the dense vertically
cracked coatings are generally denser than typical APS coatings which can also provide
benefits in terms of erosion. In comparison, thermal conductivity can suffer due to the high
density, and thus there is the classic tradeoff of better durability at the expense of thermal
conductivity.
Overall, each deposition method offers its’ unique combination of properties and
therefore has individual benefits and drawbacks. Capital cost is much lower for typical APS
systems and the cost per coating is also relatively low due to the higher deposition efficiency.
Additionally, the open air environment for APS results in the ability to coat large components.
Therefore, the low costs combined with the ability to deposit on large components makes this
process ideal for industrial scale power generation turbine components where thermal cycling
is less of a concern. Due to the rigorous nature of aero-engines where flight durations are
relatively short and the engines cycle to temperature rapidly and frequently, the improved
durability of EB-PVD coatings is preferred on moving components such as blades and vanes.
In stationary components such as combustors, shrouds, and stationary vanes where the
conditions are less demanding, the more cost effective APS is often preferred.
2.2.3

Plasma Spray – Physical Vapor Deposition (PS-PVD) of TBCs
Plasma Spray – Physical Vapor Deposition (PS-PVD) is a relatively new technique

representing a hybrid between APS and EB-PVD processes [13,112–117]. This process is
shown schematically in Figure 2.23 and functions similarly to APS in that a powder feedstock
is injected into a plasma torch operating with inert gases. However, the torch and substrates
are contained within a vacuum chamber that operates at pressure of 0.1 – 1 Torr (1E-4 – 1E-3
atm). The vacuum environment enables vaporization of the molten droplet, similar to the
vaporization of the melt pool in the EB-PVD vacuum environment. In the case of PS-PVD,
the 1 Torr operating pressure is higher pressure than that in EB-PVD, however, the plasma
temperatures are on the order of 7,000 – 12,000 K which can yield very high temperatures for
the molten droplets, and even direct vaporization of small particles, which compensates for the
high processing pressure. From the equilibrium vapor pressure diagram for YSZ in Figure
37

2.19, a droplet temperature of over 3000 K would yield equilibrium vapor pressures of 10-2
atm or ~10+ Torr which is an order of magnitude higher than the 1 Torr (or less) operating
pressures in PS-PVD. In some instances where the particle size is one µm or less, the exchange
of heat from the plasma to the particle is sufficient to directly vaporize the particle without the
consideration of the equilibrium vapor pressure compared to processing pressure (i.e. the
vacuum effect) [115]. Thus, smaller particles are expected to be directly vaporized by the
plasma while larger particles will vaporize by both direct vaporization as well as the vacuum
effect on the remaining molten droplet.

Figure 2.23. Schematic of the PS-PVD process where the feedstock material is in the form of particles
which are injected into a plasma torch operating with an inert gas (Ar/He typically, and H 2
occasionally). The plasma torch operates in a vacuum chamber while enables vaporization of the
molten feedstock. The vapor/ions are accelerated towards the substrate where they deposit from the
vapor phase to form columnar type microstructure.

Since the plasma gas travels at exit theoretical velocities of 700+ m/s, the time for
vaporization via the vacuum effect is relatively small (0.001 s for a 1.5 m standoff for example)
and thus larger particles will not have sufficient time to fully vaporize. The direct vaporization
of the particles is controlled by the transferred enthalpy of the plasma to the particle with
respect to the combined enthalpy of heating, melting, phase change, and vaporization of the
particle. Therefore, the controllable factors are those of the transferred enthalpy of the plasma,
which is essentially dictated by the gas composition, amperage/voltage, and plasma gas
pressure (and thus chamber pressure), with the specific contributions described by Mauer [116]
and Chen and He [118]. For the vacuum effect, the important parameter is the pressure as well
as the temperature of the molten droplet, again controlled by the enthalpy of the plasma.
The vaporization of the feedstock material via a plasma source results in the ability to
deposit a variety of different microstructures which range from standard APS splat-like
lamellar structures, to mixed splat-vapor, to pseudo-columnar microstructures, and fully
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columnar microstructures such as in EB-PVD. The various microstructures are dependent
upon the degree of vaporization and deposition mode and are provided in Figure 2.24a-d.

Figure 2.24. SEM cross sectional micrograph of PS-PVD coatings exhibiting various microstructures
with (a) splat-like lamellar, (b) mixed, (c) pseudo-columnar, and (d) full columnar. Vaporizing the
feedstock material can yield the pseudo-columnar structure via vapor/cluster deposition, while the fully
columnar structure results from only vapor deposition. Mixed deposition occurs when the particles are
not fully vaporized. Images modified from Mauer et al. [13,115].

The APS splat-like microstructure in Figure 2.24a results when the degree of
vaporization is low, i.e. a low power plasma generally less than about 65 kW. When sufficient
power is available to yield vaporization, mixed mode deposition of splat and vapor can occur
such as in Figure 2.24b. The darker regions shown in Figure 2.24b are formed by vapor phase
deposition and are porous whereas the lighter colored regions are splat-like dense regions.
When the powders are fully vaporized, a pseudo-columnar microstructure is formed such as
that in Figure 2.24c. This structure is formed by a combination of cluster and vapor deposition,
where clusters represent nm range clusters of vapor molecules which deposit and have very
low mobility. Further increase in the temperatures and plasma torch energies results in
maximal vaporization and fully columnar feathery structures reminiscent of EB-PVD as in
Figure 2.24d. For the lamellar and fully columnar microstructures, the behaviors are expected
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to follow similar trends as in APS and EB-PVD, respectfully. The mixed mode deposition
generally yields very poor thermal cyclic durability and is therefore not a candidate structure
for TBCs [13]. The poor performance is attributed to the vapor regions which act as initial
fracture paths between the splats. The pseudo-columnar structures yield much better cyclic
lives suggesting this may be a relevant system for TBCs [117]. The thermal conductivity of
these structures are around 1.2 – 1.4 W/m-K for YSZ which is similar to that of EB-PVD YSZ
[116]. Additionally, the erosion rate for these structures appears to be quite low, comparative
to EB-PVD [116,119]. The erosion mechanisms appear similar for both EB-PVD and PS-PVD
of comparable microstructure, with compaction of the surface and resultant densification and
cracking. With the promising thermal cyclic lives, reasonable thermal conductivity and good
erosion performance, this technique presents an alternate to traditional APS and EB-PVD
processing routes. The efficiency is likely between that of EB-PVD and APS, and thus the
processing cost is likely between the two major techniques (though capital cost is more
comparable to APS). Benefits of this technique over EB-PVD are a lower capital cost and
processing costs and potential ability to deposit on large components, with the drawback of a
higher surface roughness. Benefits of this technique over APS are significant enhancement of
the erosion durability at a slightly higher cost point, with the drawback of potentially higher
thermal conductivity.
2.3

Degradation Mechanisms
This section will discuss the various degradation mechanisms that TBCs commonly

encounter. Phase destabilization of YSZ will be the first mechanism discussed, as this is one
of the primary driving forces for the development of new TBC materials. The next mechanism
will be TGO growth and the resulting TBC delamination due to stress buildup. The following
sub section will cover bond coating rumpling, which also results in TBC delamination.
Finally, the erosion of TBCs will be discussed in detail as this is the motivation for this
dissertation.
2.3.1

Phase Destabilization
The impetus for investigation of new TBC materials and deposition techniques is the

destabilization of state-of-the-art YSZ thermal barrier coatings after experiencing elevated
temperatures (>1200°C) for prolonged periods. When YSZ is operating at temperatures
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beyond 1200°C, the metastable t’ phase eventually equilibrates into the equilibrium tetragonal
and cubic phases. Figure 2.25 from Krogstad et al. [4] shows the YO1.5-ZrO2 phase diagram
with the standard t’ composition given as a circle in the two-phase field. Eventually, given
sufficient time and temperature, the t’ phase will decompose into equilibrium tetragonal (t) and
cubic (c) phases, shown by the tie line in Figure 2.25. At high temperatures such as 1500°C
in this example, the t’ phase can begin destabilizing quite quickly. Upon cooling, the
equilibrium phases cross their respective T0 lines which represent the temperature at which the
Gibb’s energy is equivalent for two phases. After crossing this line, the higher temperature
phase can transform into the low temperature phase. This is particularly relevant for the
tetragonal phase which undergoes a martensitic transformation into the monoclinic phase and
results in a 3 – 5% volume change. This expansion is sufficiently large to cause failure in the
material due to high stresses.

Figure 2.25. YO1.5-ZrO2 phase diagram from Krogstad et al. [4] showing the monoclinic, tetragonal,
and cubic phase fields. The standard t’ phase is marked with a circle and the resulting decomposition
into tetragonal and cubic phases is given by the tie line. Upon cooling, the tetragonal phase crosses the
T0(t/m) line and undergoes a martensitic transformation into monoclinic resulting in a 3 – 5% volume
change resulting in failure of the coatings.
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The mechanism of this phase transformation has been discussed in great detail by
Krogstad et al. [4] who suggest the initial transformation from the t’ phase happens quite
quickly. This observation was made from TEM micrographs which showed regions of high
and low yttria content after only 0.26 hours at 1482°C. It is for this reason that new materials
and coatings must be developed which are phase stable at temperatures beyond 1200°C.
2.3.2

Thermally Grown Oxide Interaction
Another factor in TBC adhesion is the interaction of the top coating with the TGO

layer. For the ZrO2-Al2O3 system, there are no intermediate phases and the solubility of each
phase into the other at 1000°C is quite low (~1%) [120]. This is reflected in the phase diagram
shown in Figure 2.26a from Zhou et al. [121] where nearly the entire region from ZrO2 to
Al2O3 is a two phase region. The low solubility and lack of intermediate phases ensures these
materials are stable when in contact. Indeed, zirconia toughened alumina ceramics have been
used for a variety of applications with a large focus in the biomedical field for orthopedics and
joints prostheses [122–124]. This is a field where phase stability and mechanical properties
are of utmost importance when implants are designed to last over 30 – 40 years in the human
body. As materials are considered for replacement of YSZ TBCs, so too must we consider
their interactions with the TGO. The most heavily researched class of replacement materials
are the rare earth zirconate pyrochlores. A study on the ZrO2-GdO1.5-AlO1.5 system was
performed by Leckie at al. [125] and it was shown that the pyrochlore phase can react with
alumina to form what appeared to be a perovskite. A ternary diagram from their work is shown
in Figure 2.26b and it is clear that the pyrochlore phase can react with Al2O3 to form a GdAlO3
perovskite (GAP) phase.
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Figure 2.26. Phase diagram for (a) the Al2O3-ZrO2 system from Zhoue et al. [121] and (b) the Al2O3ZrO2-Gd2O3 system from Leckie et al. [125]. From (a) it is clear that ZrO2 and Al2O3 from no
intermediate phases and are highly stable together even at elevated temperatures. In the ternary diagram
in (b), the pyrochlore phase can react with Al2O3 to form a perovskite (GdAlO3).

To confirm this occurrence, they deposited a Gd2Zr2O7 coating on a sapphire substrate.
The coating and substrate reacted to form GdAlO3, as shown in Figure 2.27. From Figure
2.27b-c, the GAP reaction layer is highly porous due in part to the higher density of the GAP
phase (7.44 g/cm3) with respect to Al2O3 (3.99 g/cm3). However, this reaction was estimated
to result in ~9% volume change whereas the porosity was estimated around 30%. It was
suggested that the remaining porosity could be due to densification and coarsening of the
intercolumnar porosity at the base of the TBC (evident in Figure 2.27b with white arrows)
and/or a Kirkendall effect if the diffusional fluxes of Al and Gd are unequal. Another
possibility not considered by the authors could be that there are strain related effects due to the
volume change upon transformation. This may favor formation of porosity at the interface as
it reduces strain energy. Regardless of the mechanism, the end result is a porous interface upon
which the GZO layer adheres. This porous layer is a weak interface which can enhance
spallation and decrease coating lifetimes. Avoidance of this weak interface is therefore
important and so discussion has focused on the stability limits.
A similar interaction was observed for Sm2Zr2O7 where formation of a SmAlO3 phase
was observed at the TGO interface [126]. It was determined that the formation of the porous
layer was linked to a compatibility limit, X*, whereupon doping beyond this limit will enable
reaction with the TGO [125]. For the ZrO2-GdO1.5 system, this limit is 31.5% GdO1.5 as
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determined by electron probe microanalysis (EPMA) [125]. This is in effect the boundary of
the pyrochlore and fluorite phase field. It is then suggested that this boundary could therefore
limit the adoption of all RE2Zr2O7 type top coating, though the boundary itself would vary.
For instance, in the ZrO2-Nd2O3-Al2O3 system, the fluorite phase can be in equilibrium with
Al2O3, the β Nd2O3⋅11Al2O3 phase, or the NdAlO3 phase over a small (~5 mol%) Nd2O3 range
[127]. Similar behavior is shown in the ZrO2-La2O3-Al2O3 system where the tetragonal phase
can be in equilibrium with Al2O3, the β La2O3⋅11Al2O3 phase, or the LaAlO3 phase over a ~2
mol% La2O3 range [128]. These systems are shown in Figure 2.28a-b, respectively.

Figure 2.27. SEM micrographs from Leckie et al. [125] showing the reaction between Gd2Zr2O7 and
Al2O3 (sapphire) with (a) showing the as deposited interface, (b) showing the interface after 100 h at
1200°C, and (c) showing a spalled portion of the sample where the delamination occurred above the
interaction zone. The white arrows in (b) show what appears to be coarsening of pores under a dense
region at the base of the TBCs.

Figure 2.28. Thermodynamic assessment of the (a) ZrO2-Al2O3-Nd2O3 system from Fabrichnaya and
Seifert [127] and (b) ZrO2-Al2O3-La2O3 from Lakiza and Lopato [128]. The X* arrows mark the
approximate compatibility limit whereupon further increases in RE content will enable reaction with
an Al2O3 TGO scale. These compatibility limits are both different and much smaller than in the ZrO2Al2O3-Gd2O3 system.
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It should be noted therefore, that the value of X* would be lower in the La- and Nd
ZrO2-Al2O3 systems due in part to the presence of the β phase. This is shown by the red arrows
marking the approximate X* composition (~16 mol% Nd2O3 and ~2 mol% La2O3). For the
ZrO2-Gd2O3-Al2O3, the Gd3+ ion is too small to form the β phase, and thus the pyrochlore only
exhibits a two phase region with the GAP phase. Though the larger rare earth systems may
have a lower X* compatibility limit than GZO, they may not form the porous layer observed
for GZO since they result in the formation of the β phase when reacting with Al2O3 and this
phase would likely not yield a volume reduction. To prevent formation of this layer, Leckie et
al. [125] have suggested using YSZ as a diffusion barrier due to its stability with Al2O3. Due
to thermal gradients present during use, the YSZ in this region would be at relatively low
temperatures (1000 – 1100°C) and so should not experience phase destabilization. It has since
been shown that the utilization of a double layer structure results in dramatic increases on the
lifetime of GZO coatings [11,126,129,130]. The actual interface between the Al2O3 TGO and
the GZO layer is often not investigated and thus may not necessarily be the cause of the low
cyclic lives, as it is typically attributed to the poor fracture toughness of GZO. It is well known
that porosity has a large effect on cyclic lives, and this was shown to be particularly relevant
for the low toughness GZO system [104].
2.3.3

Erosion Mechanism and Effect of Erodent Conditions
The erosion resistance of YSZ coatings deposited by EB-PVD and APS were

characterized in a series of studies [131–133] and showed that EB-PVD coatings were far
superior in erosion performance (Figure 2.29). The studies by Nicholls et al. [132,133] were
quite extensive and investigated the effects of: media type (silica and alumina), particle size
(100 µm alumina, 60 µm silica), angle of impingement (17.5° to 90°), room temperature and
high temperature (910 °C) behavior, erodent velocity (170 – 300 m/s), and coating thickness
on both EB-PVD and APS coatings. In all cases, the erosion rate of EB-PVD YSZ coatings
were approximately an order of magnitude lower than that of APS YSZ coatings. The erosion
mechanisms were briefly reviewed and it was determined that in EB-PVD coatings, the
cracking occurs near the surface at the tips of the columns while for APS, the splat boundaries
tend to crack. This leads to small pieces of column tips (~5 – 10 µm) being removed in EBPVD while whole splats (10 – 50 µm) can be removed in APS, and hence the larger erosion
rates for APS. The erosion mechanism was further discussed for EB-PVD coatings by
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Wellman and Nicholls in [134]. They observed that the cracks all formed perpendicular to the
growth direction and that they did not appear to propagate into neighboring columns. Most of
the cracks (80%) formed in the top 20 µm of the coating, however, there was no relationship
between crack depth and column width. They suggested that this could mean fracture is
independent of column diameter and is caused by tensile stresses. Additionally, it was
determined that there is a damage accumulation mechanism where material is not removed
until several neighboring columns have fractured. This is due to the damage column being
held in place by neighboring columns which are still intact/firmly attached. Two mechanisms
are suggested for the fracture of columns. The first occurs when the particle impacts the center
of the column and cracks then form in the center of the column in a median-lateral cracking
mechanism (similar to indentation). This is responsible for a majority of the sub surface
cracking. The deeper cracks appeared to be nucleated by the feathery or dendritic porosity at
the edge of the columns.

The authors suggested the region between the dendrites could

effectively act as a notch and would therefore cause an increase in the stress intensity.

Figure 2.29. Log-scale plot of the erosion rates of bulk YSZ, APS YSZ, EB-PVD YSZ, and an
MCrAlY bond coating showing the reduction in erosion performance of coatings compared to bulk and
the clear benefit of the EB-PVD structure over APS. 100 µm alumina, was used at 90° impingement
and velocities of 140 m/s (room temp.) and 230 m/s (910°C). Figure from Nicholls et al. [133].

For both EB-PVD and APS, silica was shown to yield lower erosion rates than alumina
on account of its lower hardness and the particle size showed only a small effect beyond 40
µm. Particles below 40 µm likely yielded lower erosion rates due to their lower kinetic energy.
The erosion rates were maximized at 90° impingements and slowly decreased until around
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~40° – 50° where there was a relatively sharp drop in erosion rate for both EB-PVD and APS.
They found a linear relationship between particle velocity and erosion rate while increasing
temperature provided a modest increase to erosion rate. Additionally, it was found that the
erosion rate had minimal change with thickness of the EB-PVD TBC even though the columns
presumably change slightly as a function of thickness. This suggests that erosion is not
sensitive to the minute changes in morphology as a function of growth, though this could have
been a factor of the particle size (100 µm Al2O3) which is much greater than the column size
and thus the relative number of columns impacted, and therefore damage, is essentially
unchanged. The normalized erosion rate as a function of impingement angle (i.e. erosion rate
at some angle θ/erosion rate at 90°) was the same for both APS and EB-PVD coatings. This
is shown in Figure 2.30 and suggests that the relationship between the erosion and
impingement angle is not dependent upon the coating morphology, test temperature, or particle
size/velocity.

Figure 2.30. Figure from Nicholls et al. [133] showing the angular dependence of erosion. The y-axis
is a normalized erosion rate – (Erosion rate at some angle θ)/(Erosion rate at 90°) – and enables
comparison of both EB-PVD and APS data to show they have nearly identical behavior and thus the
angular dependence on erosion is not related to morphology (or particle size and composition).

Since the materials tested are ceramics which fail elastically (e.g. minimal plastic
deformation), the energy transferred is likely the determinant factor, and this varies as a
function of sin(θ) where θ is the impact angle measured from the surface (i.e. 90° is normal to
the surface and transfers the maximal amount of energy). Indeed, choosing impact angles of
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30°, 40° and 60°, yields sin(θ) terms of 0.5, 0.64, and 0.87, all of which agree reasonably well
with the data in Figure 2.30. Further investigation resulted in the determination of three distinct
damage regimes, named Mode I, Mode II, and Mode III, essentially determined by the kinetic
energy of the impacting particle and the general damage mechanism observed in the coating
[135,136]. Figure 2.31 from Wellman et al. [136] shows the limits of these regimes in terms
of particle velocity and size. Mode I is described by the lateral cracking previously discussed
for the EB-PVD TBCs, while Mode II is characterized by plastic deformation at the surface of
the sample but with an absence of the lateral cracking of Mode I. Mode III occurs for the
highest velocities or particle sizes (i.e. highest energies) and is termed Foreign Object Damage.
It should be noted that this definition has been recognized by the FAA as ‘Foreign Object
Debris’ (FOD) and damage from these debris is called FOD damage [137]. FOD damage is
characterized by large scale cracking and plastic deformation of the coating, often times
leading to kink or shear band formation. This type of damage can range from local coating
spallation due to large (1 mm) particles to severe damage not only on a coating level, but on a
component level (i.e. ingestion of a screwdriver from the tarmac or a bird in-flight). The lower
energy (smaller particle) damage types are much more common and manageable and thus more
pertinent for investigation.

Figure 2.31. Figure from [135] showing the three distinct erosion regimes. Mode I is the lateral
cracking which typically occurs in EB-PVD TBCs during erosion. Mode II occurs during higher
energies and is characterized by plastic deformation at the surface of the coating while Mode III is for
the highest energy impacts and exhibits gross plastic deformation and cracking.
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2.3.3.1

Effect of Coating Morphology and Aging
One of the first studies involving erosion of TBCs was performed by Davis et al. [138]

on APS YSZ coatings and investigated the effect of processing parameters on erosion rates.
They used silica media (63 – 100 µm) at relatively low velocities (30 m/s). It was shown that
erosion rates were lower at 30° impingement than at 90° and that coatings with higher hardness
had much lower erosion rates. Additionally, surface roughness was shown to play an important
role in the initial erosion rates [138]. It was found that the erosion rates increased with aging
for EB-PVD coatings. Temperature and time at temperature were found to have a deleterious
effect on the erosion performance which was suggested to be caused by changes in porosity
[136].

Interestingly, the hardness increased for these coatings with aging, suggesting

increasing hardness may increase erosion rate. More likely, is that the hardness increased due
to a reduction in porosity and change in morphology, and that this is likely the reason for the
increased erosion rate. The effect of aging on column sintering and coating mechanical
properties was further investigated in another study by Wellman et al. [139] and it was
confirmed that aging indeed reduces porosity and increases hardness. The mechanism of
increased erosion rate with aging in EB-PVD samples is therefore attributed to the sintering of
columns where multiple columns sinter together and when the columns crack, larger volumes
of material can be removed [140]. The importance of coating morphology resulted in further
investigation of coating growth angles and column diameters. The growth angle of column
inclination was investigated by Wellman et al. [135,136] and it was found that columns which
exhibited inclined growth (growth not normal to the substrate) exhibited higher erosion rates
that increased as the angle from the normal increased. This is shown in Figure 2.32a-b and
was attributed to the inclined columns being able to more easily bend and thus break much
further down the column [135].
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Figure 2.32. Figures from Wellman et al. [135] showing the effect of TBC growth angle (inclination)
on erosion rate where higher rates occur for columns which grow at an angle from the substrate with
(a) showing the full 0 – 90° range and (b) showing the 30 – 90° range.

2.3.3.2

Analytical and Computational Erosion Analysis
Since erosion is a complicated phenomenon, it is often difficult to experimentally

determine the effect of a single variable as other variables are often related. Things such as
column width, intercolumnar gaps and modulus are all important morphological considerations
and all dependent upon each other. Therefore, analytical and computational simulation
techniques offer a unique ability to investigate these individual effects. The basis of many of
these models relies on elastic-plastic interfaces and classic Griffith fracture mechanics. A
simple model of erosion in bulk materials was put forth by Aquaro and Fontani [141] in
Equation 2.9:
21/10 11/3 21/10 −4/3 −1/4
R p ρp
K C,c HC

V ∝ wp

Equation 2.9

where V is the volume of material removed (synonymous with erosion rate), wp is the particle
velocity, Rp is the radius of the particle, ρp is the density of the particle, KC,c is the fracture
toughness of coating and Hc is the hardness of the coating.

This equation effectively
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determines the volume of material lost when cone cracking occurs beneath a spherical impact.
Importantly, and perhaps intuitively, the volume loss inversely scales with the hardness (H-1/4)
and the fracture toughness (KIC-4/3) suggesting that increasing these parameters would yield
lower erosion rates and that fracture toughness has a larger effect. The fracture toughness
largely dictates if fracture will occur while the hardness is a primary factor in determining the
depth at which cracking occurs. The hardness relates to the depth of the crack in that the
cracking takes place at the elastic-plastic interface [142], and thus for harder materials, this
depth is less, and therefore the volume loss is smaller. The mechanical interaction during
erosion of TBCs was investigated extensively by Chen et al. [143–145] with a series of
analytical and computational modeling techniques. The various erosion modes were simulated
with the Mode I erosion response being related to the fracture toughness/energy release rate
and inversely proportional to the Young’s modulus (E-3/5). Therefore higher toughness and
lower modulus lead to enhanced erosion performance.

Other key properties were the

intercolumnar friction which relates to the amount of friction between the columns (i.e.
difficulty in removing failed portions of the column tips) as well as the presence of a densified
layer (and its thickness) at the top of the coating. The impact of a variety of properties (kinetic
energy, yield strain, toughness, Young’s modulus) were investigated analytically by Evans et
al. [146] and it was suggested that the most important parameter in erosion of TBCs is the
fracture toughness, agreeing well with Equation 2.14. The yield strength and modulus were
shown to also be important, though to a lesser agree. The results of Evans et al. [146] also
suggest that softer coatings (lower modulus) exhibit improved erosion resistance at elevated
temperature. This is in contrast to the model put forth by Aquaro and Fontani [141] in Equation
2.14 where decreasing hardness increases the erosion rate. Aquaro and Fontani’s model only
investigated the full elastic brittle failure while the plastic deformation is important at elevated
temperature which explains the discrepancy.
A combination of analytical and finite element methods were used to investigate the
TBC erosion damage modes by Fleck and Zisis [147] where they reached the conclusion that
the indentation response is not heavily dependent upon the intercolumnar gap thickness but
rather to the ratio of the column diameter versus impacting sphere diameter. Indentation can
be used to simulate the impact of an ideal spherical particle and thus can ‘impact’ with welldefined forces and locations. Additionally, the early experimental results of Wellman and
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Nicholls [134] suggest that column width does not play a role in the crack depth can be
understood in terms of Fleck and Zisis [147] where the column width determines how many
columns fail, while the hardness determines the depth at which the columns crack. This agrees
well with the other models, as larger particles (with the same velocity) will have higher energy
and thus increased erosive wear. Another study from the same authors utilized a Monte Carlo
simulation of the erosion phenomena to investigate the effect of column diameter [148]. Here,
it was found that increasing column diameter increased the erosion rate due to larger amount
of material being removed per column fracture. This is reflected in Figure 2.33 where the
erosion rate increases by an order of magnitude when going from a column radius of ~3 µm to
~16 µm. Importantly, the authors made a distinction that the increase in erosion rate with
column size would likely stop as the columns become large enough the cracks would not
propagate across the entire column. The work of Wellman, Nicholls and coworkers is largely
summed in a review on erosion in [108]. It is important to note that many of these models
were performed in the early 2000’s when computational costs were relatively high and thus
the model structures were relatively simple rectangular columns. To the authors’ knowledge,
there are no models which have actively explored the effects of a realistic TBC microstructure.

Figure 2.33. The effect of column radius on erosion rate was simulated and it was found that larger
columns would yield higher erosion rate due to larger material removal per fracture (Figure from
Wellman and Nicholls [148]).

2.3.3.3

Erosion of Advanced Coating Compositions and Architectures
The erosion response of various novel TBC materials and microstructures have been

reported in the literature [149,150]. The effects of microstructure, density (i.e. porosity) and
rare earth modification were evaluated for EB-PVD zirconia-based TBCs at both room
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temperature and 850°C by Wellman et al. [149]. These results are provided in Figure 2.34 and
were also compared to the minimum and maximum of the erosion profile around a
commercially coated turbine blade. It is clear that the erosion rate significantly increases when
the coatings exhibit a cubic phase. In the case of t’ phase coatings, lowering the density appears
to increase the erosion rate while in the case of the cubic coatings, the inverse is true. The
reduction in the erosion rate for the lower density cubic phase coating is at first
counterintuitive, however, the authors attributed it to increased plastic deformation which
reduces the energy for fracture. Notably, even the highest EB-PVD erosion rates are still
significantly better than a standard APS coating.
The effect of RE additions on the erosion rate of YSZ were also explored by
Steenbakker et al. [150] where it was shown that 2% mol Gd2O3 additions produced an increase
in the erosion rate. The erosion mechanism appeared to change to a step by step cracking at
specific depths and layer removal which the authors suggested was the primary factor for the
increased erosion rate. This certainly has an effect, however, they did not consider the effect
of the Gd2O3 radius, nor the overall stabilizer content. The radius of Gd3+ is significantly larger
than that of Y3+ and thus the tetragonality was probably decreased, especially considering the
higher overall RE stabilizer for the Gd2O3 doped specimen (6 mol%). This likely resulted in a
significant reduction in the c/a ratio which would reduce the ferroelastic toughening response
of the material. Nonetheless, it is clear that the addition of rare earths can evoke complex and
often deleterious behavior in the erosion response of TBCs.
The low durability of the APS coatings is exemplified in their low cyclic lives and poor
erosion performance. This has led to the exploration of modified APS processes to increase
their durability. The segmented or Dense Vertically Cracked (DVC) APS coatings have shown
improved erosion durability [108]. This was further supported by Cernuschi et al. [119] where
the segmented APS coating had an erosion rate only slightly higher than EB-PVD, while a
‘highly segmented’ APS coating actually exhibited slightly lower erosion rates than EB-PVD.
Additionally, and perhaps most interestingly, the PS-PVD process was shown to have very low
erosion rates, even when compared to EB-PVD [119]. These results are shown in Figure 2.35
for both 90° and 30° erosion impingement. Similar results for the PS-PVD erosion rate were
also shown by other researchers [151,152]. The mechanism for PS-PVD was suggested to be
the same as EB-PVD, however these two groups are essentially the only groups studying the
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erosion phenomenon for PS-PVD coatings and significant work is still required to fully
understand the erosion mechanism.

Figure 2.34. Figure from Wellman et al. [149] showing the room temperature (purple) and 850°C
(maroon) erosion rate for a variety of coating structures and materials. The effect of the cubic phase is
evident in the much higher erosion rates. Importantly, even the highly doped cubic phase EB-PVD
rates are less than APS YSZ rates on the right. t’ = metastable tetragonal phase, c = cubic phase

Figure 2.35. Figure from Cernuschi et al. [119] showing the erosion rate of standard APS and EBPVD coatings, as well as novel microstructure from PS-PVD and segmented APS. The vertical cracks
in the segmented APS coating significantly improve their erosion rate, and increased vertical crack
density results in an increased reduction. The PS-PVD type structure also shows an improvement in
erosion resistance, even when compared to standard EB-PVD.

54

Chapter 3

Experimental Procedure

This chapter discusses the experimental procedure and methodology used throughout
this dissertation. The first section (3.1) provides an overview of the APS, EB-PVD, and PSPVD deposition procedures and processing parameters. The next section (3.2) discusses the
metallographic sample preparation and analytical characterization methods (3.3) used in this
study. The last section of the chapter (3.4) finishes with a detailed discussion on the various
testing techniques used to assess TBC performance.
3.1

Thermal Barrier Coating Deposition
TBCs of the compositions provided in Table 3.1 were deposited via EB-PVD, APS,

and PS-PVD. Run conditions are labeled in a matrix system of sequentially numbered
depositions where E# is EB-PVD, A# is APS, and P# is PS-PVD and each series of depositions
for a particular processing technique starts at a new decade (e.g. Series 1 starts at E1, Series 2
Starts at E11). Substrate coupons were fabricated from single crystal Rene N5 (Sophisticated
Alloys, Butler PA) and directionally solidified Mar-M-247 (Sophisticated Alloys, Butler PA)
at nominal dimensions of 2.54 cm diameter x 0.3175 cm thick, while 2.54 cm square x 0.3175
cm thick alumina (95% wt.%) coupons were also used in selected depositions (CoorsTek,
Golden CO). The metallic specimens were mechanically stamped with alpha-numerical
identification after which they were tumbled for 48-96 hours to remove the sharp edges. Bond
coatings were then applied by outside vendors, β-(Pt,Ni)Al diffusion (Alcoa-Howmet,
Whitehall MI) for the EB-PVD and PS-PVD samples and MCrAlY overlay coatings (APS
Materials Inc., Dayton OH) for the APS samples. For the APS coatings, the top coatings were
applied after the bond coatings. However, prior to EB-PVD and PS-PVD depositions, the
metallic coupons were heat treated to 705 °C in air to remove any oils or other contaminants
and then grit blasted using 400 grit (22 µm) alumina particles to remove the thin oxidation
layer. The samples were then cleaned ultrasonically in degreasers for 20 minutes each
(acetone, methanol), followed by a de-ionized water rinse and dried with bottle argon after
each step. The alumina samples were also included for the degreasing steps. Once cleaned,
the samples were mounted to various tooling assemblies and placed in the deposition
chambers.
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Table 3.1. TBC top coating materials, compositions, and powder morphologies used throughout this
study. YSZ is the industry standard benchmark material and all other materials are zirconia derivatives
which provide some combination of higher phase stability and/or lower thermal conductivity. SD =
spray dried, H = Hollow sphere. For Series 8, the morphologies follow PS-PVD/APS.
Material
YSZ
t’ Low-k
cubic Low-k
GZO

Composition
ZrO2 – 4Y2O3 (mol%)
ZrO2 – 2Y2O3 – 1Gd2O3 – 1Yb2O2 (mol%)
ZrO2 – 6Y2O3 – 2Gd2O3 – 2Yb2O2 (mol%)
Gd2Zr2O7

NZO

ZrO2 – 25Nd2O3 – 5Y2O3 – 5Yb2O2 (mol%)

3.1.1

Series 3 Series 4 Series 5 Series 6 Series 7 Series 8
SD
SD
SD
SD
N/A
H/D
H
H
N/A
SD
SD/H
H
SD
N/A
N/A
N/A
N/A
N/A
N/A
N/A
SD
N/A
N/A SD/SD
N/A

SD

N/A

N/A

N/A

N/A

Electron Beam – Physical Vapor Deposition (EB-PVD)
Coatings listed in Table 3.2 were deposited via a custom built (Sciaky, Inc., Chicago,

IL) EB-PVD system at PSU-ARL and are separated into two series, Seri N/A N/A N/A es 1
investigates multilayered design architectures while Series 2 is used as a baseline to compare
with APS and PS-PVD after processing parameter refinements were made. The table provides
specific details such as design architecture, layer thickness, total coating thickness, rotation
rate, source-to-substrate distance, feed rate, deposition rate and other important parameters
used in this study. The Sciaky system possesses a total of six electron beam guns, each capable
of 45 kW operating power for a total of 270 kW available power. The steel process chamber
has a volume of 0.73 m3 and the total volume at vacuum (process chamber, gun chambers,
ingot chamber, load lock, pump chamber, top hat) is 1.24 m3. A 412 HP Stokes mechanical
pump is used to achieve a ‘rough’ vacuum on the chamber and two 20.3 cm inner diameter
(I.D.) and one 45.7 cm ID diffusion pump are used to obtain a high vacuum.
A schematic of the EB-PVD system is provided in Figure 3.1. The inside of the
chamber was lined with steel sheets to prevent coating vapor from depositing on the chamber
walls and the sheets were periodically removed and grit blasted as needed to minimize
contamination. Two viewports are installed on the chamber door for continuous process
monitoring, one viewport uses a stroboscope to prevent deposition from covering the window.
At the start of all EB-PVD depositions, the samples (attached to a mandrel) were slowly heated
to the setpoint temperatures and held at temperature for ten minutes and allowed to equilibrate.
The samples were then held for an additional 10 minutes at temperature while high purity
(99.99%) O2 was introduced at 200 standard cubic centimeters (SCCM). This was done to
ensure formation of a high quality, dense, α-Al2O3 phase TGO layer.
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Series 2

Series 1

~12

Thick Layer
Monolithic
Monolithic

YSZ/GZO
YSZ

t’ Low-k
GZO

E8

E11

E12

E13

Monolithic

~0.6

Microlayer

t’ Low-k/GZO

E7

N/A

N/A

N/A

~30

Thick Layer

~0.2

~0.2

t’ Low-k/GZO

t’ Low-k/GZO

E4

N/A

E6

Nanolayer

GZO

E3

N/A

Nanolayer

Monolithic

t’ Low-k

E2

N/A

t’ Low-k/GZO

Monolithic

YSZ

E1

E5

Monolithic

Composition

Matrix

Individual
Layer
Design
Thickness
Architectures
(µm)

35
35

195 ± 5
25 ± 1

35

207 ± 3
221 ± 3

35

35

7

7

230 ± 3

181 ± 2

301 ± 3

286 ± 2

7

0

0

14 ± 1

21 ± 1

34 ± 1

23 ± 1

214 ± 2

7

199 ± 3

28 ± 1
15 ± 1

7

7

207 ± 2

198 ± 3

0

0

1025 ± 25

1025 ± 25

1025 ± 25

Temp.
(°C)

0.8

0.8

0.8

23

23

23

1075 ± 25

1075 ± 25

1075 ± 25

0.8

0.8

0.8

23 / 23 1075 ± 25 0.8 / 0.8

24 / 11 1100 ± 25 0.8 / 1.0

16 / 31 1100 ± 25 0.6 / 0.8

16 / 31 1100 ± 25 0.6 / 0.8
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63

62

95

28*

151

71*

75*

82*

108

100

22.0

21.9

21.5

20.4

40.6

23.4

45.2

42.6

23.8

19.9

23.5

4.0 ± 0.1

3.5 ± 0.1

3.3 ± 0.1

2.4 ± 0.1

5.7 ± 0.1

2.0 ± 0.0

3.7 ± 0.0

2.7 ± 0.1

2.1 ± 0.1

1.9 ± 0.0

2.0 ± 0.0

Feed Rate
(mm/min) Time Power Dep. Rate
t′ / GZO (min) (kW) (µm/min)

31 / 16 1025 ± 25 0.8 / 0.4

30

30

30

Topcoat
Source Interlayer
Total
Substrate
Thickness
Thickness
(cm)
(µm)
RPM
(µm)
t′ / GZO

Table 3.2. Compositions, architectures, and targeted thicknesses for the EB-PVD coatings where Series 1 investigated the effect of layering with a secondary
toughening phase on coating durability and Series 2 served as a baseline with which to compare to PS-PVD and APS. *Deposition time does not include interlayer
and deposition rate does not include interlayer.

Figure 3.1. Schematic of the EB-PVD system at Penn State with a total of six 45 kW electron beam
guns, three standard ingot feeds, four independent ion sources and a variable rotation part manipulator.

Substrate temperatures were monitored via a type K thermocouple and the temperatures
were maintained at the desired setpoint via two electron beam ‘heat’ guns which rastered across
a graphite ‘A-frame’ shown in Figure 3.2. The electron beam heat guns heat the graphite plates
which then radiatively heat the tooling mandrel and substrates. It should be noted that electron
beam currents and gas flows (and therefore pressure) occasionally fluctuate throughout
depositions and therefore, the values listed in Table 3.1 are average values. These fluctuations
are a function of local variations in ingot density and composition, local pressure equilibrium,
temperature variations, filament wear, and beam-plume interactions, and are therefore often
beyond the operator’s control. The EB-PVD coatings were deposited by evaporating 5.0 cm
diameter ingots (Trans-Tech Inc., Adamstown, MD) at beam currents of 0.8 – 1.5 A and
voltages of 18 kV for total powers of 14.4 – 27.0 kW, depending on the ingot composition and
desired deposition rate and/or layer thickness. Source-to-substrate distances and feed rates
varied for the various depositions in order to obtain the desired coating design architecture and
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microstructures. Processing pressures of 10-4 Torr were achieved during deposition while
flowing 125 SCCM of high purity (99.99%) oxygen gas to maintain stoichiometry. For all
coatings containing GZO, an initial 25 µm YSZ or t’ Low-k interlayer was deposited to prevent
interaction with the TGO. Deposition times ranged from 28 – 108 minutes for the coatings
(not including interlayer for the nanolayer and GZO coatings). In order to maintain the
uninterrupted TBC columnar microstructure, the crucible heights were adjusted to allow
flexibility in the various layer thicknesses and volume fractions. This standard setup is shown
in Figure 3.2a.

Figure 3.2. EB-PVD chamber setups used for the deposition of (a) E1,E2 monolithic, and E8 thick
layer coatings and (b-c) E3 monolithic, E4 – E5 nanolayer, and E6 thick layer coatings. For the
nanolayer/microlayer coatings a graphite vapor shield prevents intermixing of the co-evaporated vapor
plumes. In (d), the vapor shield and mandrel position were modified to reduce separation from ~4 cm
to ~ 1cm to prevent vapor plume mixing for the E7 nanolayer, as shown by the red markers. For the
E8 thick layer, the setup pictured in (a) was used, but with a source-to-substrate distance of 23 cm.

For all depositions, samples were mounted in rows around a 5.1 cm diameter 304
stainless steel mandrel. This is pictured in Figure 3.3 where the center of the first row of
samples is centered 1” from the end of the mandrel and each row is arranged as close as
possible to the previous row. The backside of the metallic specimens were tack welded to
approximately 2.54 cm square 304 stainless steel foil sheets and then the sheets were tack
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welded directly to the mandrel. For ceramic alumina substrates, small strips of 304 stainless
steel were looped over two of the corners of the samples and tack welded to the mandrel as
seen by the blue arrow in Figure 3.3. Prior to top coating deposition, the center of the samples
was determined, (red line in Figure 3.3) and this was then centered over the ingot melt pool.

Figure 3.3. Typical substrate setup used in the EB-PVD studies with the red line showing the center
line position between the sample rows which was then centered over the melt ingot. The blue arrow
shows a 304 stainless steel strip that was looped over the square alumina sample and tack welded to the
304 stainless steel mandrel.

E1 – E2 Monolithic Coating Processing Conditions
The E1 – E2 monolithic coatings from Table 3.2 were deposited by evaporating a single
individual ingot using the setup shown in Figure 3.2a. A source-substrate distance of 30 cm
was maintained between the ingot melt pool and the 5.1 cm diameter mandrel which rotated at
7 RPM directly above the melt pool. The feed rate was maintained at ~0.8 mm/min which,
depending on the theoretical density and ingot bulk density, equates to an approximate mass
feed rate of 6.3 – 7 g/min. These feed rates and source-to-substrate temperatures yielded
deposition rates of 2.0 ± 0.0 and 1.9 ± 0.0 µm/min for E1 and E2, respectively. Substrate
temperatures were maintained at 1025 ± 25 °C. It should be noted that the deposition rate was
calculated by dividing the coating thickness by the deposition time and the error was
determined by taking the maximum coating and minimum thickness (coating thickness ±
thickness standard deviation) and dividing by the time, and is therefore essentially a measure
of the surface roughness.
E3, Monolithic and E4 – E5 Nanolayer Processing Conditions
For the E3 monolithic and E4 – E5 nanolayers, an additional crucible was installed, as
shown by the offset crucible in the left of Figure 3.2b (side crucible). For the E3 monolithic
coating, the ingots were evaporated individually to first deposit the YSZ interlayer and then
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the GZO top coating at 0.8 mm/min to yield a deposition rate for the top coating of 2.1 ± 0.1
µm/min.

For the nanolayers the necessary t’ Low-k and GZO ingots were co-evaporated

(requiring a total of four electron beam guns). A vapor shield was installed to separate the two
vapor plumes and to ensure layering of the two different materials occurred as the samples
rotated over each source, as shown in Figure 3.2c. For E4, the GZO ingot was positioned in
the side crucible and evaporated at a rate of 0.4 mm/min while the t’ Low-k ingot was
evaporated from the center crucible at a rate of 0.8 mm/min, as shown in Figure 3.2b. The
GZO source-to-substrate was 16 cm while the t’ Low-k was 31 cm and a combined deposition
rate of 2.7 ± 0.1 µm/min was attained. The mandrel rotated at 7 RPM above the ingots and
yielded individual layer thicknesses on the order of ~200 nm while substrate temperatures were
maintained at 1025 ± 25 °C. For E5, the ingot positions were swapped and GZO was
evaporated from the center crucible at a rate of 0.8 mm/min while the t’ Low-k was evaporated
from the side crucible at a rate of 0.6 mm/min. The higher net evaporation rates yielded an
increase in the deposition rate to 3.7 ± 0.0 µm/min. The substrate temperature was increased
to 1100 ± 25 °C to increase mobility and column width.
E6 and E8 Thick Layer Processing Conditions
For the thick layer coatings in E6, the same experimental setup was used as that in E4
and E5 (Figure 3.2b), except the electron beam alternated between ingots and evaporated them
individually, (i.e., one at a time). GZO was evaporated from the center crucible at a rate of 0.8
mm/min and source-to-substrate distance of 31 cm while t’ Low-k was evaporated from the
side crucible at a rate of 0.6 mm/min and source-to-substrate distance of 16 cm. The substrate
temperature was maintained at 1100 ± 25 °C while the samples rotated at 7 RPM above the
ingot melt pools. The deposition rate averaged to 2.0 ± 0.0 µm/min with individual layer
thicknesses of ~30 µm. The thick layer from E8 was deposited using the standard setup from
Figure 3.2a, but with a modified source-to-substrate distance of 23 cm. Feed rates were 0.8
mm/min for both ingots while substrate temperature was maintained at 1075 ± 25 °C with 35
RPM rotation, yielding deposition rates that average to 2.5 ± 0.1 µm/min with individual layer
thicknesses of ~12 µm.
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E7 Microlayer Processing Conditions
E7 was deposited with a setup similar to the nanolayers (E4 and E5) with modified
source-to-substrate distances with the setup shown in Figure 3.2d. In this case, the mandrel
itself was repositioned to reduce the source-to-substrate distances for the center ingot to from
31 cm to 24 cm and for the side ingot from 16 cm to 11 cm. This was done to ensure a higher
deposition rate, and thus a larger individual layer thickness. GZO was evaporated from the
side crucible at a rate of 1.0 mm/min while t’ Low-k was evaporated from the center crucible
at a rate of 0.8 mm/min. The mandrel-vapor shield positions were modified such that there
was a minimal ~1 cm separation between the mandrel and vapor shield thus minimizing vapor
plume intermixing to maintain sharp layer interfaces (while still allowing for mandrel wobble).
Substrate temperature was maintained at 1100 ± 25 °C while the samples rotated at 35 RPM,
yielding deposition rates that average to 5.6 µm/min with layer thicknesses of ~600 nm. The
substrate temperature was also increased in an effort to further increase column widths over
the previous nanolayers.
For the Series 2 depositions the focus was on fabricating baseline EB-PVD samples of
the YSZ, t’ Low-k, and GZO for which to compare APS and PS-PVD coated coupons in terms
of erosion and thermal conductivity as no one has performed a baseline comparison of the
processing techniques. The experiment setup was similar to that of E1 – E3 in Figure 3.2a, but
with the sample positioning and rotation modified to a 23 cm source-to-substrate distance and
35 RPM rotation, respectively, in an effort to increase porosity for enhanced performance.
From Equation 2.8, the vapor flux is proportional to 1/r2 cosn(θ) where r is the source-tosubstrate distance and θ is the deposition angle with respect to horizontal. Thus, a reduction
in source-to-substrate distance can have a substantial increase in flux (i.e. deposition rate)
resulting in lower adatom mobility and thus higher porosity. The increase in rotational velocity
from 7 to 35 RPM has a similar effect in that coating growth is more frequently interrupted
due to the sample surfaces being rotated out of the vapor plume which generally results in
higher porosities. The GZO coating from Series 2 utilized a 25 µm YSZ interlayer. Deposition
times ranged from 49 – 63 minutes for the E1 – E3 coatings, not including the interlayer.
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3.1.2

Air Plasma Spray (APS)
Various design architectures utilizing the TBC compositions listed in Table 3.1 were

deposited according to Table 3.3 and are separated into three Series, deposited by two sources;
Oerlikon Metco (Westbury, NY) for Series 3 and APS Materials Inc. (Dayton, OH) for Series
4 and Series 5. Prior to topcoat deposition for the Series 3 coatings (A1 – A6), high velocity
oxy fuel (HVOF) was used to deposit MCrAlY bond coatings (Oerlikon Metco Amdry 386-2:
Ni-22Co-17Cr-12Al-0.5Hf-0.5Y-0.4Si in wt.%; -88 + 16 µm) with a target thickness of 100
µm after which an additional 50 µm of Amdry 386-4 (same composition; -90 + 53 µm) was
then flash coated. The topcoats were deposited using a TriplexPro210 torch operating at 400
A and 52.5 normal liters per minute (NLPM) of Ar/H2 gas for a total power of 47 kW. The
standoff distance was 0.23 m and the powder feed rate was 150 g/min to yield a 13 µm
thickness per pass. Monolithic coatings were deposited by spraying the required powder.
The composite coatings (A3, A4, A5) for Series 3 APS depositions were sprayed using
mixtures of the t’ Low-k and cubic Low-k powders as listed in Table 3.3. These mixtures were
fabricated by weighing the appropriate amount of each powder according to Table 3.3, placing
in a milling container, and mixing on a ball mill at low speed (~60 RPM) without media for
one hour. YSZ diffusion barrier layers (herein referred to as interlayers) with a targeted
thickness of 50 µm were sprayed prior to the depositions of the A2 – A6 coatings to prevent
any interactions with the TGO layer.

Though the 10 mol% total RE2O3 cubic Low-k

composition used in this study is likely too low in total rare earth content to react with the
TGO, its function as an analyte to other higher rare earth cubic phase materials such as GZO
required using a YSZ interlayer to yield comparable systems and therefore behaviors/relations.
This is particularly relevant during thermal cycling.
The Series 4 (A11 – A16) and Series 5 (A21 – A23) coatings were deposited in an
attempt to better understand and optimize the composite design architectures. Prior to topcoat
deposition, MCrAlY bondcoats (Ni-22Cr-10Al-1Y in wt.%) were deposited via low pressure
plasma spray (LPPS) (APS Materials Inc., Dayton, OH) with a target thickness of 125 µm.
Series 4 coatings were deposited using a Baystate torch operating at 850 A and 60 NLPM of
5:1 Ar:He gas for a total power of 25 kW. The standoff distance was 0.13 m and the feed rate
was roughly 16 g/min with a ~13 µm thickness per pass at 0.8 m/s traverse speed.
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Series 5

Series 4

Series 3

Monolithic
Monolithic

YSZ
t’ Low-k
GZO

A21

A22

A23

Monolithic

Monolithic

NZO

A16

Composite

70 t’ – 30 NZO

A13

Composite

Monolithic

t’ Low-k

A12

30 t’ – 70 NZO

Monolithic

YSZ

A11

A15

Monolithic

Cubic Low-k

A6

Composite

Composite

20 t’ – 80 c

A5

50 t’ – 50 NZO

Composite

40 t’ – 60 c

A4

A14

Composite

50 t’ – 50 c

Monolithic

t’ Low-k

A2

A3

Monolithic

YSZ

A1

100

100

200

200

300

20

20

20

12

325 ± 16

85 ± 18
N/A

12

12

12

378 ± 17

395 ± 18

419 ± 14

12

12

328 ± 17
344 ± 16

20

20

20

20

20

20

297 ± 16

281 ± 17

301 ± 17

304 ± 16

382 ± 15

286 ± 17

97 ± 17

99 ± 19

75 ± 15

85 ± 19

0

50

50

50

50

50

N/A

850

850

850

850

850

850

850

850

850

400

400

400

400

400

400

60

60

60

60

60

60

60

60

60

53

53

53

53

53

53

5:1:0

5:1:0

5:1:0

5:1:0

5:1:0

5:1:0

5:1:0

5:1:0

5:1:0

6:0:1

6:0:1

6:0:1

6:0:1

6:0:1

6:0:1

25

25

25

25

25

25

25

25

25

47

47

47

47

47

47

51

51

51

16

16

16

16

16

16

150

150

150

150

150

150

33

33

33

13

13

13

13

13

13

13

13

13

13

13

13

0.8

0.8

0.8

0.8

0.8

0.8

0.8

0.8

0.8

2

2

2

2

2

2

Table 3.3. Compositions, architectures, and coating thicknesses for the APS coatings investigating the effect of a secondary toughening t’ Low-k phase on composite coating
durability where Series 3 (A1 – A6) investigated a cubic Low-k matrix, Series 4 (A11 – A16) investigated a higher RE doped NZO matrix with a refined horizontally aligned
structure, and Series 5 (A21 – A26) investigated a GZO matrix which served as a baseline with which to compare to EB-PVD and PS-PVD. All matrices included a YSZ
benchmark and composites included a YSZ interlayer for the non YSZ coatings. TPP: thickness per pass, TS: Traverse Speed
Total
Interlayer
Feed
Topcoat
TPP
Composition
Design
Thickness
Standoff
Gas Flow
Ar:He:H
Power
Rate
TS
Thickness
Matrix
(wt.%)
Architectures
(µm)
(cm)
Amperes
(NLPM)
Ratio
(kW)
(g/min) (µm) (m/s)
(µm)

YSZ interlayers with a targeted thickness of 75 µm were sprayed prior to the
depositions of the NZO containing coatings to prevent interactions with the TGO layer. In this
case, the NZO composition is sufficiently high in rare earth content that it can react with the
bondcoat thermal grown oxide scale. Series 5 topcoats were deposited under slightly different
conditions in an attempt to further improve the durability. For Series 5 an amperage of 850 A
and 60 NLPM of 5:1 Ar:He plasma gas flow was used for a total power of 25 kW. Additionally,
standoff was changed to 0.20 m and feed rates were 51 g/min to yield a thickness per pass of
~33 µm. The composite coatings for all Series 4 and Series 5 depositions were sprayed using
mixtures of the component powders from Table 3.1. These mixtures were fabricated in the
same manner as the Series 3 mixtures.
3.1.3

Plasma Spray – Physical Vapor Deposition (PS-PVD)
TBCs from Table 3.4 were deposited via a custom built PS-PVD system at NASA

Glenn Research Center (Cleveland, OH) and are separated into four Series, (6 – 9). Series 6
were deposited in an effort to better understand which processing parameters had large effects
on thermal conductivity and erosion durability in pseudo-columnar PS-PVD microstructures.
The results of Series 6 enabled the selection of a processing space for a more in-depth processstructure-property relation study identified by Series 7 coatings. Series 8 and Series 9 were
deposited using the parameters deemed ideal from Series 7 and compared to EB-PVD, PSPVD, and APS, with Series 9 exploring the effect of vapor incidence angle.
For all PS-PVD depositions, the backside of the metallic samples were tack welded to
two parallel NiCr strips which were then tack welded to the 304 strainless steel substrate holder
plate. Non-conductive alumina and graphite samples used NiCr strips over the samples that
were then tack welded into place, similar to the process used for the EB-PVD samples. The
sample configuration for PS-PVD Series 6-8 are shown schematically in Figure 3.4a-c,
respectively. A digital image of the Series 7 setup and sample welding (post deposited) is
provided in Figure 3.4d. The sample configurations were designed to maximize sample density
over a minimal area as the deposition plume is roughly bell shaped and therefore not uniform
over areas greater than 4” diameter.
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Table 3.4. Compositions, processing parameters, and targeted thicknesses for the PS-PVD TBCs
where Series 6 investigated which processing parameters had a large impact on erosion durability and
thermal conductivity and Series 7 performed an in-depth process-structure-property study in a region
determined from Series 6. Series 8 was deposited using the results of Series 7 as a refined structure
which could be compared to EB-PVD and APS. Patterns in bold, repeats in bold italics. All runs
deposited with an Ar:He ratio of 1:2 on stationary parts at a standoff of 175 cm.

Series 9

Series 8

Series 7

Series 6

Gas Flow Amperage Feed Rate
Matrix Composition (NLPM)
(A)
(g/min)
P1
YSZ
80
1800
2.6

Power
(kW)
83

Coating
Thickness
(µm)
128 ± 5

Time
(min)
40

Deposition Rate
(µm/min)
3.2 ± 0.1

P2

YSZ

80

1800

5.3

82

170 ± 8

25

6.8 ± 0.3

P3

YSZ

80

1800

7.9

82

154 ± 6

15

10.3 ± 0.4

P4

YSZ

100

1800

2.6

88

218 ± 6

25

8.7 ± 0.4

P5

YSZ

120

1800

2.6

92

158 ± 8

20

7.9 ± 0.4

P6

YSZ

80

1600

2.6

76

92 ± 4

25

3.7 ± 0.1

P7

YSZ

80

1400

2.6

64

102 ± 4

30

3.4 ± 0.1

P11

t’ Low-k

80

1700

6.6

80

116 ± 4

18.6

6.2 ± 0.2

P12

t’ Low-k

120

1700

6.6

87

92 ± 3

12.0

7.7 ± 0.2

P13

t’ Low-k

100

1600

6.6

77

125 ± 8

27.0

4.6 ± 0.3

P14

t’ Low-k

100

1800

6.6

90

95 ± 2

11.2

8.5 ± 0.1

P15

t’ Low-k

100

1700

2.6

82

139 ± 5

60.0

2.3 ± 0.1

P16

t’ Low-k

100

1700

10.6

84

123 ± 5

15.4

8.0 ± 0.3

P17

t’ Low-k

88

1641

4.2

77

143 ± 5

38.0

3.8 ± 0.2

P18

t’ Low-k

112

1641

4.2

81

118 ± 5

22.0

5.4 ± 0.2

P19

t’ Low-k

88

1759

4.2

84

144 ± 3

35.0

4.1 ± 0.1

P20

t’ Low-k

88

1641

9.0

79

135 ± 4

23.0

5.9 ± 0.2

P21

t’ Low-k

112

1759

4.2

89

147 ± 6

33.0

4.5 ± 0.1

P22

t’ Low-k

112

1641

9.0

81

140 ± 6

23.0

6.1 ± 0.2

P23

t’ Low-k

88

1759

9.0

83

152 ± 7

21.0

7.3 ± 0.3

P24

t’ Low-k

112

1759

9.0

89

120 ± 6

9.5

12.6 ± 0.6

P25

t’ Low-k

100

1700

6.6

83

101 ± 5

20.0

5.1 ± 0.2

P26

t’ Low-k

100

1700

6.6

83

102 ± 6

20.0

5.1 ± 0.3

P31

YSZ

80

1700

6.6

80

78 ± 10

25.0

3.1 ± 0.4

P32

t’ Low-k

80

1700

6.6

80

149 ± 4

22.0

6.8 ± 0.2

P33

GZO

80

1700

1.3

80

153 ± 6

21.4*

4.6 ± 0.3*

P41

GZO – 90°

80

1700

1.3

80

127 ± 6

21

6.1 ± 0.2

P42

GZO – 90°

80

1700

1.3

80

98 ± 7

21

4.6 ± 0.3

P43

GZO – 90°

80

1700

1.3

80

62 ± 4

21

3.1 ± 0.2

P44

GZO – 90°

80

1700

1.3

80

64 ± 4

21

3.1 ± 0.1

*GZO deposition time and rate are for the GZO layer only.

66

The Series 6 coating depositions used an off-the-shelf spray dried 7YSZ powder
(Oerlikon Metco, Westbury, NY, YSZ 6700, -30 +1 µm). Specific processing parameters are
listed in Table 3.4. An 03CP torch (Oerlikon Metco, Wesbury, NY) was operated at plasma
gas flows of 80 – 120 NLPM of Ar/He (1:2), amperages of 1400 – 1800 A, and feed rates of
2.6 – 7.9 g/min for total powers of 64 – 92 kW via a MultiCoat processing center.

Figure 3.4. Sample configurations for (a) Series 6 – (P1 – P7), (b) Series 7 (P11 – P30), (c) Series 8
(P31 – P 33), and (d) a digital image of a sample configuration similar to Series 7 in the post deposited
state showing typical tack welds and sample mounting methodology. The red line in (a) represents the
cross sectional cut used for all samples and the squares in (b) and (d) represent Al2O3 substrates.

The sample arm that held the substrate mount was controlled by a GE Fanuc CNC
(Hoffman Estates, IL) and standoff distance was maintained at 175 cm while powder feed lines
utilized 8 – 11 NLPM Ar gas flow. Deposition times ranged from 15 – 60 minutes with
targeted coating thicknesses typically ~125 microns for the stationary substrates. Substrate
temperatures were monitored by two type ‘K’ thermocouples mounted directly above and
below samples and ranged from 850 – 1020 °C depending on deposition parameters.
Processing pressures of 0.77 – 1.15 Torr were achieved during depositions by utilizing two
512 HP mechanical pumps and an additional Roots Blower operating at 1850 RPM.
Deposition processing variables (gas flow, amperage, and feed rate) were explored as a
function of three levels: high, intermediate, and low. As each variable was explored, the other
two variables were held constant at their intermediate level to isolate the specific contribution
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to the property of interests. Therefore, to explore each variable across all three levels with the
other variables constant, a total of seven depositions were used as shown in bold in Table 3.4.
The deposition time was altered in an effort to obtain the desired thickness, however, due to a
lack of previous data to base these estimations on, the thickness varied.
Series 7 (P11 – P26, t’ Low-k) used a t’ Low-k composition of ZrO2 – 2Y2O3 – 1Gd2O3
– 1Yb2O3 (mol%) (Oerlikon Metco – Westbury, NY, AE10054VF -25 +1 µm) which possesses
a lower thermal conductivity due to the presence of the heavier Gd and Yb rare earth elements.
It was expected that due to the similarities in composition between YSZ and t’ Low-k (both 4
total mol% RE2O3) that similar evaporation behavior would occur and the processing
relationships could be extended from the YSZ to the t’ Low-k. Thus, the Series 7 depositions
utilized the information from Series 6 to investigate a detailed process-structure-property study
in a processing regime which yielded a pseudo-columnar microstructure with an emphasis on
erosion durability. The processing parameters explored in the Series 7 depositions are
provided in Table 3.4. In Series 7, gas flow varied from 80 – 20 NLPM or Ar/He (1:2) and
amperage from 1600 – 1800 A to yield powers of 77 – 90 kW. Feed rates varied from 2.6 –
10.6 g/min, again higher than Series 6. Standoff distance was approximately 1.75 m for all
Series 7 trials while processing pressure ranged 0.85 – 1.10 Torr. Series 7 was intended to be
a more in depth investigation of the effects of processing parameters than the PS-PVD Series
6, and so a design of experiments was used in attempt to get the most data from the allotted
depositions since many of the variables in the PS-PVD process are correlated (changing one
variable results in a change in a second variable) or interacting (changing two variables at once
has a non-linear effect). The drawbacks of this type of design are that the effects of the various
processing parameters are not known ahead of time, and thus any unintended deviations in the
process can be difficult to take into account, e.g., the deposition rate.
A 16 deposition central composite design with 15 separate conditions and two repeat
conditions was created using JMP Pro 10 software (SAS – Cary, NC). This type of design can
be envisioned as a cube where the chosen conditions represent the corners of the cube (eight
conditions – circles), center of the cube (two with repeat conditions – stars), and axial points
(six conditions – squares) which are centered on the faces of the cube but extended to the
maximum of the processing regimes (i.e. the maximum of the processing space) to explore
individual variables at a time. These processing conditions are shown in Figure 3.5. The
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distance from the center conditions to the axial points (red lines) and from the center conditions
to the corners is the same, thus the deposition conditions can be thought of as occupying
positions on a sphere.

Figure 3.5. Schematic showing the processing space and selected variables for the PS-PVD Series 7
depositions which explore amperage, gas flow (NLPM), and feed rate (g/min) with ● representing the
eight corner points, ■ the six axial points, and ★ the six center repeat points.

The utility of this type of design of experiments is in the ability to estimate quadratic
models (i.e. two-variable interactions and second order responses) and thus predict response
surfaces. An exemplary quadratic model is provided in Equation 3.1:
ŷ = β + β1 x1 + β2 x12

Equation 3.1

where ŷ is the response (e.g. erosion rate) and x1 is the variable of interest (e.g. gas flow). A
least squares fit is then performed to estimate values of β, where β is the intercept, β1 represents
slope (e.g. the magnitude of the effect of gas flow) and β2 represents curvature in the surface
(e.g. erosion might first increases with gas flow then may begin to decrease). In contrast, a
one-variable-at-a-time method can be difficult to assess curvature, particularly in more than
one variable. Importantly, multiple variables can be assessed with this method to investigate
multivariable interactions. This is shown in Equation 3.2:
𝑦̂ = 𝛽 + 𝛽1 𝑥1 + γ1 𝑥2 + α1 𝑥1 𝑥2 + 𝛽2 𝑥12 + γ2 𝑥22

Equation 3.2

where γ1 represents the slope and γ2 represents the curvature, respectively, of the second
variable, x2 (e.g. amperage), and α1 would represent the two variable interaction term between
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x1 (e.g. gas flow) and x2 (e.g. amperage). These effects are determined by the corner points,
which change multiple variables at a time. Discussion on the utility of these designs versus
the drawbacks when using them for a system with minimal background knowledge will be
provided in Chapter 5.
Series 8 (P31 – YSZ, P32 – t’ Low-k, P33 – GZO) and Series 9 (P41 – P44, GZO) were
deposited in an effort to fabricate coatings exhibiting an ideal combination of high erosion
durability and low thermal conductivities to compare with baseline industry standard EB-PVD
and APS coated sample. As such, these depositions were based on the results of Series 6 and
7 and again utilized a 175 cm standoff and 1:2 Ar:He ratio. Series 8 deposition conditions
(Gas Flow, Amperage, Feed Rate, etc) were deposited using the deposition conditions of P30
from Series 7 which yielded very high erosion durability. In addition to erosion rates, the
thermal conductivity was also assessed for these coatings to yield the most well rounded
comparison with the industry standards since optimizing for one type of property (e.g. erosion)
often reduces another (e.g. thermal conductivity). The powders used in Series 8 were all
acquired from Oerlikon Metco (Westbury, NY). The YSZ was pre-reacted HOSP YSZ,
AE10428VF (-30 +1), while the t’ Low-k were the same as used in Series 7, spray dried
AE10054VF (-25 +1 µm). The GZO powder was spray dried AE9915VF (-25 +1 µm). It
should be noted that this specific powder yielded a much higher deposition rate than
anticipated, and so the feed rate was reduced for the GZO depositions. Series 9 GZO
depositions conditions were the same as Series 8, with the exception that the depositions were
performed at incidence angles of 90° (P41), 45° (P42), 30° (P43), and 15° (P44).
3.2

Metallographic Sample Preparation
Metallographic

sample

cross

sections

were

prepared

for

microstructural

characterization by first cutting on a slow speed diamond wafering saw. It was determined in
this work that the direction of the cut is particularly important for EB-PVD coatings and so a
standard methodology was developed where EB-PVD coatings were cross sectioned and
mounted perpendicular to the axis of rotation, i.e. along the direction of the red line shown in
Figure 3.3. The implications of this are shown in Figure 3.6 where a blue line shows the
direction of sample rotation and the proper cut direction in (a) and resulting micrograph in (b).
Figure 3.6c shows a micrograph of a polished cross section from the same sample which was
mounted along an incorrect axis – orange line in Figure 3.3a – and which therefore results in
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an image that is a poor replication of the morphology and does not allow for accurate
characterization of the microstructure. After cross sectioning, samples were mounted into a
MetLab (Niagara Falls, NY) two part epoxy resin and cured. The samples were then planarized
by grinding with a semi-automatic Leco Spectrum System 200 (St. Joseph, MI) polisher using
five pounds of pressure and a series of 240-320-600-800 grit SiC grinding pads at five pounds
of pressure rotating at 150 RPM with a head speed of 150 RPM in the opposite direction. The
samples were polished with 3 µm and 1 µm diamond paste polish (this time rotating both in
the same direction) and a final 0.05 µm colloidal silica finish (again rotating in opposite
directions). During and after grinding and polishing, an Olympus BX60M (Waltham, MA)
optical microscope was used to ensure a proper polish and to investigate microstructures. Two
minutes were typically used for all grinding and polishing steps, though some samples required
longer grinding times. To prevent charging during SEM use, the polished cross section of the
samples were gold sputter coated and a piece of conductive carbon tape was mounted from the
polished cross sectional surface to a metallic stub. When alumina substrates were cross
sectioned, the same procedure was followed with the exception that the first 240 grit grinding
step used ten pounds of pressure and typically repeated at least 3 times to ensure a properly
ground planar surface. If particular difficultly was observed (dependent upon the size of the
sample cross sectioned), small amounts (~1 gram per 1” mounting cup) of fine grained (submicron) alumina powder was added to the epoxy to strengthen it and ensure it polished at a
slower rate, therefore providing better edge retention and preventing rounding of the sample
edges. For surface SEM images, no polishing, mounting or gold sputter coating was performed
and samples were simply loaded the SEM after a CO2 dust-off in the as-received condition.

Figure 3.6. SEM micrographs showing (a) an EB-PVD TBC top surface where the blue line is the
direction of sample rotation and where a proper sample cross section should be made, (b) resulting
cross sectional morphology from the blue line, and (c) cross sectional morphology of a sample which
has been cross sectioned in an improper direction – orange line in (a) – where the EB-PVD columnar
nature is not as clearly evident.
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3.3

Characterization and Analysis
A variety of microstructural characterization and analysis tools were utilized, including

scanning electron microscopy (SEM), field emission SEM (FESEM), transmission electron
microscopy (TEM), selected area diffraction (SAED), energy dispersive spectroscopy (EDS),
focused ion beam (FIB) milling, x-ray diffraction (XRD), and optical profilometry, among
others. The next section (3.3.1) details the microstructural techniques and equipment used to
investigated microstructure, morphology, and compositional analysis. The following sections
will discuss how the microstructural data was then used to analyze the coatings in terms of
morphology via image analysis (3.3.2), crystallography and residual stress via XRD (3.3.3),
and surface roughness using optical profilometry (3.3.4).
3.3.1

Microstructure, Morphology and Compositional Analysis
SEM was performed on select samples using an FEI Quanta 200 environmental ESEM

and FEI NanoSEM 630 FESEM (Hillsboro, OR). In the ESEM, 20 kV accelerating voltages
were generally employed with a spot size of four in back scattered electron (BSE) mode. In
the FESEM, similar conditions were used except when charging occurred, at which point a
bias was applied to the stage to decelerate the electron beam. EDS was employed using Oxford
Instruments Silicon Drift Detectors (Concord, MA) in both instruments and at a minimum of
10 kV accelerating voltages to ensure the ability to distinguish between overlapping K and L
lines of various lighter and heavier elements. A few exceptions occurred where FESEM was
used at lower accelerating voltages for high magnifications. In general, back scattered electron
(BSE) mode was employed for imaging as z-contrast was the primary feature of interest in the
polished cross sections. TEM was performed on a JEOL 2010F (Waterford, VA) and FEI
Titan3 G2 (Hillsboro, OR) in both transmission mode and scanning transmission (STEM)
mode. EDS was performed using Oxford Instruments Silicon Drift Detectors (quad detectors
in the Titan3) and SAED patterns were collected when in transmission mode. Both bright field
and high angular annular dark field (HAADF) imaging was used when appropriate, the latter
being particularly useful in providing z-contrast. Imaging was generally performed at 200 kV
accelerating voltages and spot sizes for SAED patterns varied from approximately 25 nm to
150 nm depending on the region of interest. The TEM specimens were fabricated using an
FEI Quanta 200 3D Dual Beam FIB as well as an FEI Helious Nanolab 660 FESEM FIB
(Hillsboro, OR) using gallium ion beams and the specimen liftout technique [153]. During
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focused ion beam milling, the samples were milled from the region of interest and the thing
slices were ‘polished’ with sub nA currents to achieve the electron transparency while a plasma
etch system was occasionally used for a final polish or re-polish of older samples. TEM and
SAED were performed by Ke Wang of PSU MCL.
3.3.2

Image Analysis
Image analysis was performed on samples with a desire to describe microstructures in

a more quantitative manner. Of particular emphasis was the porosity and in some cases,
column diameter. ASTM E2109 – 01 Test Method B was generally followed for porosity
determination with additional steps taken to ensure both reproducibility of the test method
across samples as well as the most representative data of the TBC design architecture. This
method utilizes a micrograph, in this case via SEM, which then has a black and white threshold
applied via an image analysis program, GIMP v2.8.14. Thresholding a sample indicates
choosing a value on the image’s pixel greyscale such that any pixels at or above that value of
greyscale are white while any pixels below that value of greyscale are black, thus creating a
binary or black and white image. The threshold is then chosen such that only porosity appears
black while the remainder of the coating appears white. Porosity is then determined by
measuring the percentage of black pixels, representing the percentage of porosity in the
coating. A minimum of five SEM micrographs were averaged for each coating measurement.
The accuracy of this method is therefore directly related to the threshold level and
features which are captured by the threshold, i.e. resolution, as shown in Figure 3.7a-d. The
threshold level is not specified (and nor can it be as image contrast is different for every picture)
and is therefore a subjective determination. The effects of this can be seen in Figure 3.7a-d
where three threshold levels have been chosen from a single coating and the resulting porosity
of the same image varies from 12.0% – 18.2%. Therefore, even if a particular threshold level
is chosen as the most accurate ‘by-eye’, this level changes from image to image, and so cannot
be used across multiple images/samples. This is shown by the images in Figure 3.8a-b and
comparing to Figure 3.7d where the same threshold applied to two images results in drastically
different features. This suggests that each image would need to be individually thresholded
and therefore estimated in the exact same manner.
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Figure 3.7. Effect of thresholding during image analysis of porosity in an APS cross sectional SEM
image with (a) the raw image, and thresholds of (b) 145, (c) 165, and (d) 185 showing the increase in
porosity with the threshold value. Higher threshold values capture more features, however they also
tend to dilate other features. Images are 546 µm across by 160 µm high
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Figure 3.8. (a) SEM cross sectional micrograph of an APS coating and (b) threshold of 185 and
resulting porosity value of 36.2%. The same threshold value is used as Figure 3.7d, yet it is clearly
apparent this is far too high for this image, thus the same values cannot be used from one image to the
next. Images are 546 µm across by 180 µm high.

Since individually thresholding every image would clearly introduce bias, a simple
method of choosing the threshold was created which reduces bias, saves time and reduces the
impact of any changes in contrast between images (though large changes still have an effect).
In this method, a sample is thresholded to a percentage of the peak in the greyscale histogram;
typically 70% is used as shown in Figure 3.9a-f. The peak in the histogram is the highest
number of pixels of a certain color and thus represents the average greyscale of the coating.
For multiphase coatings, there are multiple peaks in the greyscale histogram as seen in Figure
3.9d-f. In this case, the 70% value is calculated from the left-most (darkest) peak in the
histogram. This ensures that that coating is not considered as porosity. By choosing a
percentage of the peak as the threshold, any changes in peak location (i.e. changes in image
contrast or color) are taken into account. SEM images were taken with relatively low zooms
that capture the entire coating thickness to ensure accurate depiction of porosity in the coatings
and not just local porosity in a small region of the coating. These images were then cropped
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to remove the highest portion of the bond coating and lowest portion of the surface in the TBC
cross sections, thereby preventing these features from impacting the porosity measurement of
the top coating.

Figure 3.9. (a,d) SEM cross sectional micrographs of single phase and multiphase APS coatings, (b,e)
micrographs thresholded to 70% and (c,f) histograms used to determine thresholds. For the composite
coating in (d-f), the leftmost peak in the histogram is used to determine the 70% value.

Though some coating area is not measured, this ensures the dense bond coats do not
reduce the apparent porosity and that the relatively porous surface does not inflate the porosity
of the bulk of the coating. As some features such as microcracks, splat boundaries, and column
feathers are small and difficult to resolve at lower magnifications, the resolution can be doubled
from the standard 1024 x 900 pixels to 2048 x 1800 pixels prior to capturing the image to
ensure these features are resolved. This is something not specified within the standard.
Overall, adding these improvements has made image analysis of porosity a much more robust
technique than by simply following the ASTM E2109-01 standard.
The column diameters were determined via manual measurement of SEM micrographs.
Since there is no standard for the measurement of this type of morphological feature,
consideration was made as to how to ensure the most comparable data between coatings. In
this study, the columns were measured at a constant 75 µm from the substrate/TGO interface
across the image. This ensured that the measurements were taken at a similar period in growth
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for each of the coatings, and thus best represented the effect of the change in variables (and
not the any effect of change in coating thickness). An argument could be made for measuring
at a constant distance from the coating surface, as this may be more reflective of the
performance of the coating if the thickness values are substantially different.
3.3.3

Crystal Structure via X-Ray Diffraction (XRD)
A variety of X-ray diffraction techniques and systems were utilized over the course of

this study to analyze lattice crystal structures, lattice parameters, preferred orientations,
residual stresses, and crystallite sizes, with many of them being as a function of heat treatments
or other testing. General XRD scans were performed using a Bruker D8 Advance (Billerica,
MA), PANalytical Empyrean (Westborough, MA), PANalytical XPert Pro MPD
(Westborough, MA), and Philips MRD (Andover, MA), all using Cu Kα radiation, and all
except the Philips MRD using Ni Kβ filters. No modification was made to the coating sample
surface prior to x-ray diffraction. XRD of the raw powders was accomplished by the backfill
technique in an aluminum reservoir on a quartz slide to prevent any texture. General diffraction
was performed using Bragg-Brentano geometry over a range of 20 – 80° 2θ at a step size of
0.01 to 0.02° 2θ. Scan times varied, and with newer instruments are not generally selectable
as a time/step due to the use of 2D strip detectors, however, the time per scan was generally 30
minutes (corresponding to 99s/step in the software). Operating voltages/currents varied
between systems; 45 kV/40mA for the Empyrean and XPert Pro MPD, 40 kV/45 mA for the
MRD, and 40 kV/40 mA for the D8 Advance. Optics varied depending on sample geometry;
small samples often utilized automatic slits while larger samples and powders generally
utilized fixed slits. The automatic slits maintain a specific area of diffraction and therefore can
prevent spillover and/or scan only a certain region of a sample. After taking the scans, the Jade
2010 software (Materials Data, Inc., Livermore, CA) was used to convert the patterns from
automatic slit to fixed slit intensities. In most cases, 2° antiscatter slits were used on the
Empyrean and MPD to maximize information in the low intensity 70 – 75° 2θ where the
tetragonal splitting was of interest. PS-PVD samples were investigated using NASA Glenn’s
Bruker D8 Advance system and employed sample rotation which prevents any in plane
orientation from having an effect. This was particularly useful as over 80 samples were
scanned for the Series 7 depositions and ensuring exactly the same orientation would have
been nearly non-trivial. The XRD patterns were analyzed with Jade 2010.
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Pole figures were collected on the Philips MRD system by selecting the appropriate
peak position 2θ and performing Bragg-Brentano scans along the Psi (ψ) direction in one
degree steps to 85 degrees. At each Psi step, the sample was rotated along the Phi (φ) direction
by five degree increments for the total 360° φ with a step time of 1 second/step. This resulted
in a total time of 3:09 per sample.
3.3.3.1

Residual Stress via Sin2(ψ) Method
Residual stress was calculated via the Sin2(ψ) method. The residual stress scans were

performed on the Philips MRD instrument using ψ angles of 0° – 49° over seven ψ steps.
Individual scans were performed at each ψ increment with a 0.02° 2θ step size and 20 s/step,
for a total of 58 minutes per scan and thus 6:51 per sample. This method assumes a biaxial
plane stress state where the stress in the z-direction or out of the plane of the film/coating is
zero, a reasonable assumption for many coating systems. With this assumption, we can
measure the lattice parameter in the z-direction, and compare the lattice parameter to that in
the x-y directions to yield an approximate strain relationship and utilize Hooke’s law to resolve
a stress as shown by Equation 3.3:
𝐸(ℎ𝑘𝑙)

𝑑𝜓 −𝑑0

𝜎𝑥𝑦 = (1+𝑣)𝑠𝑖𝑛2 𝜓 (

𝑑0

)

Equation 3.3

Where σxy is the in-plane stress, Ehkl is the elastic modulus for the measured plane, v is
Poisson’s ratio, d0 is the 0° 2θ lattice parameter (assumed to be unstrained for biaxial stresses)
and dψ is the lattice parameter at some angle ψ. Therefore, by plotting the lattice parameter as
a function of sin2ψ and finding the slope (m), we can estimate the strain through Equation 3.4:
𝐸(ℎ𝑘𝑙)

𝜎 = (1+𝑣) 𝑚

Equation 3.4

This measurement can result in a few forms of error. First, there may not be a state of plane
stress and as such, the d0 lattice parameter may not represent a σz =0 lattice parameter. In other
words, if there is stress in the out of plane direction, this would need to be factored into the
derivation from that attributed to the in plane direction. Additionally, the elastic modulus used
should ideally be the plane specific modulus, i.e. E(hkl) when measuring d(hkl). These values are
not readily available for all materials and for all lattice planes, and thus the Young’s modulus
may need to be used. This results in an error percentage equal to E(hkl)/EYoung’s which would
be propagated through all measurements. Essentially, the magnitude of stress would be
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incorrect, though the directionality (tensile or compressive) would be correct (assuming no
negative elastic constants). The relative error in the magnitude depends of the difference
between the plane specific modulus and the Young’s modulus, generally, the materials elastic
anisotropy. Additionally, when comparing the same coating material (e.g. YSZ) applied in
different manners, the error in the magnitude of the stress becomes inconsequential if
compared as a percentage (e.g. σcondition1/σcondition2). This is due to the moduli terms in Equation
3.4 canceling out (and thus the error canceling out as well). This is assuming that there are no
substantial changes in the composition and defect chemistries of the materials which would
significantly impact the plane specific moduli, which could introduce error.
3.3.3.2

Pattern Refinement via Rietveld and Whole Pattern Methods
Pattern refinement was carried out via two methodologies, Rietveld refinements [154]

and whole pattern refinements [155,156]. In general, both methods focus on using a least
squares method to fit a simulated pattern to the experimental data. The simulated data is
composed of a set of variables relating the peak location, shape, and intensity, which can then
be correlated back to physical parameters such as lattice parameter, crystallite size, microstrain,
etc. The primary difference between the two methods is where they use physically meaningful
descriptions for intensities, peak shape, and background. For example, in the Rietveld method
the background fit is essentially physically meaningless (e.g. a linear or parabolic fit), however
it uses the most physically meaningful description of peak intensities by using a structure factor
and a physically based description of the peak shape based on instrumental and microstructural
factors. This makes Rietveld a good method for quantitative phase analysis and crystal
structure refinement. In whole pattern fitting, the background and peak shape have a physical
basis in instrumental, geometrical, and microstructural parameters.

However, the peak

intensity is not fit by a structure factor. Thus, whole pattern fitting is better suited to determine
microstructural parameters which have an effect on peak shapes such as microstrain and
crystallite size. For this dissertation, Rietveld refinement was employed via GSAS [157] and
EXPGUI [158] while whole pattern fitting was employed via Jade 2010. Whole pattern fitting
was favored for PS-PVD and APS samples where texturing was minimal and thus intensity
fitting was of a smaller concern. Additionally, the very large peak widths in PS-PVD
indicating a large degree of structural broadening, something well suited to whole pattern
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fitting. Rietveld refinements were attempted when preferred orientation was too strong to yield
suitable whole pattern fits in certain EB-PVD samples.
3.3.4

Surface Roughness via Optical Profilometry
Optical profilometry was performed using Zygo NewView 7300 and NexView 3D

optical profilometer (Zygo Corporation, Middlefield, CT) to determine the surface roughness
of the samples. For the NewView 7300, a 50X – 0.5X lens and magnification were used, with
a 4x4 stitch and 25% overlap yielding a total field of view of 0.91 mm x 0.69 mm. These scans
were performed in three areas for each sample in a roughly triangular configuration to yield
representative data. Since the PS-PVD samples were dark (i.e. absorptive) and porous/rough,
they represented the most challenging samples to analyze. To overcome these issues, various
methods were employed. First, to account for the relatively high roughness of the surfaces,
>65 µm bipolar scans were used. Additionally, to maximize the information from the depths
of the pores, high light levels were needed. However, these high light levels tended to saturate
the rest of the sample leading to an overall loss in information. To mitigate this, dual light
level scans were performed with one light level optimized for the majority of the surface (i.e.
the tops of the columns) and a second light level which was higher and optimized to get the
most information from the pores between the columns. These images were then combined to
yield a single image with maximal information. For reference, a single scan on an average
sample would typically yield <200k pixels (out of ~300k; 67%) while a properly setup dual
light level scan would yield ~250k (83%) pixels.

The remaining black pixels (i.e. no

information) were ‘filled’ via a proprietary interpolation program from the manufacturer. A
plane fit was generally employed to correct for sample tilt. The addition of the state-of-the-art
NexView 3D instrument enabled much more efficient scans where lower magnifications of
20X – 0.5X could be used (and thus less stitching for a similar area as previous scans).
Additionally, much higher fidelity was achieved in terms of a lower percentage of black pixels
due to the higher quality instrumentation. With this instrument, faster ‘rough’ scans were
typically used, as the lower z-resolution of < 10 nm was sufficient due to the high surface
roughness values of >3 µm.

80

3.4

Thermal Barrier Coating Property Determination
A variety of techniques were utilized to test the TBC properties and are discussed

herein, including:

steady state laser heat flux thermal conductivity, laser flash thermal

conductivity, erosion testing, and furnace cyclic testing.
3.4.1

Steady State Laser Heat Flux Thermal Conductivity
Thermal conductivity testing was performed at NASA Glenn Research Center using a

steady-state laser heat flux technique [159,160]. This technique utilizes a 3.0 kW CO2 laser
operating at 10.6 µm wavelength (EVERLASE Vulcan, Coherent General Inc., Sturbridge,
MA) to heat the surface of the 2.54 cm diameter specimens. A 1.25 cm thick Al plate with a
2.39 cm diameter hole was placed over the sample to prevent overheating of the sample edges.
A similarly sized steel plate was used on the back of the sample. The specimens were rotated
on a motor-driven stage and when combined with an integrated ZnSe lens, a uniform laser
power distribution over the 2.39 cm diameter was achieved. Reflected laser power was
measured using a 10 µm reflectometer. Three Pt wires (0.38 mm) were used on each side of
the sample to create an air gap between the specimen and Al/steel plates to prevent heat loss
to the plates. Surface temperatures were measured by an 8 µm infrared pyrometer (Model
MX-M803 Maxline Infrared Thermometer Measurement and Control System, Ircon, Inc.,
Niles, IL).

Backside air cooling was used to create an engine-like temperature gradient

through the sample with typical backside temperatures of ~900 °C. This setup is shown
schematically in Figure 3.10. For calibration of the heat flux, a side hole was drilled via
electrodischarge machining into the center of a coated substrate with known thermal
conductivity and a 1 mm diameter type K thermocouple was inserted. This provided the
temperature gradient for a known distance of a material with a known thermal conductivity,
and thus the heat flux through the system.
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Figure 3.10. Schematic diagram of the laser heat flux rig at NASA Glenn Research Center (Cleveland,
OH) showing the laser, sample fixture and various pyrometers, reflectometer, and thermocouples used
to determine the thermal conductivity.

Thermal conductivity calculations were performed using a one-dimensional heat
transfer model. The pass through heat flux is first determined using Equation 3.5:
𝑞𝑡ℎ𝑟𝑢 = 𝑞𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 − 𝑞𝑟𝑒𝑓 − 𝑞𝑟𝑎𝑑

Equation 3.5

where qthru is the pass through heat flux, qdelivered is the delivered heat flux from the laser, qref
is the measured reflected heat loss, and qrad is the calculated radiative heat loss from the surface
of the sample, where the emissivity of the TBC was taken to be 0.5 [161]. The temperature
gradient through the ceramic topcoat is then calculated via Equation 3.6:
𝑙

𝑞

∙𝑑𝑙

𝑙

𝑞

∙𝑑𝑙

∆𝑇𝑐𝑒𝑟𝑎𝑚 = 𝑇𝑐𝑒𝑟𝑎𝑚−𝑠𝑢𝑟𝑓 − 𝑇𝑠𝑢𝑏−𝑏𝑎𝑐𝑘 − ∫0 𝑏𝑜𝑛𝑑 𝑘 𝑡ℎ𝑟𝑢(𝑇) − ∫0 𝑠𝑢𝑏 𝑘𝑡ℎ𝑟𝑢(𝑇)
𝑏𝑜𝑛𝑑

𝑠𝑢𝑏

Equation 3.6

where ΔTceram is the temperature difference across the ceramic topcoat, Tceram-surf is the
measured temperature at the coating surface, Tsub-back is the measured temperature of the
substrate backside, and lbond, lsub, kbond, ksub are the bond coating and substrate thicknesses and
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thermal conductivities, respectively. Using Equations 3.5 and 3.6 and the measurements from
the test rig and a known top coating thickness (lceram), we can then calculate the coating thermal
conductivity (kceram) via Equation 3.7:
𝑘𝑐𝑒𝑟𝑎𝑚 =

𝑞𝑡ℎ𝑟𝑢 ∙𝑙𝑐𝑒𝑟𝑎𝑚
∆𝑇𝑐𝑒𝑟𝑎𝑚

Equation 3.7

There are several potential sources of error in this technique. The measurements
themselves (temperature, reflectance, thickness) are all potential sources of error.

The

measurement error is minimized by using well calibrated equipment and representative SEM
images for the coating thickness measurements.

Additionally, the calculation becomes

sensitive to measurement error when the coating thermal conductance (conductivity/thickness)
increases with respect to the substrate. A high thermal conductivity material or very thin
coating both lead to a small ΔTceram which from Equation 3.7 as this number becomes smaller,
there is a large effect on k for even small deviations in lceram or qthru. In others words, there is
typically around a 400 °C overall temperature drop across the coating, bond coating, substrate
system, in which the ΔT primarily split between the ceramic coating and the rest of the system.
If the coating is responsible for the majority of the temperature drop (say 300 °C) due to its
low thermal conductivity, then any small errors in measured temperatures from the pyrometers
(typically ± 2 °C), lceram or qthru have minimal impact on the overall kceram. In comparison, if
the coating has a high conductance (or is thin), and so the temperature drop is around 100 °C,
a 4 °C error in the pyrometer temperatures would represent a 4% error in the measured value
of thermal conductivity. Since these materials have relatively low thermal conductivities, this
effect is generally small and is further minimized by coating thicknesses greater than 100 µm.
3.4.2

Laser Flash Diffusivity Thermal Conductivity
Laser flash diffusivity measurements (NETZSCH Instruments North America LLC,

Burlington, MA) were performed on selected samples. This technique involves using a laser
flash to ‘instantaneously’ heat the surface of the sample relative to the bulk of the sample and
measure the temperature rise on the backside as a function of time. A one-dimensional
adiabatic (no heat loss from the sides) thermal diffusion calculation is then applied as in
Equation 3.8:
𝛼 = 0.1388 ∙ 𝑡

𝑙2

1⁄2

Equation 3.8
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where α is the thermal diffusivity, l is the thickness, and t is the time. From this, the thermal
conductivity (k) is calculated from Equation 3.9:
𝑘 = 𝛼 ∙ 𝐶𝑃 ∙ 𝜌

Equation 3.9

where CP is the specific heat and ρ is the bulk density of the coating. Since the laser pulse is
often in a regime where the zirconia-based TBC material is translucent, a graphite paint or Pt
coating is often used to ensure a high emissivity (and therefore high absorptivity of the laser
flash). Many of the sources of error in this techniques, specifically for thermal barrier coatings,
can be found in the literature [162,163]. This method is particularly sensitive to the coating
thickness, where a 10% error in thickness can result in a 20% error in the reported thermal
conductivity value. Compared to the steady-state heat flux technique, another difference is
that this method tests the samples at a given temperature and not in a gradient environment.
Therefore, the conductivity of the coating at a specific temperature may be more accurate
(since there is no gradient), but the testing methodology is not as reflective of the actual coating
operating conditions. Additionally, the technique requires usage of the coating porosity which
could be somewhat dubious due to the anisotropic nature of the coatings,
3.4.3

Thermal Cyclic Life
Thermal cyclic life was determined by cycling coated specimens into and out of a

furnace for a selected period of time. Generally, this time is 1 hr total, with a 50 – 55 minute
hot time and a 5 – 10 minute cool time where the sample is air cooled to approximately 100
°C, often via forced air fans. The furnaces are calibrated to a set temperature via thermocouples
while the samples are inside the furnace. The cool temperatures are similarly calibrated via
thermocouples when the samples are removed from the furnace and forced air fan cooled.
Typical temperatures for TBC coated specimens on Ni superalloys are 1100 °C – 1200 °C. As
these tests are isothermal, higher testing temperatures indicate higher temperatures experienced
by the metallic substrate and bond coating. This is a tradeoff, as there is a desire to test at high
temperatures (>1200 °C) for the top coating, yet the bond coating and substrate are typically
only designed for/operated at ~1000 °C. Thus, as testing temperature is increased, the overall
life of the TBC system is reduced (for a given coating) due to an increased degradation rate of
the bond coating and substrate. Gradient burning rig thermal cyclic testing can avoid some of
these issues, at the surface can be maintained at very high temperatures (>1300 °C) while the
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bond coating and substrate are at 1000 °C or less. This minimizes the contribution of the bond
coating degradation due to unrealistically high temperatures and thus primarily evaluates the
top coating performance. In addition, the thermal gradient is representative of the engine
environment and post testing analysis would be similar to what is observed in the field.
Unfortunately, gradient rig testing was not available at NASA Glenn and these capabilities
were not available at PSU-ARL so for the tests in this dissertation, 1100 °C, 1150 °C, and 1175
°C, isothermal furnace cyclic tests were used. 1150 °C was chosen as the primary thermal
cycling temperature as this is a widely used parameter in the literature which presents a good
tradeoff between high temperature and sintering effects, while not significantly degrading
performance purely due to oxidation of the metallic components of the TBC system
The tests performed at PSU-ARL used an Applied Test Systems Series 3450 box
furnace. The furnaces have been customized with circular holes in the base to enable cycling
of superalloy fixtures in and out of the furnace. Upon these fixtures is a plate which holds an
approximately 7.62 cm diameter x 3.81 cm high cylindrical piece of furnace insulation. The
insulation has a series of seven, 2.54 cm diameter x 0.159 cm deep wells in which the samples
sit. This prevents metal from contacting the samples and any subsequent oxidation of the metal
from interfering with the test. In addition, this reduces the temperature observed by the
superalloy fixture and thus extends its life. Digital images of the test rig setup and sample
fixturing provided in Figure 3.11a and the pneumatics raise the sample in and out of the furnace
which has similar sized holes cut through the bottom. The samples are shown in the sample
holder in Figure 3.11b, with various compositions in their as deposited state. The same
samples are also shown during testing in Figure 3.11c, where the orange glow was caused by
the high temperature when removing from the furnace. The samples were deemed to have
failed when 50% delamination had occurred.
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Figure 3.11. Thermal cycling rig at PSU-ARL with (a) showing a side view of the furnace, pneumatic
fixturing for raising and lowering samples, cooling fans, and sample holders and (b) showing a top view
of a typical sample layout on the sample holder and (c) showing the orange glow of the sample holder
while cooling.

3.4.4

Erosion Durability
The primary qualification of coating performance in terms of durability was erosion.

Erosion was performed at PSU-ARL using an in-house custom built erosion rig as shown in
Figure 3.12. Detailed information on the construction of this system can be found in a prior
dissertation [164] and the erosion procedure was based on ASTM G-76. Briefly, the rig is
based on a modified grit blasting rig where steps have been taken to ensure reproducibility and
reliability for erosion testing. These include a negative pressure glove box hooked up to a
HEPA filtration system to contain and subsequently filter the particles. In addition, a highly
regulated pressure system was installed to control airflow, as seen in the top of Figure 3.12.
Modifications from the standard were made as the coatings in this dissertation were designed
for a different environment than ASTM G-76. For example, a mask was used with a 1.27 cm
diameter opening to ensure only a specific area of the sample was eroded. This prevents edge
effects from causing delaminations or effecting the results in any fashion whereas an unmasked
2.54 cm diameter button would experience erosion on the entire face and edges.
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Figure 3.12. Digital image of the in-house erosion rig (left) and close up of the sample holder (right)
showing the 1.27 cm diameter mask and angle selection capability [164]. A vibratory feed system
supplied the powder at a known rate into the acceleration tube which pulls the powder in via the Venturi
effect and accelerates the powder towards the sample which is placed in the masked holder at a known
angle and distance from the end of the nozzle.

The sample holder and mask setup is shown in Figure 3.12 and this holder can be
pivoted for impingement angles of 90° (normal) to 10°, representing the variety of impact
conditions that could occur in an engine environment. Another deviation from ASTM G-76 is
related to the particle velocity, where the standard requires a 30 m/s particle velocity, a typical
turbine blade velocity can be several hundred meters per second. The system is capable of a
variety of particle velocities (75 – 200 m/s) in order to replicate various conditions in an engine.
For this study, 100 m/s was chosen as the particle velocity as this is a generally accepted
condition which is representative of engine conditions and has been used throughout the
literature. The nozzle and standoff were also changed from the standard, though this was done
to achieve the desired high particle velocities. Additionally, particle feed rates initially were
higher than the standard (100 g/min vs 2 g/min) though this was changed as it was determined
the 2 g/min conditions yielded high erosion rates for a given amount of erodent fed. This
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suggested there was some degree of particle interaction where reflected particles reduced the
velocity/momentum of the incoming particles at 100 g/min feed rates. This effect stopped at
approximately 2 g/min (i.e. at lower feed rates, there was no change in the erosion rate), and
thus this was chosen as the ideal feed condition. The dosage was chosen as 5 g increments
with a 2 g/min feed rate and a minimum of 10 data points or 50 g total of erodent material fed
compared to early experiments at 100 g/min with variable dosages up to 1000 g total erodent
exposure. Al2O3 media with a mean particle size of 50 µm was chosen as the erodent material
in accordance with the standard. To yield erosion rates, dry samples were weighed prior to
erosion durability testing to yield an ‘as deposited’ mass. After each 5 g dose of erodent at 2
g/min feed rate, the samples were weighed and the weight loss was calculated. The ratio of
coating mass loss vs. mass of erodent fed represents the erosion rate and therefore enables a
comparison of the erosion durability of various coating systems. It is important to note that
mass loss is measured, and is a valid method for similar coatings/materials. However, two
coatings using two materials with substantially different theoretical densities or porosities
should be compared in terms of volume loss, as this is more reflective of the volume of material
lost or normalized based on the density difference. Additionally, the erosion rates used in this
dissertation are defined as steady-state erosion rates. This is an important distinction, as the
erosion rate of coatings often changes (generally decreases) as a function of erodent material
fed until reaching a steady state value. Thus, if the erosion rate is taken after only a few grams
of erodent exposure it is quite possible it has not reached steady state and is therefore an
improper comparison to steady state data. This is not specified in the standards and nor is
generally followed in the literature. Further detailed discussion on this concept will take place
in Chapter 5.
3.5

Coating Simulation
Finite element analysis (FEA) was used to simulate coating behavior under a variety of

conditions. The finite element method involves taking a large problem, i.e. a component, and
dividing it into smaller sections, termed elements. The simple equations used to describe the
individual elements are then combined into a system of equations and used to approximate
solutions to a boundary value problem for a differential equation.

For this work,

ABAQUS/Explicit v6.14-2 (Dassault Systemes SIMULIA Corporation – Forest Hill, MD) was
used for the FEA modeling. The components are modeled with fully elastic parameters (E and
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ν) to simulate room temperature behavior in ceramic coatings where minimal plastic
deformation occurs. The components of interest in this case are APS thermal barrier coatings
and were derived from SEM micrographs. Since ABAQUS has no method of generating
meshes from images, the object oriented finite element analysis [165,166] tool OOF2 v2.1.91 was used via the nanoHUB.org website. OOF2 allows for an SEM image to be converted
into a mesh based on the various colors in the image, similar to the thresholding used for image
analysis. Mesh refinement is then performed to minimize the energy of the mesh (E) as given
in Equation 3.10:
𝐸 = 𝛼𝐸ℎ + (1 − 𝛼)𝐸𝑠

Equation 3.10

where Eh and Es are the homogeneity energy and shape energy, respectively, and α is a scalable
parameter used to control the relative importance of the variables during refinement. The
homogeneity energy is essentially how much of the element is one phase versus another in the
mesh (i.e. the element overlaps the SEM micrograph which, for that region, contains some
amount of TBC material versus porosity). Ideally, all the elements would be homogenous
(composed of only one phase) and thus the mesh would be fully descriptive of the
microstructure. With this in mind, the mesh energy was first minimized with use of a high α
to focus on yielding elements which were primarily composed of one material. This mostly
involved sub dividing elements which covered regions composed of two phases into a given
number of smaller elements, typically two to three divisions in each direction. An example
schematic of this process is provided in Figure 3.13 where the original mesh is shown in red
and two phases in grey and black. There are several elements are the border of the two phases
which contain both phases. These elements have then been sub divided in Figure 3.13b. After
subdivision, there is a lower volume of multiphase elements, which results in less error.
Further refinement utilized an anneal or snap nodes command which moves nodes (corners of
elements) and accepts the movement if it fits the criterion selected (e.g. lower energy). In the
case of an anneal command, the node movement is ‘random’ whereas the ‘snap’ command
moves nodes to the boundary of the two phases. This type of mesh refinement yields very
homogenous elements yet can result in poorly shaped elements with very acute angles that
cause issues in the solver where a solution is not found. Thus, further refinements focus on
reducing the shape energy via a low α while maintaining a homogeneity cutoff such as 95%
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homogenous (i.e. the elements cannot go below 95% homogenous). An example of an SEM
image and resulting mesh is provided in Figure 3.14.

Figure 3.13. (a) Schematic showing a finite element mesh (red) with square elements overlapping a
two phase structure (grey and black) where some elements contain both phases. (b) After a mesh
refinement step, the multiphase elements are subdivided, which reduces the volume of multiphase
elements while those elements that remain multiphase are often times a majority of one phase type.

Figure 3.14. (a) Cross sectional SEM micrograph of an APS coating which has been cropped and
thresholded into a binary image and then transformed into an (b) FEA mesh (green) via OOF2.

The meshes were then input into ABAQUS where the simulations can be performed.
To estimate the modulus, Dirichlet boundary conditions were used and the base of the coating
was held at a displacement of zero while a tensile force was applied in the vertical direction to
the top surface of the sample. The displacement along the boundary was then averaged and
Hooke’s law was used to determine the modulus of the coating. For simplicity, cropped images
were used for this demonstration so that the surface and bottom of the coating were flat (and
thus able to be selected for the boundary conditions). Further simulation was based on a paper
which investigated FEA of a simplistic EB-PVD structure composed of vertical rectangular
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columns which was then impacted via a circular particle [167]. In our simulations, Al2O3
particles of various diameters (30 µm – 100 µm), radii of curvature (0 – 30 µm), velocities (50
– 400 m/s) and incidence angles (10 – 90°) were accelerated into the coating. The resulting
transient tensile stress waves were then investigated and compared for the various impact
conditions and across a variety of coatings. The potential for cracking was determined via a
simplistic Griffith failure mechanism according to Equation 3.11:
𝜎𝑐 = 𝐾𝐼𝐶 (𝜋𝑎)−0.5

Equation 3.11

Where σc is the critical stress needed to propagate a crack of length (a) in a material with a
given Mode I fracture toughness (KIC). The Mode I is used because it is the lowest toughness
for a material and thus represents a conservative estimate. This equation assumes a crack in a
a plate, which is relatively reasonable for the case of APS TBCs. The value of (a) can then be
chosen as a representative value for a typical flaw size in APS coatings such as an average
microcrack length. This critical stress is then compared to the stresses revealed from the
simulated particle impact and the locations of possible cracking are determined as a function
of impact variables as well as time. Different locations were also investigated to determine the
effect of location on stresses, as well as coatings which were not cropped. As it is assumed the
failure occurs on the initial transient stress wave propagation, the reflected stress waves were
not considered, and thus the effect of the substrate was neglected. Additionally, as this
framework does not account for failure or fracture, those effects on the propagating stress wave
are not simulated, and thus reflected stress waves would not be accurately simulated.
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Chapter 4

Advanced Thermal Barrier Coating Materials and Design Architectures
for Improved Durability

This chapter will discuss the unique design architectures which have been fabricated in
an attempt to increase erosion durability by modifying the apparent toughness of the TBC
system. The methods discussed in this chapter fall therefore into the category of extrinsic
toughening techniques. The work in this chapter started with EB-PVD multilayer systems
where the overall durability could be increased by layering a high temperature stable, low
toughness material (GZO) with a tougher material (t’ Low-k). It was anticipated that there
would be a volumetric effect of the toughening phase and potential for a crack deflection
mechanisms. Nanolayers were first investigated, after which variations in the processing of
the nanolayers were explored to increase porosity. Further work then focused on investigating
layer thickness to determine the effect of layer thickness on erosion, thermal conductivity and
thermal stability. In addition, the thickest layered systems were processed on the order of what
might be achievable in a single pass in an APS TBC system, and thus could potentially be
compared to an APS composite layered system. The durability of the layered coatings was
tested by erosion and high temperature heat treatments. XRD and SEM were performed on
post-tested samples to investigate the erosion mechanism and post heat treatment behaviors.
TEM and EDS were performed on selected regions to further investigate heat treatment
behavior of the layered systems. Thermal conductivity was evaluated via laser high heat flux
at NASA-GRC and investigated the reduction in thermal conductivity by advanced materials
(t’ Low-k, GZO) and the effects of layering.
The utilization of a secondary toughening phase was then applied to an APS coating
system since this work was funded in part through the Department of Energy whose primary
concern is industrial scale power generation. The Series 3 APS coatings system investigated
the effect of t’ Low-k phase concentration in a cubic Low-k matrix. Laser high heat flux
thermal conductivity at NASA-GRC was used to confirm the reduction in thermal conductivity
of the advanced materials (t’ Low-k, cubic Low-k) and the effect of the t’ Low-k concentration
on the performance of the cubic Low-k based coatings. The durability was explored through
erosion testing before and after heat treatment at 1100°C for 20 hours. Erosion rates were
described in terms of mixture laws to understand the non-volumetric effects of the toughening
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phase. The Series 4 APS TBC system again explored the composite design architectures,
however, this system utilized NZO whose composition was ZrO2 – 25Nd2O3 – 5Y2O3 – 5Yb2O3
(mol%, 35 total mol% Re2O3) compared to cubic Low-k’s ZrO2 – 6Y2O3 – 2Gd2O3 – 2Yb2O3
(mol%, 10 total mol% Re2O3). Thus, the rare earth content in the NZO composition is similar
to the rare earth content in the pyrochlore compositions and so the effects of mixing on the
very low toughness compositions could be investigated. Additionally, the coatings in these
depositions yielded a more horizontally aligned microstructure. The effects of the NZO
composition and the horizontally aligned splats were investigated in the same manner as the
Series 4 coatings, viz. XRD, SEM, heat treatment (thermal stability), and erosion and thermal
conductivity testing. For the NZO based composites, the thermal conductivity was determined
via laser flash technique as the high heat flux rig was unavailable. To better understand the
toughening effects of the secondary phase, FEA was implemented and the particle impact and
coating response were simulated for the YSZ coatings from Series 4. This information was
rectified in terms of the observed erosion behavior and mixing law relationships.
4.1

Layered EB-PVD Design Architectures

4.1.1

Characterization of Structure and Morphology
The EB-PVD coating matrix designations, compositions, design architectures, and

thicknesses are provided in Table 4.1.

Series 1

Table 4.1. EB-PVD coating design architectures, resultant thickness values, and phases for depositions
exploring the layering concept. t’ = metastable tetragonal, F = Fluorite
Matrix
E1

Composition
YSZ

Architectures
Monolithic

Layer
Thickness (µm)
N/A

Total thickness
(µm)
198 ±3

Phase
t’

E2

t’ Low-k

Monolithic

N/A

207 ±2

t’

E3

GZO

Monolithic

N/A

199 ±3

F

E4

t’ Low-k/GZO

Nanolayer

~0.2

214 ±2

t’ + F

E5

t’ Low-k/GZO

Nanolayer

~0.2

286 ±2

t’ + F

E6

t’ Low-k/GZO

Thick Layer

~30

301 ±3

t’ + F

E7

t’ Low-k/GZO

Microlayer

~0.6

181 ±2

t’ + F

E8

YSZ/GZO

Thick Layer

~12

230 ±3

t’ + F

XRD patterns of the as deposited coatings from E1 – E6 are provided in Figure 4.1
where the E1 and E2 coatings exhibit the t’ phase, and the GZO from E3 exhibited the cubic
fluorite phase. The nanolayers in E4 and E5 show the expected mixture of the two phases,
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while the thick layer from E6 exhibits only the GZO cubic fluorite phase. Since the GZO
phase was the last layer in the thick layer coatings and is on the order of 25 µm, no signal was
observed from the underlying t’ layer. Notably, the EB-PVD GZO always exhibited the
fluorite phase in the as deposited condition. This is due to a combination of insufficient time
and temperature to allow for the rearrangement into the more stable ordered pyrochlore phase.
There is a change in the preferred orientation of the coatings, when comparing the XRD pattern
in Figure 4.1. For the t’ phase coatings, the preferred orientation is in the {110} and {211}
planes at roughly 35° 2θ and 60° 2θ, respectively. The t’ {211} peak corresponds to the cubic
{311} peak (both are located at 60° 2θ, i.e. the same lattice parameter) and the GZO coating
from E3 possess a very high preferred orientation in this plane. This orientation behavior is
carried into the nanolayers, and is most severe for the outer GZO layer in the thick layer
coating.

Figure 4.1. XRD patterns from the EB-PVD coatings for matrix E1 – E6 showing the expected cubic
and t’ phases in the various monolithic and layered coatings. There is a significant change in the
preferred orientation between t’ compositions and cubic compositions. The E6 XRD pattern only
shown diffraction from the outer GZO layer due to the ~25 µm thickness and mass attenuation
coefficient.

To further quantify this relationships, texture coefficients (T) were calculated via
Equation 4.1:
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𝐼(ℎ𝑘𝑙)

𝑇(ℎ, 𝑘, 𝑙) = 𝐼

0

1 𝐼 (ℎ𝑘𝑙)

−1

(∑𝑛 𝑛 𝐼 𝑛 (ℎ𝑘𝑙))
(ℎ𝑘𝑙)

Equation 4.1

𝑛,0

where I(hkl) and I0(hkl) are the observed and theoretical intensities of a given plane over the
sum of (n) total planes (the four largest were used here). The texture coefficients and PDF
cards used for the theoretical intensities of the t’ phase (YSZ and t’ Low-k) and Fluorite phase
(GZO) are provided in Table 4.2. The t’ phase was used for texture coefficient of E1, E2 and
the E4 nanolayer, while the remaining E3, E4, and E6 coating texture coefficients were
calculated using the Fluorite phase.
Table 4.2. Top: Equilibrium peak positions and relative intensities for the high intensity planes
between 20° – 80° 2θ for t’ phase (YSZ and t’ Low-k) and Fluorite (GZO) when using Cu Kα radiation
(λ=1.5406 Å). Bottom: Texture coefficients based on the PDF cards and observed intensities (*
indicates texture coefficient was calculated using Fluorite phase).

t’ Phase – PDF: 01-070-4427
Plane Peak (°2θ)
Intensity (%)
{101}
30.1794
100
{110}
35.1262
13
{112}
50.2128
32
{211}
59.9850
21
{004}
73.2494
2
{220}
74.2436
4

GZO Fluorite Phase – PDF: 01-078-4083
Plane Peak (°2θ)
Intensity (%)
{111}
29.3904
100
{200}
34.0658
26
{220}
48.9447
42
{311}
58.1238
28
{222}
60.9755
5
{400}
71.7247
4

Texture Coefficients
Plane
(t’) or (F)
{101} or {111}
{110} or {200}
{112} or {220}
{211} or {311}

E1

E2

E3*

E4

E5*

E6*

0.01
2.14
0.39
1.46

0.01
2.17
0.32
1.50

0.24
0.56
0.09
3.10

0.13
0.86
0.39
2.62

0.05
3.16
0.04
0.74

0.07
0.02
0.04
3.87

The preferred orientations can indicate, to a degree, the adatom mobility during
deposition. The lattice planes corresponding to the higher angle 2θ planes, so called high index
planes, have higher surface energies due to the larger number of dangling bonds. Higher
intensity and thus preferred orientation in the high indexed planes suggests the adatoms have
higher energy and therefore increase surface mobility. If the adatoms possessed lower energy,
they would form a low indexed plane surface with fewer dangling bonds such as the (111).
The primary processing conditions affecting adatom energy and mobility during the EB-PVD
depositions were substrate temperature, deposition rate, deposition pressure, and rotational
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velocity (though many other factors also play a role). Since the deposition rate was relatively
low (~2 µm/min for E1 – E3), this may have enabled a relatively large adatom mobility. The
deposition rates for the nanolayers were slightly higher (E4 – 2.7 µm/min, E5 – 3.7 µm/min),
however, the reflected heat from the multiple ingots may have yielded a higher surface
temperature than that measured by the thermocouple above the samples, therefore maintaining
or even enhancing the adatom mobility (measuring temperature below the samples would be
more reflective but would shadow the deposition). This potentially higher temperature is
confirmed by the total power of the melt guns being ~23.4 kW for E1 – E3 and 43.2 kW for
E5 and E6. When examining the texture coefficients, the E4 nanolayer appears intermediate
to E1/E2 and E3, which is expected given it is a mix of both compositions. In comparison, the
E5 nanolayer has its strongest texture in the {200}, which is a relatively low index set of planes
suggesting low mobility. This correlates to the highest deposition rate among the E1 – E6
samples at 3.7 µm/min. The thick layer E6 coating is the most heavily textured in the highest
index {311} planes. This correlates to a low deposition rate of 2.0 µm/min similar to E1 – E3,
but combined with a high substrate temperature of 1100°C compared to E1 – E3 at 1025°C.
Unfortunately, whole pattern fitting was unsuccessful due to the extreme preferred
crystallographic orientation in high index planes which results in poor intensity fitting, and
thus incorrect peak shapes (i.e. crystallite size and microstrain) and volume fractions.
SEM micrographs of the as deposited monolithic coatings are provided in Figure 4.2
showing the columnar morphology consistent with EB-PVD deposition. The YSZ and t’ Lowk coatings in Figure 4.2a-b appear to have slightly smaller column widths (~8 µm) and more
interrupted columns than the GZO (~13 µm) coating in Figure 4.2c when measured manually.
The coating thicknesses are all in line with the desired 200 ± 20 µm total thickness and the
YSZ interlayer on the GZO coating is the desired ~25 µm. The coatings from E1 and E2 are
cross sectioned off-axis, thus their columns do not appear continuous as one might expect. The
coating from E3 was cross sectioned along the correct axis, however, it appears to grow at a
16° angle with respect to the substrate. One explanation could be that the sample was not
translated over the GZO ingot center after the YSZ interlayer, or slight error in the centerline
position determination. The XRD of the coatings is provided in Figure 4.2 and shows that the
GZO containing coatings all have a preferred orientation that is much stronger in the (311).
Since the growth angle is at approximately 16° off the normal and it was considered that this
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angular offset may correspond to a fast growing plane or direction such as (111), (110), or
(100). The angle between the (311) plane and various other planes were calculated to be 29.5°
(111), 31.5° (110), and 25.2°(100), none of which are close to the 16° offset observed. The
closest relatively low index planes appear to be the 17.5° (310) and the 14.8° (321), neither of
which are typically considered fast growth planes, thus the angular growth is likely due to
mandrel positioning.

Figure 4.2. Cross sectional SEM micrographs of the EB-PVD monolithic coatings (a) E1 – YSZ, (b)
E2 – t’ Low-k, and (c) E3 – GZO (with the dark YSZ interlayer at the base), all in the as deposited
state.

Cross sectional SEM micrographs of the as deposited layered coatings are provided in
Figure 4.3. The columnar morphology is again evident, even in the nanolayered system where
constant interruption of the vapor flux had taken place. The higher magnifications on the right
of Figure 4.3b,d,f clearly show the layering and interfaces in each of the coatings, where the
nanolayer thicknesses are on the order of ~200 nm and the thick layers are ~30 µm. Notably,
many of the layers in the nanolayer system are significantly smaller than the 200 nm thickness.
Large scale striations are observed in the coatings, indicating changes in stoichiometry as a
function of time during deposition. This is attributed to small fluctuations in substrate
temperature, chamber pressure, and beam currents and locations during evaporation. The
column widths in E4 and E5 appear much smaller and more frequently interrupted than those
in E1 – E3. This is attributed to the interruption of the vapor flux while rotating over the vapor
barrier combined with the change in vapor species yielding continuous re-nucleation.
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Figure 4.3. Cross sectional SEM micrographs of the EB-PVD layered coatings (a-b) E4 – t’ Lowk/GZO nanolayer, (c-d) E5 – t’ Low-k/GZO Nanolayer, and (e-f) E6 – t’ Low-k/GZO Thick Layer in
the as deposited state.

From the SEM images, it appears the density was successfully reduced from the E4
nanolayer to the E5 nanolayer by increasing the deposition rate. Additionally, the E5 coating
appears to have a larger portion of the brighter GZO phase due to increased GZO feed rate.
EDS analysis suggested a GZO content of 38% ± 1% for E4 and 62% ± 1% over three large
regions for each sample, confirming the increase in GZO content. Additionally, it appears that
the column widths are reduced from about 3 µm to about 1.5 µm when measured manually
from Figure 4.3b,d, likely a result of the 37% higher deposition rate combined with the
interruption of the vapor flux. The thicker layers are apparent in E6 and this coating exhibited
larger diameter columns (~7 µm from Figure 4.3f). Less interruption of the vapor flux occurred
during this deposition, and thus more continuous growth, rather than re-nucleation and growth
as observed for E4 and E5. The larger column widths in E6 could also be attributed partly to
a lower deposition rate (2.0 µm/min), lower pressure, and increased temperature, as these
coatings utilized a single ingot at a time during deposition, and so the lower deposition rates
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and lower pressures combined with higher temperatures yield increased adatom mobility and
more growth. Though the 2.0 µm/min deposition rate of the E6 thick layer is less than the 2.7
µm/min of the E4 nanolayer, it still suggests that the interruption of the vapor flux is the true
root cause of the initial reduction in the column widths for the nanolayer system. This
reduction in mobility is then exacerbated by a higher deposition rate in the E5 coating yielding
even smaller columns. The XRD pattern from Figure 4.1 showed that the outer GZO layer in
E6 had an extremely pronounced {311} preferred orientation to the point where the other peaks
are barely visible. This suggests there was indeed high mobility and hence the resultantly
larger column diameters compared to the nanolayer coatings. Additionally, the thick layer
coating appears to grow at an angle and close inspection of the cross section reveals angular
growth is initiated in the first GZO layer and continues through subsequent layers. This further
suggests that the current deposition conditions result in a heavily preferred orientation for this
particular chemistry which may result in a slight angular growth.
4.1.2

Thermal Conductivity of EB-PVD Monolithic and Multilayer Coatings
The laser high heat flux thermal conductivity of E1 – E6 are provided in Figure 4.4

with initial thermal conductivities in the darker shade and final thermal conductivity after 20
hours of testing at 1316 °C surface temperatures in the lighter shade. The difference between
the initial and final values enables comparison of the rate of increase of thermal conductivity
over time, typically attributed to sintering and morphological changes when there is no phase
change. This is important, as not only will sintering increase thermal conductivity, but it can
negatively impact the mechanical properties of the TBC system. Starting with the monolithic
coatings, E1 – E3, the thermal conductivity of YSZ (1.45 W/m-K) is high relative to the more
advanced t’ Low-k (1.20 W/m-K) and GZO (1.13 W/m-K) compositions, where GZO exhibits
a particularly low thermal conductivity. After testing, the YSZ sample exhibits a 52% increase
in thermal conductivity, as opposed to the t’ Low-k which has a 37% increase and the GZO
which has a 26% increase. This again shows the utility of more advanced materials having
both low thermal conductivities and improved resistance to sintering. Not only can the reduced
thermal conductivities enable higher temperature operation while maintaining the same
substrate temperatures, but low sintering rates prevent columns from sintering and reducing
strain tolerance, thus improving durability by reducing damage during thermal cycling and
erosion. Importantly, these thermal conductivities could be further reduced by increased
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incorporation of porosity, however, this would likely be at the expense of the erosion
performance. Noticeably, the error bars due to coating thickness are very small due to the low
standard deviations in coating thickness for the EB-PVD process, particularly when applying
to smooth substrates.

Figure 4.4. Laser high heat flux thermal conductivity results for the E1 – E6 EB-PVD coatings tested
at 1316 °C surface temperatures for 20 hours. The thermal conductivity of t’ Low-k and GZO and
lower than YSZ while the layered systems maintain low thermal conductivities and increases in thermal
conductivity over the 20 hour test period.

When considering the layered coatings from E4 – E6, a reduction in thermal
conductivity with respect to YSZ is observed, as expected. However, the initial thermal
conductivity of the E4 coating does not lie between the parent coating materials. This was
attributed to the density of this coating being higher than that of the parent coatings. E5 was
deposited in an attempt to reduce the density by increasing the feed rate and electron beam
currents to yield higher deposition rates. This is evidenced by the SEM image from Figure
4.4c-d and the thermal conductivity data further supports this by showing a reduction in
thermal conductivity. Additionally, a larger GZO content was desired to further reduce the
overall thermal conductivity. The increase in thermal conductivity over the course of the test
is also smaller in the E5 nanolayer with an increase of only 7%. This could be partly attributed
to the higher GZO content which from the monolithic coatings, showed a lower increase in
thermal conductivity over time. Interestingly, the thermal conductivity is less than what might
be expected from a volumetric perspective which suggests that the layering has an additional
effect in reducing the thermal conductivity. This has been shown previously by investigating
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the hemispherical reflection of layered TBCs [73] where layered interfaces and changes in
refractive index can cause considerable changes in the thermal transport and IR absorbance
and transmission of a TBC. It should be considered that the difference between the observed
value (1.14 W/m-K) and the expected value based on the composition (1.16 W/m-K) is only
about 2%, so is approximately within the error of the measuring technique. Additionally, this
would assume that the porosities are identical in both magnitude and morphology, which they
likely are not. The thicker layer coating from E6 also exhibited a very low initial thermal
conductivity and small increase of 7% over the course of the 20 hour test. This initial thermal
conductivity value lies below that of the parent material (E3) and is likely a product of a slightly
angled morphology combined with a lower coating density. Angled column growth has been
shown as an effective method for reduction of thermal conductivity [168,169]. Overall, the
layered systems showed very small increases in thermal conductivity over time, even compared
to the low values of the parent t’ Low-k and GZO materials. The lack of increase in thermal
conductivity over time is particularly evident when comparing to the YSZ benchmark which
finishes at a value of 2.2 W/m-K, compared to the E6 coating which finishes at 1.22 W/m-K.
This property, combined with the low initial thermal conductivities illustrates the potential of
these multilayer systems.
4.1.3

Erosion Testing of EB-PVD Monolithic and Multilayer Coatings
The low thermal conductivity of the materials is maintained and even enhanced when

layering, however the question remains on the durability of these coatings. The erosion results
for E1 – E6 are provided in Figure 4.5 with post erosion cross sections of the E1 – E3
monolithic coatings in Figure 4.6. The monolithic coatings are shown in circles while the
layered coatings are shown in purple (squares for nanolayers, cross stitch for thick layer).
Focusing initially on the E1 – E3 monolithic coatings, the first observation is that the E1 and
E2 perform almost identically. When comparing Figure 4.6a and Figure 4.6b, minimal
differences are observed in the amount of plastic deformation and cracking just beneath the
TBC surface after erosion, indicating these materials behave mechanically similar. According
to Wellmann and Nicholls [108], at particle velocities of 100 m/s and particle size of 50 µm
Mode I type damage (lateral fracture) would be expected.

This is consistent with the

observations in Figure 4.6a and Figure 4.6b where the arrows show that cracking is primarily
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limited to the first 5– 10 µm beneath the TBC surface with only minor amounts of plastic
deformation.

Figure 4.5. Erosion data (100 m/s, 90° impingement, 50 µm Al2O3, 2g/min feed) for the EB-PVD
coatings from E1 – E6 showing that the layering concepts can successfully reduce the erosion rate with
respect to the pure GZO material.

Figure 4.6. Cross sectional SEM micrographs of post eroded monolithic coatings from (a) E1, (b) E2,
and (c) E3. The YSZ and t’ Low-k coatings exhibit small amounts of densification and cracking just
below the densified layer (arrows in a-b, 5 µm – 10 µm depth) whereas the GZO cracking exhibits
cracking at a much greater depth (arrows in c, 25+ µm depth).

Since the rare earth elements have a very obvious impact on thermal properties, it is
interesting that erosion remains almost identical. The overall stabilizer concentration was ~4
mol% in the t’ Low-k coatings, which is very similar to the ~4 mol% Y2O3 in YSZ. According
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to the Shannon table [170], the crystal radius of an eight coordinated Gd3+ is 1.193 Å while
that of a similarly coordinated Yb3+ is 1.125 Å. The average of these is 1.159 Å, which is also
the crystal radius of an eight coordinated Y3+. Thus equimolar additions of Gd and Yb should
have the same effect on lattice parameter as equivalent amounts of Y. This is important as the
addition of Yb and Gd at the expense of Y will have minimal effects on the tetragonality, then
the ferroelastic toughening [66] should remain. Indeed, a whole pattern fit focusing on the
lattice parameters (preferred orientation is too large to fit intensities well) results in identical
lattice parameters for E1 and E2 (a = 3.61 nm, c = 5.17 nm). One may surmise that additions
of only rare earths with larger radii (such as Gd in this case) at the expense of Y would act to
reduce the tetragonality, and diminish the ferroelastic toughening and thus erosion
performance, though to the authors’ knowledge there is no study relating the ionic radii, lattice
parameter and subsequent toughness at a given concentration.

The second important

observation is that E3 GZO has an erosion rate that is ~10X higher than that of E1 and E2. The
relatively low toughness of GZO results in a brittle material which readily fractures when
impacted by erodent particles. Figure 4.6c shows significant fracture in the first 10 – 15 µm
of the coating and with some even further down the columns up to 25 µm (highlighted with
arrows) leading to increased material loss. The morphology also plays a role, as larger column
diameters tend to have high erosion rates [135]. In this case, the wider columns of E3 likely
increase the erosion rate since a given spallation event of a fractured column results in more
material loss. Also, there is minimal plastic deformation which means maximum energy is
available for fracture. When combined with inherently low toughness, this results in a coating
which exhibits a drastic reduction in erosion performance from current state of the art 7YSZ
coatings such as E1. This is a major drawback of the GZO system and requires attention when
considering the overall lifetime of the TBC system. One important consideration is that though
the initial erosion rate of E3 may be relatively high compared to E1, in the aged condition the
performance gap may be significantly smaller. This is due to the sintering rate of GZO being
much lower than YSZ which yields minimal increases in erosion rate over time, whereas YSZ
has significant sintering and significant increases in erosion rate. E2 exhibits an erosion rate
almost identical to that of YSZ and much lower than GZO in the as deposited condition.
Therefore, in terms of erosion durability, the t’ Low-k system is favorable over GZO as it
improves the thermal properties over YSZ without sacrificing erosion performance. The
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drawbacks to choosing t’ Low-k over GZO are that GZO offers a higher maximum temperature
capability, better thermal insulation and possible enhanced resistance to CMAS over t’ Lowk. Thus, an ideal coating would combine these factors.
From Figure 4.5, it is clear that the layered design architectures have successfully reduced
the erosion rate with respect to GZO. The erosion rate of the E4 nanolayer lies between that
of E2 and E3 as one would expect. Thus, the layering of the tougher t’ Low-k phase with the
weak GZO phase is able to reduce the erosion rate by 72% with respect to the difference
between GZO and t’ Low-k, i.e. (EGZO - Emeasured)/(EGZO - Et’Low-k). If a simple mixing rule is
applied to the erosion rate, a net reduction of ~62% would be expected for a 62% t’ – 38%
GZO mixture. The difference could be caused by changes in morphology, porosity, layer
interfaces, and strain state, among others. Since many of these things cannot be quantified, it
is difficult to determine all of the contributing factors. A slight increase in the erosion rate was
observed for the E5 nanolayer, though this coating still showed a 64% reduction with respect
to the difference between GZO and t’ Low-k. The increase compared to E4 is tied to a
combination of a higher GZO content as well as a more porous structure. Based on the 38% t’
– 62% GZO, a net reduction of 38% would be expected in the erosion rate. Therefore the
actual erosion rate was significantly lower than expected and thus the increase in porosity was
able to help to reduce thermal conductivity (and likely improve thermal cyclic life), while also
potentially benefitting the erosion durability. For the thick layer E6, the initial erosion rate is
1.435 g/kg, a value similar to that of E3 – GZO. After 0.02 kg of erodent exposure, the erosion
rate changed to eventually reach a steady state value of 0.286 g/kg which corresponds to a
transition from the top GZO layer to the next t’ Low-k layer beneath. In this case the erosion
rate of the t’ Low-k layer in E6 is approximately twice that of pure t’ Low-k in E2. There are
several scenarios that result in the observed behavior, likely tied to the fact that though the t’
Low-k layers in E6 are tough; the GZO layers between the t’ Low-k layers are quite weak.
Post erosion SEM cross sections of the nanolayer E5 and thick layer E6 coatings are presented
in Figure 4.7a-d. Figure 4.7a shows cracking primarily occurs in the top 10 µm for the
nanolayer coating from E5 (red arrows), very similarly to E1 and E2. On the other hand, there
is almost no plastic deformation, similar to that observed in E3, which leads to some cracking
at depths >10 µm as shown by the black arrows. This is further evidence of the combination
of behaviors from both materials.
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Figure 4.7. Cross sectional SEM image of post eroded samples from the multilayered coatings from
E5 (a) and three different regions along the surface of E6 (b-d) after erosion testing. Red arrows in (a)
show subsurface cracking similar to E1 and E2, while the black arrow indicates where cracking has
occurred at significantly lower depths similar to E3. In (b) the t’ Low-k layer has been partially eroded
with significant cracking occurring in the GZO layer below. In the region of (c), the cracks are
beginning to coalesce which has led to delamination of part of the t’ Low-k layer. In (d), the t’ Low-k
layer has delaminated and the next GZO layer has been exposed and is severely cracked. Notably, no
cracking occurs in the underlying t’ Low-k layer but in the next GZO layer cracking is present (arrows).

Figure 4.7b-d are SEM cross section images of the eroded sample from E6 t’ Lowk/GZO thick layer at various locations along the surface. In the region of Figure 4.7b there is
minimal cracking in the top t’ Low-k layer yet there is significant cracking in the GZO layer
beneath. This cracking can easily lead to large scale erosion of t’ Low-k region when cracks
begin to coalesce. Indeed, in a different region of the sample shown in Figure 4.7c there is
significant interfacial cracking below the t’ Low-k layer to the point that in part of the image
the cracks have coalesced resulting in partial spallation and exposure of the next layer, GZO.
Figure 4.7d shows an entire region where the coating has been eroded completely through the
t’ Low-k layer and into the second GZO layer. Again, the only cracking that is observed occurs
in the GZO layer. Interestingly, fracture is shown to have occurred below the t’ Low-k layer
in the subsequent GZO layer (black arrows). Thus, it appears that crack initiation occurs
almost exclusively in the GZO layers and mostly near the layer interfaces and that it begins
well before any erosion reaches the overlaying t’ Low-k layer. This explains why the second
slope observed in erosion data for E6 in Figure 4.5 was not as low as a pure t’ Low-k layer,
since some localized spallation occurs when sufficient cracks have been nucleated in the GZO
layers below. Overall, the low erosion rate demonstrates that nanolayering GZO together with
t’ Low-k allows maintenance of much lower thermal conductivities and sintering rates as
compared to 7YSZ and even t’ Low-k single layers, while improving the erosion resistance
with respect to GZO. Admittedly, a multiphase nanolayered TBC would add cost and
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complexity to the TBC manufacturing process but in critical components for high performance
engines, there may be applicability. The thick layer coating exhibited similarly beneficial
thermal performance but with a modified erosion mechanism which reduces overall
performance. It should be noted that due to the time involved and number of samples available,
only single samples were eroded for each condition resulting in standard deviation being due
to the mass measurements, which in this case, resulted in error bars smaller than the markers.
4.1.4

Thermal Stability of EB-PVD Multilayer Coatings
The thermal stability of the multilayer systems were investigated via a series of

isothermal heat treatments at 1316 °C. Figure 4.8a-d details the corresponding post heat
treatment SEM image of E5 (a) and E6 (b-d) while Figure 4.9 displays pre and post heat
treatment x-ray diffraction patterns for E5. The microstructures in Figure 4.8 all display the
classical column sintering and densification with the feathery porosity coarsening into
spherical pores. Of particular note though, is that the nanolayering is no longer evident for E5.
This suggests that there was significant interdiffusion between the layers during the 1316
°C heat treatment.

Figure 4.8. SEM images of polished cross sections from E5 (a) and E6 (b-d) after isothermal heat
treatment at 1316 °C for 20 hours (a,b), 100 (c) and 500 (d) hours. The porosity has spherodized for
all coatings and the nanolayers are no longer evident in the E5 coating. Diffusion progresses with time
in E6 and is extensive along the column boundaries.
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From the diffraction pattern in Figure 4.9, it is immediately obvious that the nanolayer
system has undergone a phase change. The three peaks (two split tetragonal peaks of the t’
phase and a single cubic peak of the GZO phase) have merged into a single cubic peak at 72.7
degrees 2θ. Interestingly, there is no evidence of any remaining t’ or GZO phase which
indicates complete interdiffusion has occurred during the 20 hour 1316 °C heat treatment. This
is ascribed to a compositional gradient that creates a thermodynamic driving force for
interdiffusion which is exacerbated by a combination of non-homogenous layer thicknesses
and non-distinct layer interfaces. The nominal individual layer thickness is ~200 nm in these
coatings, though this varies as a function of column inclination.

Figure 4.9. XRD pattern of the E5 nanolayer system in the as deposited state (solid blue line) and after
a 20 hour 1316 °C heat treatment (dashed red line). The inset shows the classic tetragonal splitting
region and the clear transformation from a two phase t’ and fluorite coating into a single flourite phase
after heat treatment.

A more detailed description of the process leading to this is given in Figure 4.10. This
leads to areas where the layer thickness is approximately 50 nm which, even with small driving
forces, may be too thin to prevent significant interdiffusion at 1316 °C. Secondly, high angular
annular dark field – HAADF TEM imaging and EDS mapping has indicated that the t’ to GZO
interface is relatively diffuse (Figure 4.11). This is an artifact of the deposition process as
complete separation of the vapor plumes is difficult and thus there is some degree of
intermixing. As such, the diffuse interface likely creates some small volume that is cubic phase
(but not GZO) even in the as deposited state. Because the volume is quite small and the lattice
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parameter is intermediate between the GZO and t’ phases, it is very difficult to distinguish with
a lab instrument. However, close inspection of the Figure 4.9 inset shows there is additional
intensity between the t’ (004) peak and cubic (400) peak beyond what would be expected from
the tails overlapping. Interestingly, this interdiffusion does not appear to significantly reduce
the lifetime of the coating. Initial thermal cycling results (55 minutes at 1188 °C, 5 minutes
fan cooled) have shown that a standard YSZ, t’ Low-k, and GZO coating from E3 have the
longest lifetimes of the single layer coatings at 331, 242, and 331 cycles, respectively. This
cyclic life was matched by the nanolayer coating from E5 in the initial study (331 cycles). The
durability of the thick layer coating, however, is markedly decreased (23 cycles) and is
currently being investigated.

Figure 4.10. (a) Schematic showing the growth of the TBC when utilizing the co-deposition nanolayer
setup. (b) As the columns rotate over a given vapor cloud, part of the column surface is shadowed and
so deposition is favored on a particular side of the column (blue). (c) As the substrate rotates over the
other source, the shadowing now favors the opposite side of the column leading to non uniform layer
thickness. (d) SEM micrograph showing the non uniform layer thickness.
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Figure 4.11. TEM HAADF image (a) and EDS line-scan (b) of a FIBed section from the cross section
of E5. The red line represent the line-scan region and corresponding EDS data suggests one of the
interfaces is relatively diffuse while one is quite sharp. The approximate coating growth direction is
provided by the white arrow. For reference, the t’ ingot for this coating was in the blue position in
Figure 4.10.

Since YSZ is typically used as a diffusion barrier to prevent GZO from reacting with
Al2O3, the observed complete interdiffusion is troubling as formation of a high RE content
cubic phase at the TBC/TGO interface must now be considered. If this phase has a RE content
larger than some critical concentration X* [125], it could potentially react with the TGO.
The interaction of t’ Low-k and GZO is more easily studied in the thick layer system
from E6. Therefore, samples from E6 have also undergone heat treatments at 1316 °C for
periods of 20, 100, and 500 hours with the corresponding SEM images presented in Figure
4.8b-d, respectively. Notably, even at the 500 hour mark complete interdiffusion has not
occurred in these samples. This confirms the complete phase change observed in the nanolayer
system was primarily due to the individual layer thickness. From the 20 hour heat treatment
image, a ~0.5 μm interdiffusion region is evident at the layer interfaces, well in excess of the
~200 nm layer thickness in the nanolayer system. This increases to ~ 1 μm in the case of the
100 hour treatment and >2 μm after 500 hours. These values help to establish an approximate
diffusion path length which could assist in optimization of the layer thickness for future
systems. In the ideal case, the layer thickness would be minimized such that the erosion either
a) exhibits a mechanism similar to E6 but removes much smaller amounts due to smaller layer
thicknesses or b) changes from a layer-by-layer mechanism to a standard sub-surface cracking
as seen in E1 – E5. This minimal layer thickness would be obtained by using the diffusion
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path lengths estimated from the current study. Notably, the diffusion extends along the column
edges for ~5 μm in the 20 hour sample, and this gradually increases as heat treatment continues.
This again brings up concerns of reactions with the TGO once the composition reaches X*.
To help better estimate the layer thickness and diffusion path lengths, TEM was
performed on the 20 hour heat treated thick layer sample from E6. Diffraction was performed
in several regions and is presented in Figure 4.12 with a HAADF image presented in (a) where
a dark region with a relatively distinct boundary can be seen. This region is the t’ Low-k due
to its lower z-contrast and to confirm this, a SAED pattern was collected in region (b) and
revealed the tetragonal structure. Further SAED patterns were collected just after the interface
in (c), and further along in the coating at (d). The pattern in (c) indicates FCC symmetry and
is identified as the fluorite reaction phase. When scanning further out in (d), super structure
peaks (circled in the SAED pattern) begin to appear, indicative of the pyrochlore phase and
thus the GZO layer. With this information, an approximate interaction zone can of 400 nm be
identified for the layers at this given time and temperature, as shown in (a).

Figure 4.12. (a) HAADF TEM micrograph of the t’ Low-k/GZO interface in the thick layer E6 coating
and corresponding locations of the SAED patterns from (b) the t’ Low-k region, (c) the interaction
zone, and (d) the GZO layer showing the change in structure from tetragonal to fluorite to pyrochlore,
respectively. This suggests the interaction zone is on the order of ~500 nm or less.
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Interestingly, all of the phases share the same zone axis and inspection of the SAED
shows that they share a common orientation (i.e. the growth axis). This indicates coherency at
the interface between the two materials and that this coherency is maintained during
interdiffusion. This relates back to the deposition rates which were relatively low (2.0 µm/min)
which enables adatom mobility and arrangement into a continuous growth axis.
Figure 4.13 provides an EDS map of Gd from the interfacial region (image location
zoomed and flipped horizontally from Figure 4.12a).

It is confirmed that there is an

approximately 300 – 400 nm gradient in the Gd content. It should be noted that the TEM
estimations of the path length are much smaller than the 5 µm estimation from the column
edges from Figure 4.8. This can be explained as the column edges being akin to the grain
boundary diffusivity, while the TEM images are estimating the bulk diffusivity. If Fick’s 2 nd
law is taken with one dimensional diffusion into an infinite body and thus diffusion length is
∝ 2√Dt, (where D is the diffusivity and t is time) then a rough diffusivity can be estimated. It

must also be assumed that the effects of the time during heating and cooling are negligible and
the gradient is entirely due to diffusion (i.e. the original interface was sharp). With this in
mind, the 400 nm Gd gradient from TEM could be used as the path length to yield a bulk
diffusivity of roughly Db=5.6E-15 cm2/s while the 5 µm path length along the columns would
equate to a grain boundary diffusivity of Dgb=8.7E-13 cm2/s.

Figure 4.13. Higher magnification view of the interface from Figure 4.12a showing a (a) HAADF
TEM micrograph of the t’ Low-k/GZO interface and (b) corresponding EDS map for Gd. In (a) there
is a clear delineation of the t’ Low-k layer and GZO, but the EDS map shows the gradient of Gd
concentration at that interface is approximate 300 – 400 nm.
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The bulk diffusivity number is about one or two orders of magnitude higher than
comparable literature systems [171,172] which could be explained by any number of the
assumptions made being incorrect. Additionally, if the region investigated by the TEM was
near the outside of the column, the diffusion could be influenced by the grain boundary
diffusion and have resulted in an effective diffusivity. The effective diffusivity from [171] was
Deff=6.6E-16 cm2/s which is only an order of magnitude different from our estimate.
Additionally, higher point defect contents are typically associated with coatings which could
further enhance diffusion, particularly vacancy mediated diffusion. The grain boundary
estimate is close to the value given by Bekale et al. [171] for grain boundary diffusion
(Dgb=1.1E-12 cm2/s). This same relationship can be used to predict the diffusion path length
for some time given a diffusivity. If a design criterion for an engine is 10,000 hours of service,
then using the effective diffusivity value from Bekale et al. [171] (Deff=6.6E-16 cm2/s) yields
an estimated path length of ~3 µm whereas our estimated bulk diffusivity value (D=5.6E-15
cm2/s) yields an estimated path length of ~9 µm over the course of 10,000 hours. If a desired
50% of the layer is to remain, then the layer thickness must therefore be at least 6 µm using
the literature value, or 18 µm using our estimate.
Another interesting feature of the micrograph from Figure 4.13 is that the t’ Low-k
region appears to have a crosshatch pattern of lamellae. This was investigated further in Figure
4.14 where a higher magnification HAADF image shows a clear distinction in the z-contrast
and corresponding EDS maps suggest partitioning of the rare earths is occurring after just 20
hours at 1316°C. Figure 4.14b shows the Zr signal while the heavier Gd and Yb rare earths
are shown in (c) and (d), respectively. Overlay maps of Gd/Zr and Yb/Zr are provided in (e)
and (f), respectively, and confirm that brighter regions in (a) correspond to rare earth rich
regions while the darker areas correspond to rare earth lean regions. Similar behavior has been
observed for YSZ [4] whereupon heat treatment results in lamellae formation. One difference
is that the lamellae appear to extend much longer in our samples and thus have a larger aspect
ratio. Interestingly, though there is clear partitioning behavior in terms of the composition, the
SAED patterns from the t’ region of the aged sample in Figure 4.12 did not suggest two phases.
In addition, the same was observed for standard XRD patterns of the pure t’ Low-k sample
where only single phase t’ is seen after heat treatments. This was explained in terms of the
lamellae maintaining a common c-axis and interfacial coherency [4]. Since the domains are
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on the order of 10 nm in diameter and constrained on either face to maintain coherency, they
are unable to relax to a lattice parameter that matches their compositions and are effectively
forced to the original lattice parameter. Thus, while TEM indicates the presence of two phases,
diffraction does not.

Figure 4.14. (a) HAADF TEM micrograph of the t’ Low-k region showing a lamellar type structure.
EDS scans of (b) Zr, (c) Gd, and (d) Yb show the bright regions correspond to higher rare earth
concentration while the darker regions are rare earth lean. This is further illustrated by overlay EDS
maps of (e) Gd/Zr and (f) Yb/Zr which show there is a clear partitioning behavior.
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4.1.5

Alternate Layer Thicknesses for Enhanced Stability and Performance
From the discussion in 4.1.4, it is apparent that the individual layer thickness must be

greater than the ~200 nm thickness in the nanolayers to ensure thermal stability. Estimations
based on TEM EDS data and literature values for Gd diffusivity in YSZ suggest that layer
thicknesses must be at least 6 µm to maintain a majority of the initial phases through 10,000
hours of service at 1316 °C. For a more intermediate timeframe, this value drops considerably.
The 30 µm layer thicknesses in E6 were sufficiently thick to avoid complete interdiffusion,
however, it was observed that the erosion mechanism changed in these coatings and resulted
in elevated erosion rates. Therefore, there is a desire to increase layer thickness to the point at
which the layers are maintained but do not exhibit a layer-by-layer erosion mechanism with
sub layer cracking. To test this hypothesis, alternate layer thicknesses were investigated in an
effort to maintain or enhance the thermal stability of the design architectures without
sacrificing the erosion performance. These layer thicknesses were accomplished by utilizing
the same methodology as previous with some modification as provided in Table 4.3. For E7,
the nanolayer setup was used with shorter source to substrate distances of 24 cm and 11 cm
(vs. the old setup of 31 cm and 16 cm). This resulted in higher deposition rates of 5.7 µm/min
(and thus larger layer thicknesses). Additionally, feed rate on the GZO ingot was increased by
25% to 1.0 mm/min compared to E5 at 0.8 mm/min, yielding a further increase in deposition
rate. The vapor shield and mandrel position were modified to reduce the separate to about 1
cm to minimize vapor cloud intermixing and ensuring sharper layer interfaces while still
allowing for mandrel wobble. For E8, the setup was similar to E1 – E3 with a smaller sourceto-substrate distance of 23 cm to improve deposition rate while the rotation was at 35 RPM to
maintain porosity levels. Deposition times were reduced from the E6 to halve the layer
thickness and a total of 16 layers were deposited. YSZ was used as the toughening layer since
it’s mechanical behavior is analogous to t’ Low-k, but it was desired at the time to determine
if YSZ reacted to GZO to the same degree/rate as the RE stabilized t’ Low-k.
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Table 4.3. Compositions and design architectures of the layered EB-PVD coatings comparing the
changes in source-to-substrate distances, feed rates, and deposition rates and resulting layer thickness.
Individual
Source Layer
Substrate Feed Rate Deposition
Rate
Design
Thickness
(cm)
(mm/min)
(µm/min)
Matrix
Composition Architecture
(µm)
RPM
t' / GZO
t' / GZO
E4
E5
E6
E7
E8

t’ Low-k/GZO
t’ Low-k/GZO
t’ Low-k/GZO
t’ Low-k/GZO
YSZ/GZO

Nanolayer
Nanolayer
Thick Layer
Microlayer
Thick Layer

~0.2
~0.2
~30
~0.6
~12

7
7
7
35
35

31 / 16
16 / 31
16 / 31
24 / 11
23 / 23

0.8 / 0.4
0.6 / 0.8
0.6 / 0.8
0.8 / 1.0
0.8 / 0.8

2.7 ± 0.1
3.7 ± 0.0
2.0 ± 0.0
5.7 ± 0.1
2.4 ± 0.1

XRD patterns of the E7 nanolayer and E8 thick layer are provided in Figure 4.15. The
t’ and fluorite phases are present in the E7 nanolayer as expected. The texture in this coating
is relatively low, with texture primarily in the t’{101}/c{111} planes. Texture coefficients
confirm this, with values of 1.5, 0.6, 1.2, and 0.7 for the first four major t’ phase peaks which
indicates adatom mobility was further decreased and thus the lower energy/lower index planes
were favored. This agrees well with the 5.7 µm/min deposition rate, which was significantly
larger than the 2.7 µm/min and 3.7 µm/min of E4 and E5, respectively, and thus likely yielded
lower mobility. The relatively high deposition rate also indicates the effectiveness of the
reduced source-to-substrate distances and increased feed rates for the E7 condition. The thick
layer sample from E8 also showed a reduction in the high angle texturing. In this case, the
texture coefficients were 0.4, 2.7, 0.4 and 0.4 for the first four major fluorite phase peaks.
Notably, the outer GZO layer thickness is again sufficient such that no signal is observed from
the underlaying t’ Low-k layer.

The lower angle {200} texturing in E8 again indicates a

slightly lower adatom mobility than the higher angle {311} texturing observed for E6, likely
due to a higher deposition rate in E8 (2.4 µm/min compared to 2.0 µm/min), combined with a
slightly lower temperature (1075°C compared to 1100°C). These changes were made in an
effort to reduce the column width compared to E6, while also enhancing porosity.
Due to the low preferred orientation in the E7 microlayer sample, whole pattern fitting
was able to achieve a reasonable 5.6% residual and indicated a crystallite size of 47.1 nm for
the t’ phase and 16.7 nm for the GZO phase. The ordered pyrochlore phase is not globally
achieved during deposition, however, the slightly smaller crystallite size fit for the GZO phase
(16.7 nm) could indicate short range ordering effects, though this has not been substantiated.
Additionally, microstrain for the t’ and cubic phases were calculated to be 0.058% and 0.167%,
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respectively. Since the t’ Low-k phase has a larger thermal expansion coefficient relative to
GZO, it would be expected that this phase would be in tension (positive strain) while GZO
would be in compression (negative strain), agreeing well with the fit data.

Figure 4.15. XRD patterns from the EB-PVD coatings for matrix E7 – E8 showing the expected cubic
and t’ phases in the layered coatings. There is a significant change in the preferred orientation between
these samples the previously deposited nanolayer coatings (E4 and E5) and thick layer coating (E6).

SEM of the as deposited coatings is provided in Figure 4.16. The higher deposition
rate of E7 was able to successfully increase the layer thickness to ~360 – 600 nm and thus
these coatings have been termed microlayers. Layer interfaces also appear distinct, indicating
the modified vapor shield was able to reduce vapor cloud mixing. Admittedly, sharper layer
interfaces in E7 and E8 could cause more stresses which could in turn reduce coating life.
However, for these coatings this may not be the case because the previously observed SAED
patterns suggested the two materials maintain a common axis and thus semi-coherent growth
in the thick layer coating. Additionally from Table 2.3, the Young’s modulus values are only
13% different (YSZ = 210 GPa, ν=0.28; GZO = 237 GPa, ν=0.27) and the thermal expansion
values differ by approximately 0.5 ppm/°C at temperature. The stress due to thermal expansion
mismatch is provide in Equation 4.2:
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Equation 4.2

where is σA the stress in the material A layer, and αA/αB, EA/EB, νA/νB, and lA/lB, are the thermal
expansion coefficients, elastic moduli, Poisson’s Ratio, and thickness, respectively, of material
A and Material B layers, and ΔT is the temperature change. This results in a thermal mismatch
stress of 77 MPa for equal layer thicknesses. This stress value is below the critical stress based
on KIC and additionally, the larger thermal expansion of YSZ would put the weaker GZO layer
in compression, thereby having a potential beneficial effect. The whole pattern fit also
suggests a compressive strain at around -0.167% and using the 237 GPa modulus value, this
would yield a compressive stress of about -395MPa while the 0.058% strain for YSZ and 210
GPa modulus yields a tensile stress of about 122 MPa. The latter agrees reasonably well with
the bulk estimate and the difference could easily arise due to differing layer thicknesses, along
with changes to the elastic modulus as well as residual growth stresses.

Figure 4.16. Cross sectional SEM micrograph of the as deposited layered coatings from (a-b) E7
microlayer (~0.6 µm) and (c-d) E8 thick layer (~8.5 µm). The setup for the microlayer has produced
thicker layers with much sharper layer interfaces while the layer thickness has successfully been
reduced in E8 compared to E6.

The columns in the E7 microlayer are again quite small and highly fractionated as seen
in the previous nanolayer coatings. Unfortunately, previous results indicate the 300 – 600 nm
layer thicknesses are insufficient to prevent interdiffusion of over long periods of time,
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however the erosion performance of this system can still provide useful information in terms
of bounding the transition from a composite erosion response to a layer-by-layer response. The
E8 coatings shown in Figure 4.16c-d were able to successfully reduce the layer thickness to
approximately 12 µm. In addition, a much more feathery microstructure was achieved with
these parameters than the previous E6 coating from Figure 4.3e-f. This is attributed to the
increased rotational velocity and increased deposition rate which causes increased shadowing
and porosity.
4.1.6

Erosion Testing of Alternate Layer Thicknesses
Erosion data from E7 and E8 are shown in Figure 4.17. The microlayer from E7

exhibits behavior similar to that of the previous nanolayers (E4, E5) with a single steady state
erosion rate. The 0.489 g/kg erosion rate for this coating system lies between that of E4 (0.430
g/kg) and E5 (0.528 g/kg) indicating there was generally no reduction in erosion performance
for the thicker ~0.6 µm layers compared to the earlier ~0.2 µm layers. The E8 thick layer
coating (12 µm) exhibits variable erosion rates. To illustrate this, erosion rates have been taken
for what appear to be each layer, with GZO slopes provided as E8,G (in blue) and YSZ slopes
provided as E8,Y (in black). The initial rate is quite high, indicative of erosion of the outer
GZO layer, and shortly thereafter decreases to an intermediate rate. Similar to E6, this
intermediate rate is higher than that of the YSZ base material suggesting erosion is occurs in a
layer-by-layer mechanism. By 20 grams of erodent exposure, the next GZO layer is exposed
and the erosion rate again increases drastically. This is attributed to the GZO layers eroding
quickly and sub layer crack coalescence at the YSZ/GZO interface causing spallation of entire
regions of the GZO layer and thus higher effective erosion rates than even pure GZO. This
2.138 g/kg erosion rate again decreases by 30 grams of erodent exposure as the following YSZ
layer is exposed. The second YSZ layer has a higher rate than the first layer (0.749 vs. 0.53
g/kg), likely caused by some regions still having part of the GZO layer delaminating as well
as sublayer cracking causing delamination of large parts of the YSZ layer due to the next GZO
layer cracking, as seen in the previous thick layer sample from E6. The third GZO layer
appears to be exposed around approximately 40 grams of erodent and has a lower erosion rate
(1.526 g/kg) than the first two slopes (1.954 and 2.318 g/kg).
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Figure 4.17. Erosion data (100 m/s, 90° impingement, 50 µm Al2O3, 2g/min feed) for the EB-PVD
coatings from E7 – E8 showing that increasing the layer thickness to 0.6 µm for E7 has no negative
effect on the erosion rate (relative to E4 and E5 nanolayers) while reducing the layer thickness to 12µm
in the E8 thick layer has not changed the behavior from a layer by layer mechanism. For E8, the erosion
rate for each successive layer is provide (E8,Y in black for the YSZ layers and and E8,G in blue for the
GZO layers), as well as the average E8,avg for the coating, which is close to that of pure GZO. Image
inset for reference of each successive layer.

Since the erosion is most severe in the center of the wear scar, it exposes the underlying
layers the fastest; however, the area outside of the center the erosion scar is typically not as
deep. Therefore, for the E8 sample, GZO may be exposed in the center and YSZ may be
exposed further out. This essentially begins to blend the erosion behavior and it indeed appears
the data is trending towards a constant erosion value. A fit line for the whole series is provided
(dashed red line) and shows the general trend of 1.168 g/kg which is very close to the 1.244
g/kg erosion rate of pure GZO. This suggests that the sub layer cracking has such a drastic
reduction in the erosion performance that any beneficial attributes of the YSZ layer are
effectively not observed. It is therefore clear that the layer thickness must be significantly
smaller than the 12 µm in this coating. Since the microlayer system in E7 exhibited composite
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behavior, the maximum layer thickness lies somewhere in between 0.6 µm and 12 µm. Future
work could explore optimization of the layer thickness within this range.
4.2

Composite APS Design Architectures – Series 3
The air plasma spray (APS) deposition technique was selected to explore whether the

multilayer coating design architecture concept could be translated to other coating deposition
techniques. The APS technique is desirable for producing low cost TBCs on large components
of land based turbines. In the case of APS, layering is difficult as the per-pass thickness is
typically on the order of ~10 – 25 µm with significant variation due to effects of particle size
distribution. To evaluate the design architecture concept, APS composites were deposited with
anticipation of similar performance benefits as the layered EB-PVD coatings.
4.2.1

Characterization of Structure and Morphology of APS Series 3
The APS coating matrix designations, compositions, design architectures,

compositions, and thicknesses from the Series 3 are provided in Table 4.4.

Series 1

Table 4.4. APS coating matrix and resultant thickness and porosity values for coatings exploring the
composite design architecture.

Matrix
A1
A2
A3
A4
A5
A6

Composition
YSZ
t’ Low-k
50:50 t’:cubic
40:60 t’:cubic
20:80 t’:cubic
Cubic Low-k

Architectures
Monolithic
Monolithic
Composite
Composite
Composite
Monolithic

Total thickness (µm)
286 ±17
382 ±15
304 ±16
301 ±17
281 ±17
297 ±16

Porosity (%)
16% ± 2.5
18% ± 1.7
20% ± 1.8
19% ± 2.8
19% ± 1.4
18% ± 1.8

XRD patterns of the as deposited A1 – A6 coatings are provided in Figure 4.18a-b,
with the full patterns provided in Figure 4.18a and the (400)/(004) peak regions are shown in
Figure 4.18b.

There is a trend of reducing cubic intensity and increasing tetragonal peak

intensity with increasing t’ Low-k additions. The cubic Low-k and t’ Low-k single phase
coatings show the appropriate cubic and tetragonal symmetries, with the t’ Low-k coating
having a nearly identical lattice parameter to YSZ. The relative intensity ratios essentially
match those of the PDF cards from Table 4.2 suggesting minimal texturing. This intuitively
makes sense, as the samples quench from the molten state and there is minimal time for the
atoms to relax into particular orientations. This highlights one of the difference between APS
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coatings where the growth takes place quickly and relatively uniformly (moreso in the in-plane
direction) versus EB-PVD where the growth is slow, often highly textured and anisotropic.

Figure 4.18. XRD patterns of A1 – A6 with (a) showing the full patterns which show minimal preferred
orientation and (b) the t’ (004)-(400) region in which the intensity reduction in the cubic phase signal
correlates to an increase in the t’ phase signal, as expected based on the coating design architectures.

Whole pattern fits for the APS coatings were obtained via Jade and the resulting phase
fractions (wt.%), lattice parameters, crystallite sizes, and microstrain are provided in Table 4.5.
The monoclinic phase is not included in this table as it amounted to a maximum of 0.7% in A2
coating, and the low phase fractions resulted in generally poor fits to peak shapes and thus
crystallite size. The composite coatings show a mixture of t’ and cubic phases which match
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fairly well with the intended mixture ratios while the monolithic coatings showed single phase
(with omission of any monoclinic phases). The crystallite sizes are consistent for each of the
phases and range from 73.1 – 75.5 nm for the t’ Low-k phase, while the cubic Low-k system
is slightly larger at 84 – 88 nm. Microstrain broadening is small, with the largest occurring the
YSZ and cubic Low-k monolithic coatings.
Table 4.5. As deposited phase fractions and crystallite sizes for the APS composite coatings from
Series 3. Xt’ = t’ crystallite size, Xt’ = cubic crystallite size, µε = microstrain.
Wt.% Wt.%
t’ Lattice Param.
Xt’ (nm) –
C Lattice Param.
XC (nm) –
Matrix
t’
Cubic
a-c (nm)
µε (%)
(nm)
µε (%)
A1
100
0
3.6146 – 5.1624
77.5 – 0.010
--A2
100
0
3.6129 – 5.1654
75.5 – 0.000
--A3
55
45
3.6134 – 5.1663
73.1 – 0.001
5.1447
83.9 – 0.001
A4
39
61
3.6147 – 5.1687
74.9 – 0.001
5.1463
84.8 – 0.001
A5
18
72
3.6145 – 5.1667
73.3 – 0.001
5.1450
87.7 – 0.001
A6
0
100
-- --5.1457
88.4 – 0.003

SEM micrographs of the as deposited monolithic coatings are presented in Figure
4.19a-d. The microstructures show a splat-like lamellar morphology, typical of APS coatings,
and with no vertical segmentation cracks. The splats themselves appear close to an equiaxed
shape, further explaining the lack of crystallographic texture within these coatings. The YSZ
interlayer can be observed in the cubic Low-k coating from Figure 4.19c. A representative
higher magnification view of the t’ Low-k monolithic coating is provided in Figure 4.19d
which shows the significant microcracking present in these as deposited coatings. Microcracks
are beneficial in reducing the overall thermal conduction of the system and can provide strain
relief during thermal cycling. However, from an erosion perspective, they can serve as stress
concentrators and induce cracking and crack coalescence in the material, resulting in higher
rates of erosion. It is worth noting that these microcracks are apparent in each of the three
monolithic coatings as these are characteristic of the APS TBC coating process. Additionally,
the porosity appears consistent through each of the coatings and was measured to be ~16 –
18% via image analysis (GIMP 2). The similar morphologies and porosities ensure any
changes in the behavior will be due to the chemistries and not the morphologies, thus these
coatings can serve as benchmarks to compare the various composites and bound their behavior.
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Figure 4.19. Cross sectional SEM micrographs of the as deposited monolithic coating composed of
(a) 7YSZ – A1, (b) t’ Low-k – A2, (c) and cubic Low-k – A3 showing similar porosities and
morphologies. A higher magnification view of the t’ Low-k coating is shown in (d) where we can see
significant microcracking throughout.

SEM micrographs of composite coatings composed of A5, A4, and A3 (20, 40 and 50
wt.% t’ Low-k phase, respectively) are shown in Figure 4.20a-d. These composite coatings
also show the standard lamellar microstructure exhibiting consistent porosity values similar to
those of the parent single phase coatings, 16 – 18%. In Figure 4.20a-d, the dark contrast of the
t’ Low-k phase appears uniformly distributed throughout the coatings indicating good mixing
and a homogeneous distribution, both vertically and laterally. Homogenous mixing is crucial
to ensuring the observed behaviors are a result of the mixing ratios and not local differences in
microstructure and phase due to deposition process variability.

The consistency of

microstructural features among these coatings is therefore important, as it enables direct
comparison of their properties as a function of phase fraction. Figure 4.20d shows a high
magnification view of the 20% t’ Low-k composite coating, where we can see significant
microcracking in the bright cubic Low-k phase, but minimal cracking in the darker t’ Low-k
phase. This suggests some stress modification is occurring in the material, as the t’ Low-k
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monolithic phase showed extensive microcracking (Figure 4.19d), and thus the lack of
cracking cannot purely be attributed to it being a tougher phase.

Figure 4.20. Cross sectional SEM micrographs of the as deposited composite coatings composed of
(a) 20 wt.% – A5 , (b) 40 wt.% – A4, (c) and 50 wt.% – A3 t’ Low-k phase showing similar porosities
(16 – 18%) and morphologies. A higher magnification view of the 20 wt.% t’ Low-k coating is shown
in (d) where we can see significant microcracking throughout the bright cubic phase, while the t’ phase
has a significantly lower crack density, suggesting modifications of the stress fields have occurred as
the t’ Low-k monolithic coating did exhibit microcracking.

4.2.2

Thermal Conductivity Testing of APS Monolithic and Composite Coatings
The thermal conductivities of the samples are plotted in Figure 4.21. The darker shade

represents the as deposited thermal conductivity value while the lighter shade represents
thermal conductivity after 10 hours of testing at 1316 °C. Of the monolithic coatings, the YSZ
sample had the highest initial (1.05 W/m-K) and final (1.40 W/m-K) thermal conductivities
while the cubic low-k sample had the lowest initial (0.79 W/m-K) and final (0.91 W/m-K)
thermal conductivities. The t’ low-k sample exhibited initial (0.87 W/m-K) and final (1.02
W/m-K) thermal conductivities between that of cubic low-k and YSZ. This behavior is
expected due to the heavier rare earths present in the t’ Low-k and cubic Low-k materials
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(compared to Y) which have a higher mass contrast with Zr and thus enhanced phonon
scattering.

In the cubic Low-k, the higher overall rare earth content results in a higher

concentration of charge compensating oxygen vacancies which combine to further inhibit
phonon transport.

Figure 4.21. Thermal conductivity of monolithic (A1, A2, A6) and composite (A3 – A5) t’ Low-k and
cubic Low-k APS TBCs with a 7YSZ reference. The dark shade represents the thermal conductivity
in the as deposited condition while the lighter shade represents the thermal conductivity after testing
for 10 hours at 1316 °C.

The increase in thermal conductivity for both cubic Low-k to 0.91 W/m-K (~15%) and
t’ low-k to 1.02 W/m-K (~18%) is significantly lower than that of YSZ to 1.40 W/m-K (~33%).
These behaviors are very similar to the EB-PVD compositions previously investigated, where
increasing rare earth concentration had a large reduction in thermal conductivity and increase
in thermal conductivity over time.

As previously mentioned, the increase in thermal

conductivity is typically attributed to sintering or crack healing, however phenomena such as
delamination, phase change, and compositional change can also play an important role.
Delamination or cracking often leads to low thermal conductivity values due to the lack of heat
transport through the crack or delamination. For A1 – A6, no delaminations were witnessed
due in part to the low interface temperatures of ~1000°C. It should be noted that the t’ Low-k
sample surface temperature was slightly higher than the other samples at ~1400 °C which could
have slightly inflated the increase in thermal conductivity with respect to the other samples,
however the values observed are still in line with typical literature values [76]. The exact
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reason for the increase to 1400 °C is not known. Thermal conductivity values for the composite
coatings increase as t’ content increases with values of 0.80, 0.82 and 0.82 W/m-K at 20%,
40% and 50% t’ phase. The lack of change between the 40% and 50% t’ Low-k composites is
due to the small (10%) change in weight fraction, corresponding to a small change in thermal
conductivity, i.e. the thermal conductivity difference between cubic and t’ Low-k is only 0.08
W/m-K so a 10% change is only 0.008 W/m-K. This, combined with the inherent uncertainty
in the measurement due to thickness variation and experimental error make resolution difficult
at these levels as seen in the error bars which have been calculated based upon the standard
deviation in the coating thicknesses (the temperature errors from the calibrated pyrometers
with respect to the overall gradient are insignificant, ~1%). It should be noted that in the case
of EB-PVD, the error is much smaller due to a much smaller surface roughness (and therefore
error due to changes in thickness). The rate of thermal conductivity increase also increases
with t’ Low-k content in the composite coatings, however it appears that small additions of t’
secondary phase have reduced the rate compared to pure cubic phase coatings. This could be
an effect of slight differences in splat boundary behavior. Overall, the composite coatings
provide beneficial reductions in thermal conductivity, with values favoring the cubic Low-k
matrix phase even at high amounts of t’ Low-k secondary phase, all while minimizing increase
in thermal conductivity. The thermal conductivity and rate of thermal conductivity increase of
the A3 – A5 composites are both significantly lower than a standard 7YSZ benchmark.
4.2.3

Erosion Testing of APS Monolithic and Composite Coatings
The steady state erosion rates for these coatings were calculated from the slope of the

linear portion of coating mass loss vs. mass erodent exposure graphs which were typically the
last four to five data points collected, as shown in Figure 4.22. Initial data points include
surface contributions such as roughness, and though valuable in some cases, do not represent
a steady erosion rate and were not included in this study. It is often overlooked that the mass
loss does not always truly represent how fast a coating is being degraded, i.e. a material with
a higher theoretical density may have the same mass loss rate as a lighter material, yet its
volume loss rate is significantly lower. Therefore, in cases where the bulk density of the
materials or porosity of the coatings being compared is significantly different, then comparing
mass loss rates may be an improper assessment, and thus the data must be normalized. In the
current study, the porosity is similar in each of the coatings and the cubic and tetragonal phases
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have similar bulk densities (~6.1 g/cc vs ~6.00 g/cc, respectively) that the mass loss rate may
be used as a sufficient comparison. Additionally, from the SEM image analysis, the porosity
values are also similar and thus have minimal effect. The standard deviation of the coating
thickness can approximate the surface roughness, and for all of the coatings the thickness
standard deviations are around 15 – 17 µm suggesting the roughness values are likely uniform.

Figure 4.22. Erosion data (100 m/s, 90° impingement, 50 µm Al2O3, 100 g/min feed) for the as
deposited APS coatings from A1 – A6 showing that the composite design architecture can successfully
reduce the erosion rate with respect to the pure cubic Low-k material.

From Figure 4.22, the erosion rates of YSZ (1.357E-1 g/kg) and t’ Low-k (01.431E-1
g/kg) are within 5% of each other and are significantly lower than cubic Low-k (6.481 E-1).
The cubic Low-k coating is about 5X the erosion rate of that of the t’ Low-k and YSZ. Since
the cubic Low-k has only 10 mol% stabilizer compared to t’ Low-k at 4 mol%, this clearly
illustrates the impact of transitioning from the ferroelastic toughening t’ phases to the nontoughening cubic phase. As expected, additions of the t’ phase in the composite coatings
reduce the erosion rate with respect to the cubic matrix. However, the relationship is not linear;
at 50 wt.% t’ phase content, the 3.057E-1 g/kg erosion rate is well below 50% of the difference
between cubic Low-k and t’ Low-k erosion rates, 3.956E-1 g/kg. The same behavior is also
observed for the 20% and 40% t’ Low-k containing composites.
To better understand the effects of the t’ additions, we can borrow from composite
literature and apply various mixing rules [173–175]. Figure 4.23 depicts the upper (Figure
127

4.23a) and lower (Figure 4.23b) boundary behavior with a simplified laminar composite
composed of one layer of material-a sandwiched between two layers of material-b. The upper
boundary for mixing behavior is described by parallel or linear mixing where the stress is
aligned in the plane of the lamellae. Assuming good bonding between the layers (εa = εb), then
we can apply Hooke’s law and a force balance to arrive at Equation 4.3 for linear mixing:
𝐸 = 𝐸𝑎 𝑓𝑎 + 𝐸𝑏 𝑓𝑏

Equation 4.3

where E is the modulus of the composite, Ea and Eb are the modulus of material-a and materialb, and fa and fb are the volume fraction of material-a and material-b, respectively. In Figure
4.23b we see the case for the lower boundary mixing in which case the stresses are equal in
both materials (σa = σb). Using the same parameters, the lower boundary is therefore described
by series mixing (Equation 4.4):
𝑓

𝑓

𝐸 −1 = 𝐸𝑎 + 𝐸𝑏
𝑎

Equation 4.4

𝑏

Often, real composites are a function of both types of behavior and so are described by a
mixture of both types of behavior. The last function investigated is the Halpin-Tsai mixing
rule which utilizes a fitting parameter (ξ) that can describe the degree of parallel or series
behavior. When the value of ξ = 0, the Halpin-Tsai equation simplifies to the series rule and
when the value of ξ = ∞ (or a large number), the Halpin-Tsai equation simplifies to the parallel
rules. The general rule is given below (Equation 4.5):
𝐸=

(1+𝜉𝜂𝑓𝑎 )
(1−𝜂𝑓𝑎 )

𝐸𝑏

(𝐸 −𝐸 )

𝑤ℎ𝑒𝑟𝑒 𝜂 = (𝐸 𝑎+𝜉𝐸𝑏 )
𝑎

𝑏

Equation 4.5

Figure 4.23. Schematic showing (a) parallel behavior where the tensile stress is aligned along the plane
of the composite layers and strains are assumed equivalent in both materials and (b) stress is normal to
the composite layers and stresses are assumed equivalent in both materials. The parallel case allows
for a high modulus phase to withstand a larger degree of the force, and thus toughen the material.
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These mixing rules relate the modulus of the composite to the modulus of the individual
phases, however, we are most interested in understanding the erosion behavior of our material.
Unfortunately, there is no strict mechanics based formulae in which we can arrive at Equations
4.3 through 4.5 in terms of erosion rates. However, using a few assumptions we can relate the
erosion rate to these equations, and thus apply the mixing rules to erosion rates. From Aquaro
and Fontani [141], elastic theory shows that the volume (V) of material removed (i.e. the
erosion rate) during erosion of brittle ceramics is inversely proportional to KIC, as shown below
(Equation 4.6):
⁄10 11⁄3 21⁄20 −4⁄3 −1⁄4
𝑅𝑝 𝜌𝑝
𝐾𝐼𝑐,𝑡 𝐻𝑡

𝑉 ∝ 𝑤𝑝21

Equation 4.6

where wp is the velocity of the particle, Rp is the radius of the particle, ρp is the density of the
particle, KIC,t is the fracture toughness of the target (coating), and Ht is the hardness of the
target (coating). The stress intensity factor, K, is a description of the stress state at the crack
tip. KC is the critical stress intensity required to propagate a crack and is frequently used in
fracture mechanics to describe the toughness of a material. For a Penny-shaped crack in an
infinite domain, Equation 4.7 for mode I stress intensity holds:
𝑎

𝐾𝐼 = 2𝜎√𝜋

Equation 4.7

where σ is the stress and (a) is the crack radius. Rearranging and substituting K IC (thus the
critical mode I stress intensity) yields an equation for a critical stress, σcrit, beyond which a
mode I crack will propagate in a material:
𝜎𝑐𝑟𝑖𝑡 =

𝐾𝐼𝑐
2

𝜋

√𝑎

Equation 4.8

Equation 4.8 can then be substituted into the KIC term in Equation 4.6 and rearranged to yield
a proportionality for stress relating to volume loss (Equation 4.9):
𝜋

1

4𝑎

𝑉 3⁄4

𝜎𝑐𝑟𝑖𝑡 ∝ 𝐶√

Equation 4.9

where volume loss, and therefore erosion rate, is inversely proportional to the stress (and C
encapsulates the remaining parameters). Through Hooke’s law, Equations 4.3 through 4.5 are
valid in terms of stress, and therefore can be written in terms of the inverse erosion rate. There
would of course be a proportionality constant which would incorporate impingement angle,
velocity, hardness, mass, etc., however this is outside the scope of this study where the primary
concern is the applicability of the mixing laws to erosion rates. In this manner, we can then
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link the inverse erosion rates to the mixing equations. Using this relation, Figure 4.24 plots
the as deposited inverse erosion rates for each coating along with the predicted profiles using
Equations 4.3 through 4.5. The y-axis then corresponds to increasing apparent toughness
values (lower erosion rates with increasing y-axis). Comparing the data to the various mixing
equations enables a better understanding of how compositional changes affect composite
behavior for APS coatings. It is immediately apparent that the data is near the series boundary,
indicating series type mixing behavior. Since series behavior indicates the two phases
experience roughly equal impact stresses, this suggests minimal toughening effects. A good
Halpin-Tsai fit was obtained for ξ = 0.5, further indicating numerically the degree of series
behavior as a ξ = 0 simplifies to series. Comparatively, a ξ = ∞ (or a large value such as 100)
simplifies to pure parallel behavior. From Figure 4.24, for any fraction of cubic phase the
inverse erosion rate (apparent toughness) is higher in the parallel case and thus ideal behavior
is characterized by parallel mixing. This is attributed to the parallel case allowing for unequal
stresses to be present in the two phases, and so the phase with the higher toughness, and
therefore larger σc, could in theory carry more of the load.

Figure 4.24. The inverse steady state erosion rates of the composite coatings in the as deposited state
as a function of the wt.% cubic phase, along with plots for parallel, Halpin-Tsai and series mixing rules.
The inverse of the steady state erosion rate is used, as this value is proportional to (increases with) the
apparent toughness of the coating, which can be related to the stresses and therefore the mixing
equations. The red line indicates the amount of t’ Low-k needed for a 50% reduction of the cubic Lowk erosion rate for the pure series or pure parallel case (~18%).

The composites do exhibit some parallel behavior since they are inside the series
boundary; however, there is significant room for improvement. To illustrate this, the red line
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in Figure 4.24 represents a 50% reduction in the erosion rate (note this is not the inverse erosion
rate) with respect to pure cubic Low-k. In the case of pure series, we would therefore need
50% of the t’ Low-k toughening phase, however in the case of pure parallel behavior, we would
only need ~18% of the t’ Low-k toughening phase. This exemplifies the toughening potential
of these composite coatings. As the mixing behavior is generally dictated by the alignment of
the stresses and the composite phases, modifications could be made to better align the stress
with the microstructure to enable parallel type behavior. This will be discussed in further detail
in section 4.2.5.
4.2.4

Thermal Stability of APS Composite Coatings
To determine the effects of elevated temperature on erosion performance, coatings

were isothermally heat treated to 1100 °C for a period of 20 hours. Though higher temperatures
would perhaps be more representative of engine operating conditions and are indeed the goal
of these coatings, a slightly lower temperature was used due to the isothermal nature of the
heat treatment and the need to maintain bond coat/substrate integrity. X-ray diffraction
patterns were collected and whole pattern fitting was used to determine the phase fractions,
lattice parameters, crystallite sizes, and microstrains as provided in Table 4.6.

Negligible

phase fraction changes occurred from the as deposited conditions, suggesting minimal
destabilization or interaction in the region probed. Though the cubic Low-k phase has a higher
rare earth content, the resulting rare earth concentration gradient is not sufficient to yield
significant interdiffusion at these temperatures. Additionally, the 20 h time at 1100 °C is not
sufficient to destabilize the t’ phase. Overall, this results in minimal changes in phase fractions.
As expected, the fitted crystallite size is larger for the heat treated samples due to coarsening.
The t’ Low-k crystallite size increased 49% from an average crystallite size of 74.2 nm to 110.7
nm while the cubic Low-k increased 95% from 86.2 nm to 168.1 nm. The increase in crystallite
size suggests shorter range local diffusion can occur while the lack of large changes in the
phase concentration suggest longer range diffusion is minimal. Lattice parameters show small
expansion of the c-axis relative to the a-axis, though the overall unit cell volume change is very
small (<1%). The cubic Low-k composition shares this small increase in lattice parameter,
suggesting both materials have slightly expanded, possibly as a result of annealing of
compressive residual stresses from quenching during deposition. Microstrain has on average
increased, though the values are still relatively small with the largest values again for YSZ and
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cubic Low-k monolithic coatings. Monoclinic phase fractions were fitted to low phase
fractions below 1%, again causing unrealistic fitting of the peak shapes and so were not
included. The exception is the t’ Low-k coating which exhibited 3.7 wt.% monoclinic phase
which was able to be realistically fitted to a crystallite size of 20.2 nm with no microstrain.
Table 4.6. Phase fractions and crystallite sizes for the APS composite coatings from Series 3 post 20
hour 1100 °C heat treatment. Xt’ = t’ crystallite size, Xc = cubic crystallite size, µε = microstrain.
Xt’ (nm) –
Wt.% Wt.%
t’ Lattice Param.
µε (%)
C Lattice Param.
XC (nm) –
Matrix
t’
Cubic
a-c (nm)
(nm)
µε (%)
A1
100
0
3.6137 – 5.1680
154.7 – 0.036
--A2
100
0
3.6124 – 5.1711
95.0 – 0.000
--A3
52
48
3.6135 – 5.1737
99.0 – 0.001
5.1463
147.4 – 0.000
A4
38
62
3.6138 – 5.1741
109.6 – 0.002
5.1465
164.3 – 0.001
A5
14
86
3.6128 – 5.1748
139.3 – 0.004
5.1463
181.7 – 0.002
A6
0
100
-- --5.1458
178.9 – 0.007

The erosion rates provided in Figure 4.25 are lower for the heat treated coatings as
compared to the as deposited in Figure 4.22. This is attributed to the annealing of microcracks
and splat boundaries which results in sintering and densification and thus improved toughness,
as has been observed by others [108]. This can be seen in Figure 4.26 where the prior splat
boundaries (highlighted in red) have been nearly completely sintered resulting in a few small
circular pores. Larger pores and cracks remain intact, though they become less sharp and
therefore exhibit lower stress concentration. This correlates with the XRD results which
suggested that short range diffusion occurs (such as that at microcracks and crack large
splat/crack tips), but longer range diffusion did not (such as large pores and splat
boundaries/cracks).
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Figure 4.25. Post 20 hour 1100°C heat treatment erosion data (100 m/s, 90° impingement, 50 µm
Al2O3, 100g/min feed) for the APS coatings from A1 – A6 showing that the composite behavior remains
after heat treatment and cubic Low-k is still toughened.

Figure 4.26. Cross sectional SEM micrograph from a post heat treated sample (20 hours at 1100 °C)
of A5 showing sintering of microcracks and splat boundaries with the prior splat boundary highlighted
in red. This sintering leads to lower erosion rates after heat treatment for APS coatings.

The inverse erosion rates for the heat treated coatings are presented in Figure 4.27 using
Equations 4.3 through 4.5. As toughness values have likely increased due to sintering of flaws
and defects, so have the inverse erosion rates, with the experimental data just inside the series
boundary. Figure 4.27 confirms excellent agreement with the Halpin-Tsai equation when ξ =
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0.5. It appears that while the heat treatment reduced the erosion rates, the erosive mechanism
and relative behavior have remained unchanged for the APS composite coatings. This is
supported by Figure 4.26 which shows no large changes in the 50% t’ Low-k coating
morphology; aside from sintering effects such as annealing microcracks, the heat treatment did
not drastically change the microstructure (i.e. grain size and morphology) and so the overall
behavior remained similar for the composites.

Figure 4.27. The inverse steady state erosion rates of the composite coatings after heat treatment at
1100 °C for 20 hours as a function of the wt.% cubic phase, along with plots for parallel, Halpin-Tsai
and Series mixing rules. The blue line indicates the amount of t’ Low-k needed for a 50% reduction of
the cubic Low-k erosion rate for the pure series behavior or pure parallel behavior (~10%).

Figure 4.28. Cross sectional SEM micrograph of the A6 coating after heat treatment at 1100 °C for 20
hours. Aside from some sintering of microcracks and smaller splat boundaries, there is minimal change
in the overall microstructure.

Notably, the percent reduction in erosion rate does not correlate with the percent
increase in thermal conductivity, even though both are typically attributed to sintering. In
Figure 4.22 and Figure 4.21, the t’ Low-k has the largest drop in erosion rate yet has a relatively
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small increase in thermal conductivity. In comparison, YSZ has a large increase in thermal
conductivity, there is a smaller change in the heat treated erosion suggesting sintering is not
as drastic as t’ Low-k. There could be several factors for the smaller reduction in erosion rate
for YSZ compared to t’ Low-k. First, the contributions of microcracks and splat boundaries
are different between erosion and thermal conductivity. For thermal conductivity, the splats
are primarily aligned horizontally and are thus the major contributor to the reduction in heat
transport. The microcracks however, are not primarily horizontally aligned and are therefore
not as effective in reducing thermal conduction, and thus not a large contributor to thermal
conduction. In comparison, during erosion, the particle impact causes a stress wave that
propagates in all directions from the center of the impact. Therefore, microcracks aligned in
any direction could potentially cause increases in local stress intensity depending on the impact
and stress wave direction, i.e. as long as the impact occurs in the right location, the stress wave
could be perpendicular to the crack. This is in contrast to thermal conductivity, where only the
horizontal aspect of microcracks has an impact on performance. As a result, microcrack
features have a larger contribution to the erosion performance as they have an effect on stress
intensity regardless of orientation/alignment and can easily “link-up” to create large cracks or
connect splat boundaries resulting in increased erosion. The degree of microcracking is
difficult to quantify and could have varied between these coatings resulting in unexpected
degrees of change in erosion rate. Additionally, the heat treatment performed prior to erosion
was at 1100 °C while the thermal conductivity was a ~1316 °C gradient test. It is clear the
effect of a heat treatment and densification may therefore be different between the two tests,
but is well outside the scope of this effort. The most important takeaway is that regardless of
testing method, the composite design architecture behavior remains intact after heat treatment.
This is vital for ensuring erosion durability of coatings which will experience long durations
at elevated temperature.
4.2.5

Improvement of Phase Mixing and Non Ideal Behavior
Initial erosion results provided in Figure 4.22 show some benefit beyond simple linear

trends in erosion rate yet composite mixture rules indicated much more potential benefit could
be derived. It is clear that parallel mixing behavior is ideal, both fundamentally due to the
ability to promote unequal stresses (Figure 4.23) as well as hypothetically, where the mixture
rules suggest higher toughness (inverse erosion rate) for the parallel case (Figure 4.24 and
135

Figure 4.27).

Therefore, to maximize the benefit of the t’ Low-k phase on coating

performance, the t’ Low-k phase must be properly aligned with the impact stress fields.
Though the stress fields cannot be controlled due to the wide range of erodent particle impact
sizes, velocities, morphologies, and impact angles, the microstructure can. Thus, it is ideal to
align the microstructure as favorably as possible with the impact stresses. The stress fields
under a spherical elastic contact has been described by Fischer-Cripps using cylindrical polar
coordinates due to the symmetrical nature of the contact [176]. From their plots of principle
stress (σ1 and σ3) contours and trajectories, a compressive stress field is observed to emanate
from beneath the contact in a direction normal to the contact as shown in Figure 4.29 (modified
from [176]). Meanwhile, a tensile field initiates just outside the contact area and radiates
outward. This tensile field is responsible for the typical Hertzian cone behavior in ceramics
and is largest in magnitude at the edge of the particle contact and near the surface of the sample.
Since tensile stresses are the primary driving force for cracking, the trajectory of the largest
tensile stresses are particularly important, i.e. those near the surface. The directionality of
those stresses is shown in the trajectory plots and it is observed that the tensile forces near the
surface are acting effectively in-plane, parallel to the surface. As previously discussed, the
ideal composite behavior is when the stresses are aligned parallel to the individual composite
layers. Thus, it is crucial that the splat lamellae (layers) are aligned parallel to the coating
surface in order to maximize toughening. This has been schematically illustrated in Figure
4.30. It is acknowledged that the largest stresses are concentrated at the edge of the contact
and thus the trajectories are at an angle with respect to the surface (i.e. cone cracking), however,
preventing these stresses from overloading the sample is likely impossible, and so the lesser
stresses near the surface are targeted.
Two other important factors to consider are related to the non ideal nature of mixing
laws relating to real materials: flawed microstructure and non uniaxial loading. In the parallel
behavior, the mixing laws assume perfect bonding between the two materials or phases, thus
enabling the strains to be equivalent. In a real material, perfect bonding is rarely the case. This
is especially true for a highly defective APS coating which contains significant inter-lamellar
porosity, regions of poorly bonded particles and interfaces, microcracking, and general
porosity throughout. These flaws function as stress concentrators and immediate crack
pathways, and importantly for mixing, poorly bonded regions.
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Figure 4.29. Figure modified from Fischer-Cripps [176] showing (a) a spherical contact (e.g. a particle
impact) and the resulting (b) σ1 – tensile, and (c) σ3 – compressive principal stresses, and (d) σ1 and σ3
stress trajectories. The compressive wave propagates as expected and the tensile wave, broadly
responsible for cracking in brittle ceramics, shows its highest magnitudes at the edge of the particle
impact and near the surface. Stress trajectories indicate surface stresses act parallel to the surface.

Figure 4.30. Schematic illustration of an APS TBC composite design architecture where the splats are
aligned parallel to the surface, thus enabling parallel mixing behavior with respect to surface tensile
waves.

The stress concentrators can cause higher stresses to occur in the lower toughness cubic
Low-k phase of the composite coating and thus reduce the effectiveness of the toughening t’
Low-k phase. Even in the ideal case of stresses aligning parallel to the lamellae, if the two
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phases are poorly bonded the weaker phase may not be shielded from the stresses well enough,
resulting in failure. Thus, even if the microstructure is properly aligned with the stresses, the
flaws inherent to the APS microstructure may diminish the toughening effects. Additionally,
the second important factor is the assumed uniaxial loading used in composite mixture rules
vs. the non ideal shear stresses imparted by particles. This issue is compounded when
considering the flawed nature of these coatings and that the already weak splat boundaries
could be further weakened or even fractured by shear stresses. These contributions are not
incorporated in the simple mixture rules but are extremely relevant in real materials, and
particularly in defective APS coatings.
Composite APS Design Architectures – Series 4

4.3

Series 4 APS depositions were performed using NZO as the low thermal conductivity,
high temperature stable, low toughness matrix phase material and t’ Low-k again as the
toughening phase. These coatings exhibited a horizontally aligned lamellar structures which
exemplified the conclusions of the Series 3; that the degree of toughening of the secondary
phase would be enhanced with a horizontally aligned, ‘parallel’, microstructure.
4.3.1

Characterization of Structure and Morphology of APS Series 4
The APS coating matrix designations, compositions, design architectures,

compositions, and thicknesses A11 – A16 are provided in Table 4.7.

Series 1

Table 4.7. APS coating matrix A11 – A16 and resultant thickness, porosity, and phase fraction values
(all via image analysis) for depositions exploring the composite design architecture concept.

Matrix
A11
A12
A13
A14
A15
A16

Composition
YSZ
t’ Low-k
70:30 t’:cubic
50:50 t’:cubic
30:70 t’:cubic
NZO

Architectures
Monolithic
Monolithic
Composite
Composite
Composite
Monolithic

Total thickness
(µm)
328 ±17
344 ±16
419 ±14
395 ±18
378 ±17
325 ±16

Porosity (%)
11.7 ±0.6
15.2 ±0.9
12.4 ±0.4
11.0 ±0.3
14.9 ±0.6
14.5 ±0.7

Volume%
NZO
N/A
0
36.8 ±2.2
52.5 ±1.9
76.8 ±1.4
100

SEM of the as deposited monolithic coatings from Series 4 are provided in Figure
4.31a-f. From image analysis, the YSZ coating showed a slightly lower porosity. Inspection
of the higher magnification images in Figure 4.31d-f show that the pores look slightly larger
in the YSZ coating, however, there are fewer microcracks and splat boundaries and the splat
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size is larger which results in an overall lower porosity (11.7%). In comparison, the pores in
the t’ Low-k coating are relatively small and there is significant microracking. Additionally,
the splat size is significantly smaller which leads to a much larger volume of splat boundaries.
This yielded an overall higher porosity of 15.2%. The NZO appears to have a similar pore size
distribution to the t’ Low-k sample, though the splats appear bimodal with some splats being
quite large with splat thicknesses of 20 – 40 µm while the others remain small and uniform.
The changes in morphology can be attributed to the raw powders used in these coatings.

Figure 4.31. Cross sectional SEM micrographs of the as deposited monolithic coating composed of
(a,d) 7YSZ – A11, (b,e) t’ Low-k – A12, (c,f) and NZO – A13 showing with porosities ranging from
11.7 – 15.2% and slight differences in morphologies. The higher magnification images show
differences in the morphologies due to different particle sizes. For reference, the TBC layer, interlayer
(IL), and bond coating (BC) are labeled for the NZO coating in (e).

Figure 4.32 shows SEM images of the powders (a-b) and PSDs (c-d) of the t’ Low-k
and NZO powders. The t’ Low-k powder was fabricated via a hollow sphere (HOSP) process
and the resulting spherical particles are apparent in the SEM image in Figure 4.32a. This
powder exhibits a bi-modal distribution according to the particle size plot. The NZO powder
was fabricated via an agglomerated or spray dried route which is apparent in the SEM image
in Figure 4.32b where the particles are circular but not dense. The NZO powder exhibits a trimodal distribution according to the particle size plot, and this is partly observed in the SEM
image with the large particle in the foreground and much smaller particles in the background.
In the graph for the t’ Low-k powder, the larger particles appear to be centered around ~13 µm
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while the smaller particles are around 0.26 µm. In comparison, from the graph for NZO, the
largest particles are centered around ~66 µm while the intermediate particles are around 3 µm
and the smallest particles are around 0.25 µm. The YSZ powder used in this study was not
supplied by PSU, but the particle information provided was a distribution of 20 – 40 µm,
suggesting a much larger particle size than the t’ Low-k d50 of 9.68 µm. This is obvious when
comparing Figure 4.31d and Figure 4.31e and helps to explain the larger pores but overall
lower porosity in the YSZ coating (11.7% compared to 15.2%) since there are many fewer
splat boundaries and much larger, denser, splats. Since the t’ Low-k powder has a relatively
small size distribution the splat sizes are consistent and often times much smaller than the NZO
splats, as seen in Figure 4.31e. Because of the variation in the NZO particle size, there is a
variation in the splat size from relatively large to relatively small for the coating which is
observed upon close inspection of Figure 4.31f.

Figure 4.32. SEM micrographs of the (a) t’ Low-k and (b) NZO feedstock powder used in Series 4,
with (c) showing the PSD plot and (d) showing the corresponding particle statistics. The tri-modal
distribution of the NZO has some large particles which tend to form thick splats whereas the t’ Low-k
yields much thinner splats and a significantly higher splat boundary volume.
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SEM of the composite coatings of 70% (A13), 50% (A14), and 30% (A15) wt.% t’
Low-k are provided in Figure 4.33a-c, respectively, with a higher magnification image of the
70 wt.% t’ coating provided in Figure 4.33d. It should be noted that the z-contrast between
NZO (35 mol% total RE2O3) and t’ Low-k (4 mol% total RE2O3) in A11 – A16 is much higher
than between cubic Low-k (10 mol% total RE2O3) and t’ Low-k in A1 – A6, and thus the back
scatter contrast is much stronger for the A11 – A16 images. The coatings all share similar
porosities and possess a YSZ interlayer to prevent any reactions between NZO and the Al2O3
scale. Most notably, all of these coatings exhibit a lamellar microstructure in which the
lamellae appear horizontally aligned. From previous discussion, it was anticipated that this
type of structure should have a more efficient degree of toughening than the previous coatings.
The mixing of the two phases appears uniform and no obvious striations are present indicating
changes in relative composition during subsequent passes. The relative size and morphology
of the porosities do not appear to change in the composite design architectures and since the
porosities of these coatings lie within 4% of each other, it is a reasonable assumption that
porosity will not play a significant role in distinguishing the thermal conductivity or erosion
behavior of the composites. For the monolithic coatings, the YSZ coating exhibits both a
different pore size distribution and morphology.

Future studies could utilize mercury

porosimetry to quantify these differences on free standing coatings, however, this was not a
possibility during this work. Also, it is not as crucial for YSZ to behave very close to NZO/t’
Low-k since YSZ is serving as a general benchmark and is not part of the composites.
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Figure 4.33. Cross sectional SEM micrographs of the as deposited composite coatings composed of
(a) A13 – 30 wt.%, (b) A14 – 50 wt.%, (c) and A 15 – 70 wt.% t’ Low-k phase showing similar
porosities (11.0 – 14.9) and morphologies. A higher magnification view of the 30 wt.% t’ Low-k
coating is shown in (d) where cracking is again apparent in the cubic phase (red arrow). Notably, these
coatings have much more horizontally aligned lamellae than the previous Series 3 A1 – A6 coatings.

XRD of the as deposited A11 – A16 coatings are shown in Figure 4.34a-b with the full
patterns provided in Figure 4.34a and the c(111)/t’(110) peak regions shown in Figure 4.34b.
The NZO and t’ Low-k monolithic coatings show the appropriate cubic and tetragonal
symmetries, with the t’ Low-k coating having a nearly identical lattice parameter to YSZ
(Table 4.8). Similar to Series 3, the relative intensity ratios of A11 – A16 essentially match
those of the PDF cards suggesting minimal texturing. The intensity of the cubic NZO phase
decreases with the addition of t’ Low-k, however the intensities do not change to the degree
expected. For instance, the 50% t’ Low-k composition does not have roughly equal peak
intensity in Figure 4.34b as might be expected. In fact, the t’ peak intensity is roughly 12.7%
that of the cubic, and a whole pattern fit suggested a t’ Low-k wt.% of 5.2.
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Figure 4.34. XRD patterns of A11 – A16 with (a) showing the full patterns which show minimal
preferred orientation and (b) the 28 – 31.5° 2θ fluorite (111)-t’(101) region in which we can see the
reduction in the cubic phase signal with concomitant increase in the t’ signal as we add t’ Low-k to the
composite.

This behavior of the XRD patterns not matching the mixture ratios was not observed
in the previous Series 3 A1 – A6 coatings with cubic Low-k and t’ Low-k. The proposed
explanations is that this is caused by the high mass attenuation coefficient in NZO combined
with its large particle size. The mass attenuation coefficient of NZO is 202 cm 2/g vs. 123
cm2/g for cubic Low-k and 116 cm2/g for t’ Low-k (Cu Kα radiation). The depth of penetration
for the TBC materials used in this dissertation is plotted in Figure 4.35 assuming a 30° 2θ
incidence of the c(111)/t’(110). For NZO, 90% of the diffracted intensity comes from the first
5 µm of material, whereas for the Low-k materials it is 8 µm and for YSZ it is 9µm. Thus,
143

NZO is a strong x-ray absorber and prevents signal from any underlying t’ Low-k if the NZO
splat thickness is much larger than about 5 µm. The PSD of the NZO particles was tri-modal,
with the largest particles around 60 µm, far larger than that needed to prevent t’ Low-k signal.
An additional effect could be an increased amount of NZO on the surface, though the powders
were well mixed and there is little evidence to suggest any fractionation during spraying from
inspection of the cross sections. Whole pattern fits for the APS coatings were obtained via
Jade and the resulting crystallite sizes, and lattice parameters are provided in Table 4.8. As
previously discussed, the intensity fits would not yield a correct phase fraction, however the
peak breadth and lattice parameters would not be effected by this, and so an accurate lattice
parameter and crystallite size can still be obtained. For this series of deposition, the 84.0 nm
crystallite size of the t’ Low-k phase was larger than that of the cubic phase NZO, 47.9 nm.

Figure 4.35. X-ray depth of penetration curves at 30° 2θ for the TBC materials used throughout this
dissertation showing the discrepancy between the high RE containing GZO and NZO which strongly
absorb x-rays compared to the cubic Low-k, t’ Low-k, and YSZ.
Table 4.8. As deposited phase fractions and crystallite sizes for the A11 – A16 APS composite coatings
from Series 4. Xt’ = t’ crystallite size, Xc = cubic crystallite size, µε = microstrain.
t’ Lattice Param.
Xt’ (nm) –
C Lattice Param.
XC (nm) –
Matrix
a-c (nm)
µε (%)
(nm)
µε (%)
A11
3.6157 – 5.1597
84.0 – 0.001
-A12
3.6097 – 5.1659
71.3 – 0.000
-A13
3.6150 – 5.1738
93.4 – 0.006
5.2809
55.6 – 0.008
A14
3.6162 – 5.1737
91.3 – 0.005
5.2838
57.9 – 0.003
A15
3.6159 – 5.1711
106.3 – 0.000
5.2856
55.6 – 0.000
A16
-- --5.2908
47.9 – 0.002
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4.3.2

Thermal Conductivity Testing of APS Monolithic and Composite Coatings
The thermal conductivities were measured via the laser flash method at 1100 °C and

are plotted in Figure 4.36 for A11 – A16. Looking first at the monolithic coatings, YSZ had
the highest conductivity while the t’ Low-k showed thermal conductivity reduction of 10%.
This reduction is slightly surprising, as the previous EB-PVD t’ Low-k and APS Series 1 t’
Low-k coatings both showed a larger improvement with respect to YSZ. Additionally, the
small splat size and resultantly high flaw population would be expected to yield in a lower
thermal conductivity. The thermal conductivity value of the t’ Low-k A11 (0.89 W/m-K) was
similar to that of the A2 t’ Low-k (0.87 W/m-K). NZO had a drastic 46% reduction in thermal
conductivity to a value nearly half that of YSZ. This demonstrates the utility of high rare earth
coatings such as the pyrochlores. This reduction likely arose due to the addition of multiple
rare earths which further scatter phonons and have been shown to reduce thermal conduction
in pyrochlores [94].

Additionally, the 35 mol% total RE2O3 content yields a charge

compensating vacancy content of 17.5 mol%. These vacancies are have an even stronger effect
on reducing thermal conductivity as not only is mass contrast effected, by there are 2X bonds
broken per vacancy. It should be noted that the error bars are based upon the standard deviation
in thickness, where percentage uncertainty in thickness is doubled for the uncertainty in
thermal conductivity (i.e. a 5% uncertainty in thickness is a 10% uncertainty in thermal
conductivity for the laser flash method, compared to a linear error in the high heat flux method).

Figure 4.36. Laser flash thermal conductivity of the APS Series 4 coatings from A11 – A16 tested at
1100 °C. The t’ Low-k coating has a modest reduction in thermal conductivity while the NZO coating
exhibits a large reduction in thermal conductivity. The composite thermal conductivity trends with t’
Low-k content.
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The composite coatings followed the expected trend of increasing thermal conductivity
as a function of increasing t’ Low-k content.

Interestingly, the 30% t’ Low-k coating had a

thermal conductivity lower than that of the pure NZO. This is likely from the inability to
separate the thermal conductivity due to the YSZ interlay and the NZO top layer. Therefore,
the thickness value used to determine the thermal conductivity was the total coating thickness
(326 µm) and not just the thickness of the NZO layer (240 µm). If the two layers are assumed
to behave in series, the thermal conductivity could be estimated from Equation 4.4 and would
yield a thermal conductivity for the pure NZO of 0.453 W/m-K, which although lower than
initial, is still approximately the same as the 30% t’ Low-k composite. Additionally, if
correcting for the YSZ layer on the NZO sample, the same correction should be applied to the
composites, and these values are all shown in Figure 4.36. Porosity heavily influences thermal
conductivity, however, according to Table 4.7 the 30% t’ Low-k and NZO sample had similar
porosity values. Morphologically, there is no obvious differences between the NZO coating
and the composites which could explain why these coatings have lower than expected thermal
conductivity. Though the NZO coating has a bimodal splat distribution, this same distribution
occurs in the NZO phase within the composites. One possible explanation is that in the
composites, the various splats act as layer interfaces and thus efficiently scatter phonons,
whereas, in the monolithic NZO coating the splat interfaces are the same material so they act
more as grain boundaries and not as distinct interfaces. Lastly, there could be error in the
measurement which has either not be accounted for or not been identified. Testing was only
performed in the as deposited state and so data is not available on the increase in thermal
conductivity over time. Importantly, the mixing of t’ Low-k and NZO tend to favor the thermal
conductivity of NZO, therefore additions of the t’ Low-k phase have minimal debit on the
thermal insulation of an NZO based coating.
4.3.3

Erosion Testing of APS Monolithic and Composite Coatings
The results from the steady state erosion testing are provided in Figure 4.37. As

expected, the NZO cubic phase coating has a significantly higher erosion rate than the YSZ
and t’ Low-k coating. This ~6X increase in erosion rate is due to the poor toughness of the
NZO material, estimated to be similar to GZO at around 1 MPa√m. Indeed, this material
erodes so quickly that the YSZ interlayer is exposed during the erosion process, hence the
change in slope at around 30 grams of erodent. Interestingly, the ~6X change in erosion rate
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of the A16 NZO is similar to the 5X change observed in the A6 cubic Low-k coatings, even
though NZO has 35 mol% RE2O3 vs the 10 mol% RE2O3 in the cubic Low-k. This suggests
that transitioning from a tetragonal phase to a cubic phase has a very large impact on erosion
but that once in the cubic phase, further additions of rare earth only have a modest reduction
in the erosion rate for APS coatings. At the same time, the thermal conductivity showed a
large benefit. It should be noted that the Series 3 A1 – A6 APS coatings were eroded under
different conditions (2 g/min feed rate vs. 100 g/min feed rate) and so the rates themselves
cannot be directly compared.

Figure 4.37. Erosion data (100 m/s, 90° impingement, 50 µm Al2O3, 2g/min feed) for the APS
coatings from A11 – A16 showing that the composite design architecture can successfully reduce the
erosion rate with respect to the pure NZO material.

The monolithic YSZ coating has a slightly higher erosion rate than the t’ Low-k coating
which could be attributed to the larger splat size of the YSZ coating since failure typically
occurs at splat boundaries and microcracks.

Additionally, the slight difference in pore

morphology could also yield a change in the erosion response. Though the t’ Low-k coating
has an overall higher amount of splat boundaries and microcracks (i.e. defects) due to the
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smaller starting particle size, the overall size of the material removed or ‘flaw size’ is still
comparable to the splat size which is much smaller than the YSZ material. Additionally the
larger pores of the YSZ coating may present local regions that can erode quickly, resulting in
a rougher surface which then erodes faster. The composite coating design architectures show
a reduction in erosion rate with respect to the NZO coating and this trend continues as more t’
Low-k is added to the composite. This effect is again non-linear; the 50% t’ Low-k coating
exhibits an erosion rate of 2.912 g/kg whereas the expected erosion based on a pure linear
relationship would be 3.487 g/kg, a difference of 16%. The same holds true for the other
compositions where the 30% t’ Low-k coating exhibits a 4.259 g/kg versus the expected 4.662
g/kg (9% lower) and the 70% t’ Low-k exhibits a 2.085 g/kg versus the expected 2.728 (24%
lower). The calculated values for the linear rates have all been based on volume percentages
from image analysis.
Mixing laws have again been applied to further quantify the degree to which the t’
Low-k is acting as toughening agent. Figure 4.38 shows the inverse erosion rate as a function
of NZO phase fraction for the experimental data and the various mixing rules. The data clearly
lies within the series boundary, indicating the t’ phase is exhibiting some toughening beyond
a simple volumetric effect. The Halpin-Tsai equation fits well to a ξ value of 1 for this series
of data, quantifying the degree of toughening (recall that ξ=0 simplifies to series and ξ≈100
simplifies to parallel). Though the erosion rates themselves cannot be compared to previous
data, the ξ values can be compared as they numerically described the relative behavior of the
coatings. In the A1 – A6 coatings, the data fit well to a ξ=0.5, thus the ξ=1.0 for A11 – A16
data shows an improvement. It should be noted that it is a near logarithmic relationship
between the ξ value and inverse erosion rate and thus a change in ξ from ξ =0 to ξ =1 has a
larger impact than from ξ =1 to ξ =2. For illustration, Figure 4.39 shows the inverse erosion
rates for various ξ values.

Therefore, though Series 4 appears to show a relatively small

change in ξ, this small change actually has a large impact. This confirms that the horizontally
aligned lamellar morphology is more effective in strengthening the composite.
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Figure 4.38. The inverse steady state erosion rates of theA11 – A16 composite design architectures in
the as deposited state as a function of the wt.% NZO phase, along with plots for parallel, Halpin-Tsai,
and series mixing rules. In this case, a ξ = 1 fits the Halpin-Tsai to the experimental data.

Figure 4.39. Plot of the Halpin-Tsai equation as a function of various ξ values showing the non-linear
relationship. Therefore, the change in ξ from 0.5 to 1 is more substantial than a change from 10 to 15.

4.3.4

Thermal Stability of APS Composite Coatings
The erosion durability was examined after an isothermal heat treatment at 1100 °C for

20 hours and is provided in Figure 4.40. The sintering of microcracks have reduced the erosion
rates by up to a maximum of 55% when compared to the as deposited coatings in Figure 4.37.
The erosion rate of the NZO coating is now about 10X that of the t’ Low-k coating and nearly
5X that of YSZ. This is attributed to the t’ Low-k coating using a smaller PSD powder which
results in a much smaller splat size and a considerably higher content of splat boundaries and
microcracks compared to YSZ. As the splat boundaries and microcracks anneal out, the
coating hardness and toughness increases and thus the effect is much greater for the t’ Low-k
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coating which has a larger starting defect content, but importantly, a smaller grain size. This
is important for coating manufacturers, as spraying small powders is generally seen as less
desirable due to poor feeding characteristics as well as more expensive due to processing costs
to yield the smaller particle sizes.

Figure 4.40. Post 20 hour 1100°C heat treatment erosion data (100 m/s, 90° impingement, 50 µm
Al2O3, 2g/min feed) for the APS coatings from A11 – A16 showing that the composite behavior remains
after heat treatment.

Cross sectional images of the monolithic coatings after the 20 hour 1100 °C isothermal
heat treatment and subsequent erosion are provided in Figure 4.41. Densification is apparent
when comparing to the as deposited coatings in Figure 4.31. In the case of the t’ Low-k
coating, though many microcracks have been annealed out, the splat size remains significantly
smaller than that of the YSZ coating, thus yielding a smaller flaw size and more durable
coating. This could be thought of as similar to the grain size effect in bulk ceramics where
finer grains typically yield improved mechanical properties. Additionally, the pores in the
YSZ coating tended to be larger than those in the t’ Low-k coating and cannot be annealed out.
The larger pores and splat sizes results in larger flaw sizes which can be observed as a larger
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apparent surface roughness from the SEM images of the post eroded YSZ sample (Figure
4.41a) compared to the smooth t’ Low-k surface (Figure 4.41b).

Figure 4.41. Cross sectional SEM micrographs of the monolithic coatings (a,d) A11, (b,e) A12, and
(d,f) A16 after a 20 hours isothermal heat treatment at 1100 °C. The smaller splat and pore size size of
the t’ Low-k coating yields a lower erosion rate compared to the YSZ coating while the low toughness
of NZO results in cracking (red arrow) at large depths.

The SEM image for the remaining NZO coating in Figure 4.41c was obtained away
from the center of the erosion crater since the center of the erosion scar wore down into the
YSZ interlayer. In the pictured region of Figure 4.41f, a horizontal crack (red arrow) is
apparent at a depth of ~50 µm. This behavior is similar to what was observed in the EB-PVD
coatings where the E3 GZO coating had much larger crack depths than the rest of the coatings
which results in a much larger flaw size and therefore higher erosion rate. The composite
behavior is again observed where additions of t’ Low-k can successfully reduce the erosion
rate of the NZO material. It should be noted that the increase in the mass loss between 30 and
35 g erodent exposure for A14 is due to dropping the coating and chipping a small piece and
so the rate was taken from the last four data points. Post erosion SEM micrographs of the heat
treated composite samples are provided in Figure 4.42 showing that a majority of the damage
accumulation is occurring the NZO phase (red arrows). Overall, the toughening effects are
non-linear suggesting the toughening behavior remains after heat treatment.
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Figure 4.42. Cross sectional SEM micrographs of the composite coatings containing (a,d) 70 wt.% –
A13, (b,e) 50 wt.% – A14, and (d,f) 30 wt.% – A15 t’ Low-k after a 20 hours isothermal heat treatment
at 1100 °C. The NZO phase exhibits much more severe cracking than the t’ Low-k phase, with large
vertical cracks throughout.

The decrease in erosion rate for the heat treated coatings results in higher inverse
erosion rates, and therefore a higher apparent toughness for the coating, as shown in Figure
4.43. The higher NZO content coatings appear to sit directly on the series boundary, however,
the 70% t’ Low-k coating fits to a Halpin-Tsai equation with a relatively high ξ=3. Part of the
reason for this behavior is the large 54% reduction in erosion rate for the t’ Low-k coating from
the as deposited to the heat treated condition. Since this reduction was significantly more than
the NZO, it causes the series boundary to be higher. The 70% t’ Low-k coating has a large
enough t’ Low-k content that it also experiences a large reduction in erosion rate and thus the
higher inverse erosion rate and larger ξ value.

Figure 4.43. The inverse steady state erosion rates of the A11 – A16 composite coatings after heat
treatment at 1100 °C for 20 hours as a function of the vol.% NZO phase, along with plots for parallel,
Halpin-Tsai, and Series mixing rules. In this case, a ξ = 3 fits the Halpin-Tsai to the experimental data.
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To further elucidate the differences between these compositions, isothermal heat
treatments were carried out on samples coated on alumina substrates at 1300 C for 20 hours,
100 hours, and 500 hours. As anticipated, the composites reacted and form a tertiary fluorite
phase, as shown via the XRD of the 70% t’ Low-k A13 coating in Figure 4.44. This phase
volume could not be measured via XRD due to the previously described issues associated with
high x-ray absorption of the Nd. However, the relative intensity increases indicate an increase
in the fluorite reaction phase content with heat treatment time for the volume probed by XRD.
Figure 4.44b shows the closeup of the cubic(111)/t’(101) diffraction planes in the 27 – 32° 2θ
range where a rightward shoulder in the reaction phase peak is observed, particularly for the
500 h isothermal exposure sample. This indicates non-homogeneity in the fluorite reaction
phase which is not surprising given that there are slight compositional differences from splat
to splat and the size differences of various splats due to the trimodal PSD could also affect the
diffusional driving force. The XRD of the other A11 – A16 composites showed similar
behavior in terms of a reaction phase forming and the intensity (and therefore concentration)
increasing with the duration of the heat treatment. This is expected given the compositions
and the reaction observed in the EB-PVD coatings. The lower temperature heat treatments for
the erosion samples (due to their metallic substrates) in APS A1 – A6 Series 3 and A11 – A16
Series 4 likely preventrf large proportions of this phase from occurring. It is not until higher
temperatures at longer times on the required alumina substrates that the reaction can be
sufficiently observed. Apart from the reaction phase, the diffraction patterns did not provide
an indication of why the 70% t’ Low-k sample performed significantly better in the post heat
treated state. In all cases, the NZO phase experiences a phase change from the disordered
cubic fluorite into the order cubic pyrochlore as the heat treatment duration increased. This
phase changes begins around the 20 h mark and continues throughout the isothermal exposure,
as identified by the {331} and {511} superlattice planes.
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Figure 4.44. XRD patterns of the 70% t’ Low-k coating from A13 in the as deposited state and after
isothermal heat treatment at 1316 °C for 20, 100, and 500 hours. A closeup between 27 – 32° 2θis
shown in (b) where it is evident a fluorite phase forms and grows during heat treatment.

Cross sections of the 500 hr heat treated A11 – A16 samples are provided in Figure
4.45. The coatings have all significantly sintered, resulting in denser and larger grained
coatings when compared to the as deposited coatings. The discrepancy between the YSZ and
t’ Low-k splat sizes is apparent as the YSZ in Figure 4.45a still exhibits relatively large splat
boundaries and pores, whereas the t’ Low-k in Figure 4.45b shows a dispersion of much
smaller pores, typically with a rounded geometry. Though this heat treatment (500 h at 1316
°C) was more extreme than the 20 h at 1100 °C heat treatment prior to erosion, it illustrates
that the resulting small round pores of the A12 t’ Low-k coating do not concentrate stresses to
the same degree as the splat boundaries in A11 YSZ, which can essentially act as pre-cracks.
The presence of the crack-like splat boundaries in the YSZ and NZO coatings results in smaller
reduction in their erosion rates, relative to that of the t’ Low-k coating which no longer exhibits
this morphology. The reaction phase is present in all of the composite coatings as an
intermediate contrast between the t’ Low-k (darkest phase) and NZO (brightest phase).
Interestingly, it appears that in the 70% t’ Low-k coating, the majority of the NZO phase has
reacted to form the fluorite phase, whereas the reaction occurs primarily at the t’ Low-k/NZO
boundaries in the 50% and 30% t’ Low-k composites. This could also help to explain the
results observed in the erosion, as not only does an increase t’ Low-k content mean a reduced
amount of pre-crack like splat boundaries, but also a change in the interdiffusion behavior.
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Figure 4.45. Cross sectional SEM micrographs of the 500 hour heat treated samples from (a) A11, (b)
A12, (c) A13, (d) A14, (e) A15, and (f) A16. A fluorite reaction phase can be observed in the composite
coatings in (c)-(e), (red arrows in c show reaction phase, orange show remaining NZO phase). This
fluorite phase has almost entirely consumed the NZO phase in (c), whereas most of the NZO phase is
remaining in (d) and (e).

From the literature, it has been shown that increasing rare earth content reduces the
fracture toughness [177].

The authors attributed this to the cohesive energy of the lattice,

though there was little further explanation. Thus, the fluorite reaction phase would be expected
to exhibit a higher fracture toughness than the NZO phase due to its lower rare earth content.
From the phase contrast observed from the SEM images in Figure 4.45, it appears that the 70%
t’ Low-k coating had the maximum reduction in the NZO content (i.e. maximum formation of
the fluorite reaction phase), essentially minimizing the erosion debit of the NZO phase (though
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admittedly, minimizing its benefits). This reaction takes place to a lesser degree in the other
composites and so the erosion behavior of the NZO phase is still very apparent, and thus the
reduction in erosion rate after heat treatment as not as large. The reason for the increased
reaction is related to the diffusional driving force and overall compositions of the coatings. In
all of the coatings, the local driving force for diffusion (ξ) is related to the chemical potential
(µ) of the rare earth in each of the phases, or more specifically, the chemical potential gradient
𝜉 ∝

𝑑µ𝑅𝐸
𝑑𝑥

. If zirconia behaves as an ideal solution and the activity is proportional to the

concentration, then the chemical potential can be substituted with the concentration. Diffusion
occurs down the activity gradient, and thus down the concentration gradient in this case. Since
the composition of the NZO phase and t’ Low-k phase were the same for all of the coatings,
this driving force (or composition gradient) is initially the same for all coatings. However, the
large t’ Low-k volume in the 70% t’ Low-k coating acts as a ‘sink’ and maintains a low µ𝑅𝐸 .
This low µ𝑅𝐸 maintains a high

𝑑µ𝑅𝐸
𝑑𝑥

, and thus a high driving force which results in more

diffusion and more reacted phase. In the case of the 70% t’ Low-k coating, the volume of the
t’ Low-k material, effectively our diffusion ‘sink’, is much higher. Therefore, the rare earth
concentration in the NZO phase and initial fluorite reaction phase remains much higher relative
to the surrounding large volume of t’ Low-k phase, causing the diffusion to continuously pull
the rare earth from the NZO. Another way of thinking of this is that the reaction phase
consumes a portion of both parent phases. In the higher t’ Low-k coating, the reaction
consumes nearly all of the NZO phase but leaves a large portion of the t’ Low-k phase, and
vice versa in the 30% t’ Low-k coating, where most of the t’ Low-k is consumed and primarily
NZO and fluorite phase remain. This is apparent when observing the micrographs from Figure
4.45. Technically, the dissolution of yttria, and thus likely all rare earths, in zirconia does not
obey Raoult’s law and therefore does not behave as an ideal solution according to the activity
data from Jacobson [99].

However, the relatively small deviations indicate the above

explanation is feasible in terms of the generation of the driving force.
4.3.5

Optimization of APS TBC Performance
From Figure 4.41 and Figure 4.42, it appears that erosion damage occurred up to several

splats deep, reminiscent of the damage in the thick layer E6 and E8 EB-PVD t’ Low-k/GZO
coatings. This suggests that the splats may be too large and that a reduction in the splat size
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may yield further improvements in the erosion response. From the E7 and E8 EB-PVD data,
it was concluded that the layer thicknesses for GZO layers must be between 0.6 µm – 9 µm,
thus providing a target thickness range for the APS splats. Since the EB-PVD and APS
coatings possess different morphologies, this range may indeed change but this provides a basis
upon which to experiment. The presence of microcracks, horizontal pores and splat boundaries
in the APS coatings will certainly change the stress wave propagation and concentration
through the coating compared to the EB-PVD columns which are essentially individual single
crystals. Additionally, some of the NZO splats are on the order of 50 µm in thickness and if
the stress is concentrated primarily in the first several microns of the coating, it is unlikely that
the t’ Low-k splat beneath can effectively toughen the overlaying NZO splat. This further
suggests a reduction in the splat thickness is warranted/desired. Overall, the increase in the
ξ value from Series 3 to Series 4 confirms the hypothesis that a horizontally aligned
lamellar microstructure will exhibit more parallel behavior and more effectively toughen
the coating. Unfortunately, it is quite likely that the horizontally aligned lamellae in A11 –
A16 arise from the difference in the particle size distributions between the t’ Low-k (bimodal,
particles primarily around 13 µm) and NZO (trimodal, particles primarily around 66 and 3
µm). For further improvements, the splat size and morphology must also be tailored, though
accomplishing this may be difficult, as smaller particles with similar particle size distributions
may be less likely to form horizontally aligned microstructures.
4.4

Finite Elemental Analysis (FEA) of APS TBC Microstructures
The interaction of the propagating stress waves with the microstructure must be better

understood to design an optimized TBC composite design architectures.

FEA enables

simulation of the erodent particle impact and resulting stress wave propagation through a
coating material.

Combining object oriented finite element analysis (OOF) allows real

microstructures to be used during the FE simulation. This section investigates the impact of
solid Al2O3 particles of various sizes and velocities, and therefore energies. Additionally, the
effect of particle geometry, impact location, and mesh geometry are also considered. The
results are then discussed in the context of the composite coatings and mixing laws.
4.4.1

Model Development and Validation
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OOF2 [165,166] was used to create finite element meshes from cross sectional SEM
micrographs.

To capture the most realistic response, the images used must contain

representative data of the various sized microstructural features within the coating. This means
that for APS coatings, the images must accurately capture splat boundaries, small cracks, pores
of varying geometry and sizes, and a large enough area of the coating structure to ensure
accurate representation of the coating’s mechanical properties. This indicated a magnification
of 500X would be ideal, where small features could still be resolved yet the entire coating
thickness was still in frame. Once an image was selected, the process involved thresholding
the SEM image into a black (pores) and white (coating) image before inputting into OOF2.
The program then allows assignment of material properties (e.g. elastic modulus, thermal
expansion, and thermal conductivity) to each phase, termed ‘materials’ in the program. A
coarse mesh was then generated over the entire image which resulted in many regions where
the elements overlap material boundaries and are thus heterogeneous. Mesh refinement steps
were then used to minimize the overall mesh energy. After the refinement process, the mesh
was input into ABAQUS and final minor refinements were made. This included removal of
any free floating elements which generally result from the SEM ‘seeing’ into a pore and
receiving some signal inside the pore. Since these free floating elements were not connected
to the rest of the mesh, they resulted in the binary images having free floating pixels which can
cause the simulation to crash. Additionally, a minority of elements were only connected by a
corner node and were deleted, as these elements inhibit the simulation from finding a solution
and thus can also cause the simulation to crash. This represents only a minor fraction (<0.1%)
of the area of the coating and is primarily limited to the outer edge of the microstructure where
pores have been cut off and thus has minimal impact on the fidelity of the model.
After these refinement steps, the mesh was a viable and an accurate representation of a
real APS TBC microstructure. This is the primary distinction between the simulations in this
dissertation and the majority of the literature simulations, in that the following simulations
were performed on actual TBC microstructures rather than simplified geometries which
approximate the features of the real structure. Additionally, any simulations in the literature
that did use an image-based process were generally for thermal conductivity rather than
mechanical properties, and were at magnifications that did not capture the entire range of
microstructural features (i.e. splat boundaries or small cracks).
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Since the desire was for the FEA to accurately predict stresses and strains in the
structure during particle impact, the first step was to validate the response of the structure under
stress to ensure the mesh accurately responded to stresses and strains. To do this, a stress (σt)
was applied to the top edge of the coating and the resulting strain along the coating boundary
(εb) was used to calculate the coating modulus (Ec) via Hooke’s Law:

σ𝑡
𝜀𝑏

= 𝐸𝑐 . To make

selection of the top edge of the coating easier, the original images were cropped below the
surface roughness. The resulting selection of the top edge and boundary of an APS mesh are
provided in Figure 4.46 for APS YSZ (A11) coating. The resulting modulus of 20.9 GPa
agreeing reasonably well with the literature value of 38 GPa for an APS YSZ coating (the
differences could be attributed to porosity differences) [103].

Figure 4.46. Resulting FE mesh from the OOF2 conversion of an A11 YSZ coating. The blue mesh
is the coating while the gradient background (grey) can be seen through the pores. The edges used to
determine the modulus are shown with orange (stress) and red (strain) boxes.

4.4.2

Determination of a Reference Stress
The maximum (tensile) principle stress was monitored for each of the simulations and

converted into a reference stress, σR. The reference stress is defined on the basis of a crack in
an infinite plate, whose KIC follows:
𝐾𝐼𝐶 = 𝜎√𝜋𝑎

Equation 4.10
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where σ is the tensile stress acting on a crack of length 2a. Estimating the fracture toughness
of t’ YSZ to be 4 MPa√m and (a) = 1 µm, a critical stress, σcrit, of 2.26 GPa is defined, beyond
which, cracking can occur. The reference stress, σR, is therefore the maximum tensile principle
stress σmax divided by σcrit:
𝜎𝑅 =

𝜎𝑚𝑎𝑥
𝜎𝑐𝑟𝑖𝑡

Equation 4.11

Importantly, this serves as a reference stress where cracking can possibly occur, but does not
guarantee failure. If the maximum tensile stress is not aligned perfectly perpendicular to the
crack, then the equation results in an erroneously high value. Additionally, the crack length
may be incorrect, which could further change the results. Rather, these results help to
understand the trends in the data and provide insight into the likelihood for fracture to occur.
A simple expression for the velocity of an elastic wave can be described as:
𝑣 = √𝐸⁄𝜌

Equation 4.12

where E is the modulus and ρ is the density. The simulation time cutoff was therefore chosen
as 100 ns since this is roughly the time it would take for an elastic wave to propagate through
the ~300 µm thick coating assuming a density of 5.10 g/cc based on the porosity measurement
in Section 4.3.1 and using a Young’s modulus of 20.9 GPa. Monitoring the stress as a function
of time helps to understand where the stresses are intensified in a microstructure. The reflected
stress waves are not considered in this simulation based on the assumption that cracking
primarily occurs on the initial elastic wave propagation, and that this cracking would modify
the reflected stress waves (i.e. they would be inaccurate).
4.4.3

Effect of Particle Size on Stress Buildup
The impact of particles ranging in size from 30 – 100 µm diameter were simulated at a

velocity of 100 m/s and are provided in Figure 4.47, plotted with the reference stress, σR, as a
function of time. From Figure 4.47, it appears that increasing the particle size from 30 µm to
50 µm yields a substantial increase in the reference stress. Further increases in the particle size
above 50 µm yields diminishing increases in the reference stress. Since these simulations are
2D, the area of the particle = πr2. The kinetic energy, K, follows:
𝐾=

1
2

𝑚𝑣 2

Equation 4.13
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where m is the mass of the particle and v is the velocity of the particle. For the 2D particle
case, the mass of the particle is equal to ρπr2 (where ρ would be a mass per unit area).
Therefore, the kinetic energy for a 2D particle follows:
𝐾=

1
2

𝜌𝜋𝑟 2 𝑣 2

Equation 4.14

Thus, a square relationship would be expected between the particle radius and resulting kinetic
energy, and presumably, the resulting stress. The stresses appear to concentrate around the 40
– 55 ns timeframe, corresponding to the marked region in Figure 4.48. It appears the stresses
concentrate most at the relatively sharp vertical tip of a large pore, as opposed to more
horizontal splat boundaries or small cracks. A reduction in splat size was previously suggested
and these results indicate that the larger volume of splat boundaries would not yield a large
increase in the tensile stress concentration sites. The effect of shear stresses must also be
considered, as shear at the splat boundaries could cause failure.

Figure 4.47. Plot of reference stress versus time for particle impacts of particles ranging in diameter
from 30 µm to 100 µm. There is a substantial change in the stress from 30 µm to 50 µm, after which
the increase in stress with particle size diminishes. Stress is clearly concentrated at the 40 – 55 ns
timeframe
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Figure 4.48. Image of the APS YSZ (A11) cross section 40 ns after impact with a 30 µm particle at
100 m/s. The largest tensile stress is concentrated at the top of a large pore and could act to drive a
vertical crack. Stresses in legend are in MPa.

A plot of the maximum reference stress as a function of particle size for the 40 – 55 ns
stress peaks in Figure 4.47 is provided in Figure 4.49. The plot appears to follow a logarithmic
trend, confirming that there is no linear relationship between particle size and stress for the
conditions studied. It is unclear what causes this trend, though it could potentially be related
to a non-linear change in the contact area with particle size which yields lower contact
pressures.

Figure 4.49. Plot of the reference stress versus particle size for the peak stresses during the 40 – 55 ns
timeframe. The reference stress appears to exhibit a logarithmic relationship to the particle size, unlike
the expected squared relationship based on kinetic energy.
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4.4.4

Effect of Particle Velocity on Stress Buildup
The impact of 50 µm diameter particles ranging in velocity from 50 – 400 m/s were

simulated and are provided in Figure 4.50, plotted with reference stress as a function of time.
The same 45 ns timeframe yields stress buildup, which drops off around 60 ns and again peaks
at around 80 ns. The reference stress peaks and troughs appear to become more substantial
with increasing velocity. This is the opposite of the behavior that occurred for increasing
particle size, where smaller particle sizes yielded more significant peaks and troughs. The
peaks occur at the same time frames, which indicate the same morphological features are
causing the higher stresses. The linear relationship between particle velocity and the resulting
stress suggests that particle velocity is likely more important than particle size in the resulting
erosion characteristics.

Figure 4.50. Plot of reference stress versus time for particle impacts of 50 µm particles ranging in
velocity from 50 m/s to 400 m/s. The reference stress appears to increase linearly with the particle
velocity and is clearly concentrated at the 45 ns and 80 ns timeframes, similar to the particle size
simulations.

For the simulations of particle velocities, the reference stress appears to increase at a
linear rate as the velocity is increased, as shown in Figure 4.51. This may indicate that
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momentum (mv; linear relationship to velocity) is more relevant in the particle impact scenario.
However, the momentum is linearly related to mass, and thus would share a square relationship
to the particle radius. This was not observed, suggesting more factors must be considered,
likely related to contact area and contact pressure.

Figure 4.51. Plot of the reference stress versus particle velocity for the peak stresses during the 45 ns
timeframe. The reference stress appears to exhibit a linear trend with particle velocity, suggesting the
kinetic energy of the particle is not proportional to the stress and that the stress is more sensitive to
particle velocity than particle size.

4.4.5

Effect of Particle Geometry on Stress Buildup
The impact of particles ranging in angularity from a 1 – 25 µm radius of curvature (all

equivalent area to a 50 µm particle,) were simulated at a velocity of 100 m/s and images of the
particle impacts at 45 ns are provided in Figure 4.52. Clearly, the impact stresses are larger
for the sharper particles and decrease as the radius of curvature increases. This is tied to an
increase in the contact area, and thus a reduction in the contact pressure. Additionally, the
sharper particles appear to yield a larger surface tensile wave, indicating that the horizontally
aligned design architectures would be particularly useful for this type of impact. The large
surface tensile wave appears concentrated to a depth of approximately 15 – 20 µm. This agrees
well with the hypothesis that the NZO splat thickness values of up to 50 µm caused the stress
to be entirely located within the weak NZO phase and that the splat thicknesses needed to be
reduce.

The results of the simulation suggest the splat thickness should ideally be

approximately 7 – 10 µm to ensure that the toughening phase always interacts with the surface
stress, agreeing well with the post erosion observations.
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Figure 4.52. Images taken 45 ns after the 100 m/s particle impacts of six particles with radius of
curvatures ranging from sharp (0 µm), 1 µm, 5 µm, 10 µm, 20 µm, and 30 µm. Both the tensile and
compressive stresses appear more concentrated for the sharp impact and decrease with increasing radius
due to a decreasing contact force (larger contact area). For sharper particles, it appears the surface
tensile wave becomes more prominent.

4.4.6

Effect of Impact Angle on Stress Buildup
The impact of 50 µm diameter particles at incidence angles (ω) of 10 – 90° were

simulated at a velocity of 100 m/s and are provided in Figure 4.53 plotted as the reference
stress as a function of time. The stresses again appear to be concentrated at the 45 ns and 80
ns timeframes, similar to the results of previous simulations. The reference stress decreases
with decreasing incidence angle, and this effect becomes more substantial as the incidence
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angle decreases. Since the particle velocities were maintained at 100 m/s, the resultant vertical
velocities decrease as the incidence angle decreases, thus explaining the reduction in the
stresses.

Figure 4.53. Plot of reference stress versus time for particle impacts of 50 µm particles ranging in
incidence angle from 10° to 90°. The reference stress decreases non-linearly as the incidence angle
decreases and is clearly concentrated at the 45 ns and 80 ns mark, as in previous simulations.

The reference stress as a function of particle incidence angle is plotted in Figure 4.54
at the 45 ns peak stress. A sin(ω) relationship is also plotted, indicating the reference stress is
essentially dependent on the particle’s vertical velocity component for any impact angle. This
confirms the linear relationship between particle velocity and the reference stress because a
non-linear relationship would not yield a sin(ω) relationship. This again indicates the stress is
more likely related to the momentum transfer than the kinetic energy.
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Figure 4.54. Plot of the reference stress versus particle incidence angle (ω) for the peak stresses
during the 45 ns timeframe. The reference stress correlates well to a sin(ω) relationship, indicating
the stress is linearly related to the particle velocity, and thus momentum.

4.4.7

Effect of Impact Location on Stress Buildup
The impact of 50 µm diameter particles at various regions across the surface were

simulated at a velocity of 100 m/s and are provided in Figure 4.55 plotted as the reference
tensile stress as a function of time. The reference stresses fluctuate based on location,
confirming that the various microstructural features in the APS coating have a significant effect
on the impact stress behavior. Investigating of the reference stress peaks for each location
yields valuable information on which features tend to concentrate impact stress. In general, it
appears that the tensile stresses concentrate at the top of vertical pores and cracks. The
horizontal splat boundaries appear to have concentrated compressive stresses at their tips. This
was slightly surprising, as it was expected that the horizontal cracks would concentrate tensile
stress and were causing crack propagation in the coatings. However, it appears that the
compressive waves act to compressive the splat boundaries and effectively close them. In
comparison, the vertical cracks appear to have a more significant effect on concentrating stress
and are likely easily propagated during particles impacts.
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Figure 4.55. Plot of reference stress versus time for particle impacts of 50 µm particles impacting at
various locations across the sample surface with respect to the center. The reference stress peak
locations and peak magnitudes are different for each location and confirm that different features
concentrate stress to differing degrees.

It is therefore hypothesized that the erosion mechanism for APS coatings is
concentration of tensile stresses at vertical cracks, pores, and splat boundaries (collectively,
defects), and propagation of cracks from these defects. The vertical cracks terminate when 1)
they reach the free surface, 2) they reach a horizontal defect, or 3) the energy release rate has
decreased below the critical energy release rate. When the vertical cracks terminate at the
surface and are linked by a horizontal defect, the material can be freely removed, and thus
erosion occurs. The suggested mechanism agrees with previous results for A11 – A16, in that
the weak cubic materials often formed vertical cracks, both during cooling and during the
erosion process (Figure 4.42). Additionally, the horizontally aligned design architectures
yielded better erosion characteristics than the more isotropically mixed design architectures.
Together with the erosion results, these simulations further reinforce and confirm the
hypothesis that tailoring the design architectures to produce a horizontally aligned
microstructure can act to improve the erosion response. Additionally, these simulations
168

corroborate the hypothesis that reducing the splat thickness may further improve the
erosion response.
4.5

Summary and Conclusions
The effects of incorporating a toughening t’ phase (t’ Low-k) into cubic phase coatings

(cubic Low-k, NZO, and GZO) was explored via EB-PVD multilayers and APS composites.
XRD and SEM confirmed the presence of the t’ phase and cubic phase materials and the
coatings were tested in terms of thermal conductivity, thermal stability, and erosion durability.
A summary of the findings is provided in Table 4.9.
Table 4.9. Table summarizing the thermal conductivity improvement (with respect to YSZ), erosion
durability improvement (with respect to the cubic phase material used), and thermal stability of the
unique multilayer and composite design architectures.
Thermal Conductivity
Erosion Durability
Improvement
Improvement
Thermal Stability
EB-PVD Nanolayers
21%
72%
Poor
(t’ low-k/GZO)
EB-PVD Thick Layers
24%
0 – 85%
Good
(t’ Low-k/GZO)
APS Composites
24%
67%
Good
(t’ Low-k/cubic Low-k)
APS Composites
55%
79%
Good
(t’ Low-k/NZO)

For the EB-PVD t’ Low-k/GZO multilayers, the procedure was modified to produce
individual layer thicknesses of approximately 200 nm, 600 nm, 12 µm, and 30 µm. The best
performing GZO containing multilayer exhibited an initial thermal conductivity of 1.13 W/mK, and a 7% increase in thermal conductivity over the test duration. This was a substantial
improvement of the state-of-the-art 7YSZ coating which exhibited an initial thermal
conductivity of 1.45 W/m-K, and an increase of 52% over the duration of the test. The low
thermal conductivity and small increase in thermal conductivity over time was attained by
incorporating small columns and larger amounts of inter- and intracolumnar porosity, both of
which minimize sintering and inhibit phonon conduction. Erosion testing confirmed the
hypothesis that layering GZO with a tougher material (t’ Low-k) could improve the erosion
durability, with up to a 72% improvement in the erosion durability in the nanolayer systems.
The thicker multilayers (12 µm and 25 µm) exhibited a layer-by-layer erosion mechanism
where cracking occurred preferentially in the GZO layers, with some cracking several layers
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deep, reducing the effectiveness of the t’ Low-k toughening layers. This did not occur in the
200 nm and 600 nm coatings and suggested a maximum layer thickness between 600 nm – 12
µm, after which, the erosion response transforms into a layer-by-layer mechanism. Heat
treatments on the nanolayer coatings at 1316°C indicated complete interdiffusion of the t’ Lowk and GZO layers and formation of a single cubic phase material. The thicker 30 µm layer
thickness coating did not experience complete interdiffusion suggesting a critical layer
thickness is necessary to prevent interdiffusion. TEM analysis of the layer interfaces estimated
a bulk diffusivity of Gd to be 5.6E-15 cm2/s which was slightly higher than the literature value
of 6.6E-16 cm2/s [171]. Using these values suggested minimum layer thicknesses of 6 and 18
µm, respectively, for a 10,000 hour service life criterion at 1316 °C. Combined this with our
erosion results, the ideal thickness is therefore suggested to be around 6 µm layer thickness
which is thick enough to prevent severe interdiffusion, while potentially thin enough to inhibit
a layer-by-layer erosion response, thus creating a low thermal conductivity, high durability,
and thermally stable multilayer coating.
For the APS t’ Low-k/cubic Low-k composites containing 20 wt.%, 40 wt.%, and 50
wt.% t’ Low-k, the lowest thermal conductivity achieved in the composite coatings was 0.80
W/m-K compared to standard YSZ at 1.05 W/m-K. It was determined that varying the t’ Lowk content from 20 – 50 wt.% had minimal impact on the thermal conductivity of the cubic
Low-k based coatings, with values ranging from 0.80 – 0.82 W/m-K. Compositing the weak
cubic Low-k material with the tougher t’ Low-k material successfully reduced the erosion rate
by over 67% with respect to the difference between cubic Low-k and t’ Low-k. The reduction
in the erosion rates were therefore nonlinear with respect to the wt.% t’ Low-k toughening
phase. Parallel and series mixing rules were investigated to describe the composite and it was
determined that the coatings exhibited some degree of parallel behavior. A Halpin-Tsai mixing
law was used to quantitatively assess the degree of parallel and series behavior and ξ values of
0.5 were determined for the coatings, confirming parallel behavior was occurring.
The stress fields under spherical contacts were used as approximations for the stress
fields during particle impacts, and it was hypothesized that a horizontally aligned
microstructure could potentially improve the toughening response of the secondary phase to
more parallel (ideal) behavior. The APS t’ Low-k/NZO composites containing 30 wt.%, 50
wt.%, and 70 wt.% t’ Low-k were sprayed with a more aligned microstructure and erosion
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reductions of up to 79% were observed with respect to the difference between NZO and t’
Low-k. This corresponded to ξ values of up to 3, a substantial improvement over the previous
APS t’ Low-k/cubic Low-k composites (ξ = 0.5). Refinements to the splat orientation (more
uniformly horizontal) and splat thickness (thinner splats) were suggested to further improve
the erosion response. The secondary phase was again shown to have a low impact on the
overall reduction in thermal conductivity, with the 50 wt.% t’ Low-k composition exhibiting a
thermal conductivity of 0.634 W/m-K compared to the expected value of ~0.71 W/m-K. The
thermal stability was evaluated via long term heat treatments at 1300 °C which confirmed the
reaction between t’ Low-k and NZO occurs in the APS composites, similar to the t’ Low-k and
GZO EB-PVD multilayers. Due to the size of the splats, a portion of the original NZO and t’
Low-k phases still remained after 500 hours.
A finite element analysis framework was designed which enables simulation of particle
impacts on actual TBC microstructures obtained from cross sectional micrographs. The model
was pseudo-validated by calculating the elastic modulus of an APS YSZ coating (A11 – 20.9
GPa) and reaching reasonable agreement with literature values for an APS YSZ coating(38
GPa). Particle impacts were simulated as a function of particle size, particle velocity, incidence
angle, particle geometry, and impact location. The results were analyzed in terms of a
reference stress state as a function of time, where the reference stress state was the stress from
the particle impact divided by the critical stress for facture of YSZ with a 1 µm crack. Higher
reference states therefore indicate a higher likelihood for cracking. It was observed that the s
Overall, this chapter confirmed that unique multilayer and composite design
architectures utilizing a toughening phase can substantially improve the erosion durability of
potential next-generation cubic phase TBC materials. While improving durability, the thermal
conductivity can be substantially improved over current 7YSZ and thermal stability can be
ensured by maintaining the optimal layer and composite morphologies. Though the two phases
reacted for both the composite and multilayers, the concepts shown in this dissertation can
enable future studies of TBC systems which would not experience this problem.
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Chapter 5

Process-Structure-Property-Performance Relationships in PS-PVD
Coatings

The PS-PVD system was installed at NASA Glenn in 2009 and was fully operational
in 2010. At the time, this system was one of only five known systems world-wide and thus
there was little information available on optimal processing conditions and process-structureproperty relationships in PS-PVD. Series 6 YSZ TBCs were deposited in 2012 when the PSPVD technique was relatively new and in particular, the system at NASA had been primarily
used to deposit environmental barrier coating (EBC) materials with lamellar morphologies.
Therefore, Series 6 used an off-the-shelf 7 wt.% YSZ TBC powder and explored a process
region which was relatively large but still expected to always produce a pseudo-columnar
design architecture in an effort to understand which processing parameters had large effects on
properties of interest (erosion and thermal conductivity) in the novel microstructure. Pseudocolumnar was the desired microstructure, as the literature search suggested mixed mode
deposition (mixture of splat and vapor) performed poorly [13]. The results from Series 6
enabled selection of a more precise design space for Series 7 t’ Low-k TBC compositions
{ZrO2 – 2Y2O3 – 1Gd2O3 – 1 Yb2O3 (mol%)}, in which a larger series of depositions were
performed to understand process-structure-property relations and, ultimately from them, to
deposit coatings with maximum erosion resistance while exhibiting low thermal
conductivities.
5.1

Growth in PS-PVD Coatings
Before discussing the various process-structure-property relationships, it is first

necessary to discuss the deposition mode itself. In PS-PVD, the deposition mode can be
tailored from “splat-like”, as in APS, to mixtures of splat and vapor, to a pseudo-columnar
region where vapor/cluster deposition occurs, and lastly to fully vapor, as in EB-PVD. The
pseudo-columnar region is of interest as it may produce structures which exhibit properties of
both EB-PVD and APS deposition techniques. The available literature on PS-PVD processproperties is relatively small [13,112,113,115–117,178,179], but initial studies suggested that
mixed mode splat-vapor structures exhibited poor thermal cyclic durability [13]. However,
pseudo-columnar structures appeared to provide beneficial properties in terms of thermal
cycling [117] and erosion durability [119].

Therefore, this structure was selected for
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investigation in this dissertation. The pseudo-columnar morphology is characterized by large,
branched columns, as shown in Figure 5.1.

Figure 5.1. Cross sectional SEM micrograph of a PS-PVD coating exhibiting the prototypical pseudocolumnar design architecture explored in this dissertation. The columns grow radially uniformly,
resulting in some columns growing into and out of the plane of the cross section (red circle). The
intercolumnar spaces are filled with non vaporized particle. There is also a bright interfacial layer and
bright region at the base of the columns, indicative of high surface temperatures and interdiffusion at
the start of the deposition.

The PS-PVD coating growth process can be broadly described in three stages:
Stage 1.

The TBC vapor species begin to deposit and grow in what appears to be a
Volmer-Weber island growth mechanism [180] to form a bright, relatively dense
region (initial growth).

Stage 2.

Continued coating growth results in select islands growing faster than others and
nucleating into roughly circular columns due to the radial shape of the plasma.

Stage 3.

Further deposition results in continued growth of the columns and branching
occurs when the columns reach a critical size.

Stage 1. The first stage is shown schematically in Figure 5.2. In this stage, the evaporated
species impinge upon the substrate surface and begin to deposit. For the pseudo-columnar
coatings desired for this study, the impinging material is in the vapor form of Zr, ZrO, ZrO2,
REO, O, and O2, as well as possible ionic species thereof. Additionally, the vapor species may
supersaturate further downstream from the torch nozzle where the plasma is significantly
colder (~3500 K, less than 1/3 of the max temperature [181]) which results in the condensation
of small clusters of a few nm or less [182–184].
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Figure 5.2. Schematic of the first stage of the PS-PVD deposition process where the initial deposition
occurs, resulting in formation of islands due to low adatom mobility. The clusters have essentially no
mobility and ‘stick’ wherever they deposit which, which combined with the low mobility of the arriving
vapor species, can result in defective regions and mesopores (arrow from right). As islands grow,
surrounding regions are self-shadowed, leading to porosity near the edge of the islands and preferential
growth (arrow from left). The competitive growth results in formation of V-shaped grains which grow
up and out.

It would be anticipated that in terms mobility of arriving species: mobility of ionized
species > mobility of atomic species > mobility of clusters, once they are each adsorbed. These
flux species begin to deposit on the substrate and form the coating. A higher magnification
view of the interface between the bond coating surface and initial top coating growth is
provided in Figure 5.3 and shows that this initial top coating growth is characterized by densely
packed columnar grains similar to a Volmer-Weber island growth type mechanism [180]. This
suggests that the combined surface energy of the substrate-coating interface (γsc) and
coating/plasma (γcp) are greater than the substrate/plasma interface (γsp) (i.e. γsc + γcp > γsp), or
in other words, there is stronger interaction between the adatoms and each other than between
the adatoms and the surface which results in the adatoms forming small islands. This type of
growth is also characteristic of low adatom mobilities, which may indicate the depositing
species are primarily atomic vapors or clusters with fewer high energy ionic species. The
relatively high deposition rate on non-rotating samples yields some porosity in the initial
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deposition region as shown in Figure 5.3, though overall the region is fairly dense (image
analysis suggests around 95% dense). The porosity is likely a result of self-shadowing, where
the initial islands/grains shadow surrounding regions and preferentially grow, shown
schematically in Figure 5.2.

Figure 5.3. Cross sectional SEM micrograph of the interface showing the various interfacial regions
and the porosity between the bright layer and the bond coat, likely arising due to loss of aluminum.

Temperature is an important factor in the first stage of growth as it relates directly to
the adatom mobility and thus resulting structure. If the temperature of the surface of the bond
coating is sufficiently high, localized softening or melting can occur leading to the formation
of a bright dense interfacial layer. TEM of the TBC/bond coating interface is provided in
Figure 5.4 and shows the initial coating growth, bright dense interfacial layer, and bond
coating, with corresponding EDS maps for Al, Zr, and Ni. Interestingly, there is Zr signal in
the bright dense interfacial layer which suggests either significant interdiffusion during the
early stages of deposition or that the bond coating surface is near molten. The former is
certainly true, as there is also substantial Ni signal in the initial porous region of the t’ Low-k
top coating, suggesting high outward diffusion from the bond coating into the top coating initial
growth. This results in an increased brightness for porous region at the base of the top coating
(shown in Figure 5.3). The bright, dense interfacial layer resembles a duplex structure which
may result from a more severe loss of Al nearer to the surface of the bright, dense interfacial
layer which is followed by subsequent equilibration, similar to the duplex oxide scales which
form on Ni alloys as Al content varies through time [185]. The localized softening or melting
of the substrate surface during initial contact with the high temperature plasma results in
formation of small interfacial pores between the bond coating and the bright dense interfacial
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layer, likely to compensate for the volatilized Al. These pores can be observed in the TEM
from Figure 5.4 as well as the SEM from Figure 5.3. Notably, this phenomena does not always
occur and is dependent upon substrate composition (Al content, metallic vs. ceramic, etc.),
processing conditions (high gas flows), and vacuum pressure.

Figure 5.4. FIB TEM specimen from the interface of a PS-PVD coating with (a) HAADF image of
the bond coat, bright layer, and initial top coating regions and (b) EDS map of Al which shows a
particularly low content in the bright region above the pores. In (c) the EDS map of Zr shows some Zr
content in the bright layer above the pores suggesting intermixing/interdiffusion while (d) shows the
EDS map of Ni where Ni shows substantial diffusion into the top coating region, explaining why this
region is bright in the SEM micrographs.

Stage 2. This stage is shown schematically in Figure 5.5. Here, the islands of vapor/clusters
have been replaced with small chevrons to show larger scale morphology. As the deposition
and growth continues, islands/grains continue to shadow others and begin to nucleate columns
during stage 2. This is due in part to the relatively high deposition rate as well as the deposition
of clusters. The clusters are likely immobile and stick where they deposit which further inhibits
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adatom mobilities and yields large amounts of shadowing. In the initial Stage 1 deposition,
this prevented the adatoms from spreading out and forming layers.

As the deposition

progresses during Stage 2, local high spots in the coating can begin to shadow the surrounding
regions as the adatoms have insufficient time to move into the valleys, thus nucleating
columns. As the columns continue to grow, the width and spacing are determined by a variety
of factors including temperature, pressure, energy of the incoming species, and deposition rate,
all of which ultimately tie to the degree of adatom mobility as well as nucleation density.
Additionally the substrate roughness can play a role, particularly in the column spacing, as
high spots on the surface tend to result in columns.

Figure 5.5. Schematic of the second stage of the PS-PVD deposition process where the islands
continue to grow and shadow, eventually resulting in the formation of columns due to low adatom
mobilities and shadowing. The surface of the sample is heated by the plasma but the growing TBC
effectively insulates the underlying coating to temperatures such that the structure is essentially
quenched for the duration of the deposition (i.e. minimal recrystallization and growth at the base of the
coating). The intercolumnar gaps (black arrow on right) begin to form and the solidified particles (red)
which have not been evaporated begin to accumulate in the intercolumnar gaps.

Since the samples are not rotating and the plasma has a circular cross section, the
resulting coating growth is radially uniform and lacks in plane texture, both microstructurally
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and crystallographically. This results in roughly circular columns, in comparison to the faceted
morphology of EB-PVD columns. The deposition rate is sufficiently high that there is no out
of plane texture since the atoms have difficulty achieving particular orientations. Interestingly,
the columns appear to maintain the chevron shaped grains throughout growth which could be
caused by the pulsations which occur during deposition. This pulsation is due to the disk type
powder feeder which feeds intermittent bursts of powder and the short period between bursts
may enable slight relaxation and formation of interfaces or boundaries. During this stage of
coating growth, the particles which have not been fully vaporized may begin to accumulate in
the intercolumnar gaps which act as wells and prevent the incoming particles from bouncing
off of the surface. In Figure 5.5, these particles are shown as red circles.
The coating growth during stage two can be related to the structure zone diagrams that
describe vapor deposited coating microstructures as a function of homologous temperature
(Tsub/Tmelt) and pressure [186,187]. For these depositions, the homologous temperature was
~0.4 which is on the upper region of the transition zone (Zone T). Zone T is classified as very
low bulk diffusion but reasonable surface diffusion which results in “V-shaped grains” near
the substrate, and these grains eventually form columnar grains due to competitive growth
[188]. The V-shaped grains are indeed observed in our coatings, as shown in Figure 5.3, where
chevron shaped grains continuously form during the initial deposition region. However, the
overall morphology is much more porous than a typical Zone T. This coating growth mode is
also characterized by compressive growth stresses, which were observed in the higher
deposition rate PS-PVD coatings in this chapter.

However, the deposition also has

characteristics of Zone 1, characterized by essentially immobile adatoms which cannot
overcome shadowing effects. In this case, the mobility is low enough such that the adatoms
are essentially bound at their impinging sites which prevents rearrangement and therefore
prevents texture, which is indeed observed in the diffraction patterns. One of the most recent
structure zone diagrams is provided in Figure 5.6 from Anders [189] as a function of
homologous temperature and adatom energy (combining the pressure term and the effects of
plasmas). The boundary between Zone 1 and Zone T shifts to higher homologous temperatures
at higher pressures because the pressure inhibits adatom mobility. This could explain the Zone
1 behavior in PS-PVD coating, since they are processed at relatively high pressures compared
to other PVD techniques. It is therefore conjectured that the high deposition rates and
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deposition of clusters outweighs the effects of the relatively high homologous temperature and
thus this process is more similar to a Zone 1, albeit with much larger column diameters. The
lack of a good fit for the PS-PVD pseudo-columnar structure is an indicator of the hybrid nature
of the process. A more apt structure zone diagram for the PS-PVD process (and indeed all
PVD processes) would plot the growth as impingement rate versus adatom mobility, since the
mobility encompasses temperature, pressure, and bias/energy effects. The challenge would be
estimating the adatom mobilities in a quantitative manner.

Figure 5.6. Structure zone model from Anders [189] showing the effect of T* which incorporated the
effects of homologous temperature and arriving vapor potential energy, and E* which incorporates the
effect of pressure (inverse relationship to kinetic energy) and arriving species kinetic energy (i.e bias).
The PS-PVD coatings from this dissertation are not well described by this graphic as their homologous
temperature is in Zone T but their growth appears more similar to a modified Zone 1. This is an
indication of the hybrid nature of this novel process.

Stage 3. This stage represents the continual growth of the columns which results in the
formation of the PS-PVD pseudo-columnar morphology. Individual columns will occasionally
branch into multiple columns. Though the mechanism that causes this branching is not yet
clear, it could be related to a critical column diameter after which insufficient adatom mobility
and self-shadowing results in nucleation of a new column. Importantly, the new columns or
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branches form in all directions due to the radially uniform growth. Thus there are regions in
micrographs where columns appear unconnected which indicates branching or growth has
occurred out of the plane (red circle in Figure 5.1). Interestingly, the columns rarely touch
which is likely related to the degree of shadowing and mobility, where columns quickly grow
and shadow each other and adatoms do not have sufficient mobility to diffuse down the column
and increase the column width.
5.2

Exploration of Series 6 YSZ PS-PVD Coatings
The purpose of this series was to determine an ideal processing window for the Series

7 depositions which would explore the process-structure-property relations. An off the shelf
7YSZ spray dried powder was used as the starting material for the Series 6 PS-PVD depositions
and sprayed as a function of gas flow, amperage, and feed rate. The matrix designations, spray
conditions, thicknesses, and deposition rates are provided in Table 5.1. The Ar/He ratios were
1:2 for all depositions. Sub sections in this chapter will cover the coating crystal structure
(5.2.1), morphology (5.2.2), thermal conductivity (5.2.3), and erosion durability (5.2.4).
Table 5.1. Processing conditions and resulting coating thickness and deposition rate for the PS-PVD
Series 6 YSZ coatings. Patterns shown in red bold with overlapping conditions shown in red italics.
Matrix
P1
P2
P3
P4
P5
P6
P7

5.2.1

Gas
Flow
(NLPM)
80
80
80
100
120
100
100

Amperage
1800
1800
1800
1800
1800
1600
1400

Feed
Rate
(g/min)
2.6
5.3
7.9
5.3
5.3
5.3
5.3

Pressure
(Torr)
0.77
0.77
0.77
0.95
1.15
0.95
0.95

Power
(kw)
83
82
82
88
92
76
64

Temp.
(°C)
860
860
860
920
995
885
855

Time
(min)
40
25
15
25
20
25
30

Thickness
(µm)
128 ± 5
170 ± 8
154 ± 6
218 ± 6
158 ± 8
92 ± 4
102 ± 4

Deposition
Rate
(µm/min)
3.2 ± 0.1
6.8 ± 0.3
10.3 ± 0.4
8.7 ± 0.4
7.9 ± 0.4
3.7 ± 0.1
3.4 ± 0.1

Characterization of Crystal Structure
XRD patterns of as deposited coatings from P2, P4, and P5 as a function of gas flow

(80 NLPM, 100 NLPM, and 120 NLPM, respectively) are provided in Figure 5.7a-b. All of
the coatings exhibited large peak widths with relatively low intensities, suggesting very small
crystallite sizes, a lack of homogeneity in the stoichiometry, and/or non uniform strain. Due
to this behavior, there was difficulty in assessing the tetragonal nature of the standard
(004)/(400) peak splitting at ~73 – 75° 2θ. However, broad peaks at 73 – 75° 2θ and leftward
shoulders and anisotropy at the 60° 2θ peaks would suggest tetragonal splitting is occurring.
This behavior occurred for each of the coatings, thus confirming the t’ nature. At low gas
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flows (80 NLPM), the peak widths are slightly larger indicating a lower crystallite size or poor
stoichiometry. This correlates with the only substrate temperature below 900 °C (P2) for the
depositions as a function of gas flow.

This low temperature could result in a low adatom

mobility which hinders crystal growth and chemical equilibria.

Figure 5.7. XRD pattern showing multiple phases within the PS-PVD YSZ coatings deposited as a
function of gas flow showing (a) the full 10 – 90° 2θ range and (b) the 25 – 42° 2θ range where the
presence of reduced zirconia phases are observed. The lower blue pattern indicates the PDF card: 01070-4427 for YSZ.

Interestingly, as deposited coatings exhibited a black color which suggests a severe
oxygen deficiency. This deficiency is brought on by a preferential vaporization of the oxygen
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during deposition and is characterized by additional peaks in the XRD pattern, as highlighted
in Figure 5.7b. The relevant vaporization routes for ZrO2 are as follows [99]:
𝑍𝑟𝑂2 (𝑠) → 𝑍𝑟𝑂2 (𝑔)

Equation 5.1

𝑍𝑟𝑂2 (𝑠) → 𝑍𝑟𝑂(𝑔) + 𝑂(𝑔)

Equation 5.2

𝑍𝑟𝑂2 (𝑠) → 𝑍𝑟(𝑔) + 𝑂2 (𝑔)

Equation 5.3

While the relevant vaporization routes for the rare earth oxides are [99]:
𝑅𝐸2 𝑂3 (𝑠) → 2𝑅𝐸𝑂(𝑔) + 𝑂(𝑔)

Equation 5.4

Note only Yb2O3 vaporizes as Yb2O3 and thus the rare earths all yield free oxygen. Clearly,
many of these vaporization routes yield O or O2 which is significantly lighter than the metals
and metal oxides, and thus is preferentially pulled from the plasma stream by the vacuum
environment. Additionally, the lighter vapor species have less momentum, and so are more
easily carried by the plasma streamlines around the flat substrate plate rather than impinging
on the samples at the center of the plate (as the heavier species tend to do). This was commonly
observed as white corners/edges on the flat plate, indicating a higher oxygen content at the
corners and edge of the plate (though this could also be due in part to contact with the native
oxygen from the chamber while at vacuum). The additional peaks were tentatively identified
as either ZrO (cubic) or Zr3O (hexagonal) according to PDF card #: 01-051-1149 and 01-0898002, respectively. The ZrO phase is a metastable phase which does not normally form under
equilibrium thermodynamic conditions, while the Zr3O is a metallic phase with order oxygen
interstitials [190], both phases confirming a lack of sufficient oxygen to form ZrO2. In terms
of gas flow, it appears that the reduced phase content increases with increasing gas flow from
80 NLPM to 120 NLPM. This is likely a result of higher powers and higher temperatures.
Additionally, the plasma may act as a shrouding gas, preventing incorporation from the oxygen
in the chamber.
XRD of the as deposited coatings from P7, P6, and P4 as a function of amperage (1400
A, 1600 A, and 1800 A, respectively) are provided in Figure 5.8a-b. Similar difficulty was
encountered when attempting to discern the t’ phase for the coatings deposited as a function of
amperage, yet using the same basis of peak width and anisotropy suggests tetragonal splitting
is occurring in the as deposited coatings. The peak widths again appear large and appear to
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decrease as a function of decreasing amperage. From Table 5.1, as amperage decreases from
1800 A (P4) to 1400 A (P7), the power decreases substantially from 88 kW to 64 kW. This
reduction in power results in a reduction in the deposition rate from 8.7 µm/min to 3.4 µm/min,
primarily in the initial decrease from 1800 A to 1600 A. The slower deposition rate results in
increased adatom mobility which increases crystallite sizes and chemical homogeneity (i.e.
lower peak width).

Figure 5.8. XRD patterns showing multiple phases within the PS-PVD YSZ coatings deposited as a
function of amperage showing (a) the full 10 – 90° 2θ range and (b) the 25 – 42° 2θ range where the
presence of reduced zirconia phases are observed. The lower blue pattern indicates the PDF card: 01070-4427 for YSZ.
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The effect of smaller peak width continues for the 1400 A sample even though the
deposition rate is similar to the 1600 A sample. This is likely due to a longer 30 min deposition
time which enables increased diffusion. The reduced phases are present in the 1800 A coating
(P4), as shown in Figure 5.8b, but it is not as apparent in the lower amperage 1600 A (P6) and
1400 A (P7) coatings. Since the 1600 A (P6) and 1400 A (P7) coatings had different powers
but similar deposition rates, both of which were much lower than the deposition rate of the
1800 A (P4) coating, it suggests that the presence of the reduced phases are tied more-so to the
deposition rate than to the power. This is the opposite of what was observed for gas flow,
where the reduced phase content increased with gas flow (and thus power) while there was
minimal change in the deposition rate.

However, the substrate temperature changed

significantly with gas flow, which suggests that the mechanism is likely related to a
combination of adatom mobility, plasma torch conditions, and oxygen partial pressure.
XRD of the as deposited coatings from P1, P2, and P3 as a function of feed rate (2.6
g/min, 5.3 g/min, and 7.9 g/min, respectively) are provided in Figure 5.9a-b. The tetragonal
splitting was again identified from the peak broadening and anisotropy. The peak widths are
similarly large for the high feed (7.9 g/min) and intermediate feed rate (5.3 g/min) but sharpen
substantially at the low feed rate (2.6 g/min). As feed rate increases from 2.6 g/min (P1) to 7.9
g/min (P3), the deposition rate increases from 3.2 µm/min to 10.3 µm/min. Additionally, at
the high feed rates the reduced phases are present, yet at the lowest feed rate, they are not. This
suggests the lowest feed rate has sufficient time and adatom mobility to produce larger
crystallites and more homogenous chemistry. The lack of reduced phases in P1 in Figure 5.9
is likely a result of an of increased deposition time (40 min) which enables more oxygen pickup
from the chamber (the chamber is at a vacuum of 0.77 Torr which can be thought of a low
pressure oxygen ‘sink’ compared to the inert gas plasma). An additional coating was sprayed
under the same conditions as the 7.9 g/min (P3) feed rate sample but with additional oxygen
bled into the chamber during deposition which resulted in a white coating (green XRD pattern
in Figure 5.9b). From Figure 5.9b, the peak width appears much sharper than the 7.9 g/min
(P3) coating without the oxygen leak. The temperature, deposition rate, and power were the
same, suggesting that the change in peak width is a strong function of the oxygen content and
chemical homogeneity throughout the coating. In addition the tetragonal splitting was easily
observed for this coating and the reduced phases are no longer present.
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Figure 5.9. XRD patterns showing multiple phases within PS-PVD YSZ coatings deposited as a
function of feed rate showing (a) the full 10 – 90° 2θ range and (b) the 25 – 42° 2θ range where the
presence of reduced zirconia phases are observed. The lower blue pattern indicates the PDF card: 01070-4427 for YSZ.

5.2.2

Characterization of Series 6 YSZ Coating Morphology
Cross sectional SEM of the PS-PVD coatings from P2, P4, and P5 deposited as a

function of gas flow (80 NLPM, 100 NLPM, and 120 NLPM, respectively) are provided in
Figure 5.10. The coatings all share the desired pseudo-columnar microstructure characteristic
of the PS-PVD technique. As gas flow increased from 80 NLPM to 100 NLPM, the deposition
rate increased from 6.8 μm/min to 8.8 μm/min and so the for the same 25 minute deposition,
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the thickness was much greater for the 100 NLPM (P4) sample in Figure 5.10b (218 μm).
Further increasing gas flow to 120 NLPM resulted in a slight reduction in the deposition rate
to 7.9 μm/min (time was compensated to 20 minutes to reduce thickness). This reduction in
deposition rate could be due to overfeeding of the powder through the plasma. The column
diameters ranged from about 10 µm to 50 µm for P2, P4, and P5; values which are much larger
than those of EB-PVD coatings which typically range from 4 – 15 µm. This is likely due in
part to a lack of rotation through the plasma in PS-PVD whereas EB-PVD rotates through the
vapor plume. Also, self-shadowing due to very low mobilities in PS-PVD may be a stronger
contributor in initial growth with yields fewer initial column nuclei, and thus enables growth
of larger columns. This could potentially be assessed via short duration depositions for each
technique and investigation of the initial growth stages. Additionally, branching occurs for the
PS-PVD coatings where one larger column splits into two or more smaller columns. There
was no observed trend in the column branching with respect to distance from the interface.
However, columnar branching may be related to a critical column width, as the columns tend
to branch as they grow wider and thus future trials with thicker coatings may confirm this
behavior.

The surface of the 120 NLPM sample appears relatively rough with wide

intercolumnar gaps compared to the 100 NLPM gas flow conditions. Spherical particles are
present in the intercolumnar gaps for all of the P2, P4, and P5 coatings, a result of incomplete
vaporization of the feedstock powder. Later studies with GZO and off-axis deposition
eliminate these intercolumnar particles.

Figure 5.10. Cross sectional SEM micrographs of the PS-PVD coatings as a function of gas flow from
(a) P2 – 80 NLPM, (b) P4 – 100 NLPM, and (c) P5 – 120 NLPM. The coatings all exhibit the pseudocolumnar morphology with large column gaps filled with spherical particles.

Cross sectional SEM of the PS-PVD coatings from P7, P6, and P4 deposited as a
function of amperage (1400 A, 1600 A, and 1800 A, respectively) are provided in Figure 5.11.
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The 1400 A (P7) and 1600 A (P6) coatings exhibited low deposition rates of 3.4 µm/min and
3.7 µm/min, respectively. The lack of change in deposition rate from 1400 A to 1600 A
indicates that there is critical energy required to increase vaporization above 1600 A for the
material/particle characteristics studied. This can be observed as a reduction in the amount of
intercolumnar particles which results from a higher vaporization rate as shown in Figure 5.11c.

Figure 5.11. Cross sectional SEM micrographs of the PS-PVD coatings as a function of amperage
from (a) P7 – 1400 A, (b) P6 – 1600 A, and (c) P4 – 1800 A. The low amperage and intermediate
amperage conditions yielded relatively low deposition rates and thus had lower thicknesses.

Cross sectional SEM of the PS-PVD coatings from P1, P2, and P3 deposited as a
function of feed rate (2.6 g/min, 5.3 g/min, and 7.9 g/min, respectively) are provided in Figure
5.12. The deposition rate increased nearly linearly with feed rate from 3.2 µm/min  6.8
µm/min  10.3 µm/min for P1, P2, and P3, respectively. The linear relationship suggests the
plasma was not ‘saturated’ i.e. all of the particles could reach their maximum heat transfer
potential. In the case of larger particles (greater than ~1 – 2 μm), the maximum heat transfer
is still insufficient to fully vaporize them, and thus there are intercolumnar particles in these
coatings. A change in the deposition mode from vapor to splat and the presence of splats would
indicate when the plasma is oversaturated with raw powder and would be accompanied by a
non-linear trend between feed rate and deposition rate. The linear relationship with feed rate
and deposition rate therefore suggests there may be further room for increases in feed rate prior
to a change in coating morphology which was noted for the Series 7 t’ Low-k PS-PVD
depositions. The substrate temperature (as measured by the thermocouples) was constant as
there was no change in plasma length or power and thus it might be expected that the lower
feed rate samples would have higher adatom mobility due to lower deposition rates, resulting
in larger diameter columns. However, the column diameters appear to increase from the low
feed rate conditions to the high feed rate conditions. This could related to the size and growth
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characteristics of the initial nuclei where the higher mobility in the low 3.2 μm/min deposition
rate (P1) enables more homogenous growth and dispersion of nuclei, whereas the higher
deposition rates quickly begin to grow columns which shadow the surrounding region, thereby
maximize column diameter.

Figure 5.12. Cross sectional SEM micrographs of the PS-PVD coatings as a function of feed rate from
(a) P1 – 2.6 g/min, (b) P2 – 5.3 g/min, and (c) P3 – 7.9 g/min. As feed rate increases, it appears that
column diameter increases along with column branching.

The complex morphology of branched columns makes it difficult to distinguish features
between micrographs, however, some characteristics were exhibited by all of the P1 – P7
samples. In all of the PS-PVD YSZ coatings, a dense region occurs near the substrate,
indicative of the initial deposition where shadowing is low and thus porosity is low. This leads
to a dense layer prior to the column nucleation. As columns begin to nucleate, they shadow
the surrounding region and preferentially grow.
Another feature observed in all of the coatings was the presence of intercolumnar
particles, generally attributed to incomplete vaporization of the feedstock material. The
particle morphology of the spray dried YSZ powder used for the PS-PVD Series 6 trials is
provided in Figure 5.13. The powder is composed of larger particles generally around 10 – 20
µm which are actually agglomerates of many finer particles of ~1 – 3 µm. This is exemplified
by the d0.5 which was 7.41 µm according to the PSD, while the SEM shows some particles
which are much larger, around the 30 – 40 µm in size. It is possible that these particles break
apart during sonication and dispersion prior to the PSD and thus PSD characterizes the
constituents more so than the agglomerates. The larger agglomerate particles breaking apart
and yielding smaller particles is evident by the arrows in Figure 5.13a-b. This occurs in the
powder during normal usages, but also upon deposition when the powder enters the high
velocity, high energy plasma.
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Figure 5.13. SEM micrographs showing the (a) cross sectional morphology, (b) surface morphology,
and (c) PSD of the YSZ powders used in the Series 6 PS-PVD depositions. Arrows show where the
larger particles have broken into smaller particles.

Mauer et al. [115] have calculated the enthalpy transfer required to evaporate a 1µm
diameter YSZ particle and estimated their transferred enthalpy for several processing
conditions and found that a gas consisting of 35 NLPM Ar + 60 NLPM He operating at 2600
A is nearly sufficient to vaporize the entire particle. However, during processing, some of the
agglomerate particles are slightly sintered and occasionally do not break apart into the smaller
constituent particles when entering the plasma. The plasma then lacks sufficient power to fully
vaporize these effectively larger particles and thus only a portion is vaporized, though the
whole particle melts. These molten particles solidify downstream and impinge upon the
surface of the growing coating and become entrapped between the columns by adhering to the
edge of the growing columns. Particles occasionally become embedded in columns, though
this requires the incoming particles to adhere to the top of the rounded column which typically
does not occur (most simply reflect off). The particle sizes are rarely larger than 5 µm and
typically 1 µm which are sufficiently small to carry low kinetic energy to avoid any erosion
phenomena. The PS-PVD equipment in this study is limited to a maximum amperage of 1800

189

A which limits the degree of vaporization and thus may further exacerbate this problem as
indicated by the intercolumnar particulate. However, if greater amperage or power levels were
available for the system, it would be expected that increased vaporization would yield less
intercolumnar particles. Additionally, finer powder and powder that more easily disintegrates
when entering the plasma would also increase vaporization.
5.2.3

Thermal Conductivity Testing of Series 6 PS-PVD YSZ
Thermal conductivity was measured at NASA Glenn Research Center via the high heat

flux laser technique with surface temperature of ~1250 °C as shown in Figure 5.14 after 10
hours of testing as well as comparative values for EB-PVD (E1) and APS (A1) YSZ samples.
Due to thinner coatings, the testing temperature was slightly lower for the PS-PVD samples
(~1250 °C versus 1316 °C) in an effort to maintain the interface temperature at ~1000 °C. The
slight reduction in test temperature has a minor effect on the thermal conductivity for the YSZ
system, though it could slightly inflate the higher temperature samples. The PS-PVD samples
range in behavior, with some samples having relatively high values (1.82 W/m-K, 1.87 W/mK, 2.10 W/m-K; P7, P6, P1, respectively) similar to the E1 EB-PVD YSZ coating (2.10 W/mK) while others have surprisingly low values (1.05 W/m-K, 1.30 W/m-K, 1.44 W/m-K; P3,
P4, P5, respectively), similar to and even less than those of the APS YSZ coating (1.47 W/mK). This illustrates the range of properties this hybrid technique can provide by tailoring the
pseudo-columnar morphology. It should be noted that other factors, such as porosity, also
contribute to thermal conductivity. In terms of feed rate, there is a clear trend of decreasing
thermal conductivity with increasing feed rate from P1  P2  P3. For gas flow, it appears
that thermal conductivity is minimized in the intermediate 100 NLPM gas flows (P4) and
increases when at the edge of the processing boundaries (P2 – 80 NLPM and P5 – 120 NLPM).
In terms of amperage, the thermal conductivity is relatively constant through low (P7) and
intermediate (P6) amperages and decreases at high amperages (P4). Structurally, these PSPVD coatings all shared the pseudo-columnar morphology and there were no drastic
morphological changes that easily explain the thermal conductivity behavior (e.g. vapor-like
to splat-like deposition).

One relationship that did appear across all of the deposition

conditions was that thermal conductivity decreased with higher deposition rates, as shown in
Figure 5.15. In PVD processes, higher deposition rates typically yield increased porosity.
Therefore, even with roughly similar pseudo-columnar morphology, the columns themselves
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may be more porous in the case of higher deposition rates, which yields a lower thermal
conductivity. The fit is reasonable, as the y-intercept is 2.386, which close to the bulk thermal
conductivity of YSZ (2.2 W/m-K at 1100 °C [191]) and represents the value as deposition rate
approaches 0 g/min which would in theory yield a completely dense coating.

Figure 5.14. Thermal conductivity of the PS-PVD YSZ thermal barrier coatings after 10 hours of
testing at 1250 °C surface temperature via high heat flux laser technique. Values are also provided for
the E1 EB-PVD YSZ and A1 APS YSZ thermal barrier coatings from Chapter 4 for reference, showing
the hybrid process spans the range from APS-like to EB-PVD-like values.

Figure 5.15. Thermal conductivity versus deposition rate for the PS-PVD YSZ coatings showing a
clear relationship of decreasing thermal conductivity with increasing deposition rates.
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5.2.4

Erosion Durability
The erosion durability was tested at Penn State using 50 µm alumina media at 100 m/s

and impingement angle of 90°. The feed rate was 2 g/min and dosages were 5 grams each
yielding a total of 50 grams exposure. The erosion plots for the coatings as a function of gas
flow are provided in Figure 5.16. As gas flow increases from 80 NLPM (P2)  100 NLPM
(P4)  120 NLPM (P5), the erosion rate increases from 0.296 g/kg  0.722 g/kg 1.920
g/kg, respectively. The high gas flow conditions had such a high erosion rate that the substrate
was slightly exposed after 20 grams of erodent. Plotting the erosion rates as a function of gas
flow exhibits a non-linear relationship, shown in Figure 5.16 inset with a polynomial fit. This
suggests the lower end of gas flows are ideal in terms of erosion, however, too low of gas flows
can cause issues with powders clogging the nozzle and thus the 80 NLPM represents a low
value for the PS-PVD equipment used in this study.

Figure 5.16. Erosion plots for the PS-PVD YSZ coatings deposited at various gas flows (P2 – 80
NLPM, P4 – 100 NLPM, and P5 – 120 NLPM) with the inset showing the relationship between the
increasing erosion rate with increasing gas flow and a trend line fit for a 2nd order polynomial.

The erosion plots for the coatings as a function of amperage are provided in Figure
5.17. As amperage increases from 1400 A (P7)  1600 A (P6)  1800 A (P4), the erosion
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rate increases from 0.296 g/kg  0.480 g/kg  0.722 g/kg, respectively. The inset plots the
erosion rate as a function of gas flow and is again fit to a 2nd order polynomial. In this case,
the curvature is low (i.e. the 7E-7 coefficient on x2 is small) and the rate is essentially linear,
indicating that increasing amperages results in higher erosion rates.

This is somewhat

surprising, as increasing amperages increases the degree of vaporization and would be
expected to yield more PVD-like behavior, and thus better erosion durability. One explanation
was that the column geometry and morphology changed, which was difficult to confirm from
the corresponding cross sectional micrographs. This was considered a key factor for further
quantification during the larger Series 7 matrix of depositions in order to understand
microstructural contributions.

Figure 5.17. Erosion plots for the PS-PVD YSZ coatings deposited at various amperages (P7 – 1400
A, P6 – 1600 A, and P4 – 1800 A) with the inset showing the relationship between the increasing
erosion rate and increasing amperage with a trend line fit for a 2nd order polynomial showing low
curvature and therefore essentially linear behavior.

The erosion plots for the coatings as a function of feed rate are provided in Figure 5.18.
Initially, as feed rate increases from 2.6 g/min (P1) to 5.3 g/min (P2), the erosion rate initially
slightly decreases from 0.314 g/kg to 0.296 g/kg. Further increasing the feed rate from 5.3
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g/min to 7.9 g/min yields minimal change in the erosion rate to 0.298 g/kg. The inset shows
the erosion rates plotted as a function of feed rate, again fit to a 2nd order polynomial. There
appears to be some curvature, suggesting a minima occurs somewhere in the 5.3 g/min – 7.9
g/min feed rate range (with the exact solution being 6.36 g/min). Thus, future depositions were
decided to center around this ~6.4 g/min region of low erosion rate.

Figure 5.18. Erosion plots for the PS-PVD YSZ coatings deposited at feed rates (P1 2.6 g/min, P2 5.3
g/min, and P3 7.9 g/min) with the inset showing an apparent minima in the erosion behavior at
intermediate feed rates, again with a trend line fit for a 2nd order polynomial.

Overall, completely un-optimized/experimental coatings yielded thermal
conductivity and erosion data for rates that span the gap from EB-PVD-like to APS-like.
This confirms the hybrid nature of the PS-PVD and indicates the potential tailorability
of these pseudo-columnar design architectures.
5.2.5

Determination of Processing Window
The processing window for the Series 7 t’ Low-k depositions required an intermediate

condition and a maximum outer boundary which was determined by analyzing the data from
the Series 6 YSZ PS-PVD coating deposition trials. The results from the YSZ Series 6
suggested that a low gas flow (80 NLPM), low amperage (1400 A) and intermediate feed rate
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(5.3 g/min) condition would be ideal for erosion durability. For thermal conductivity, it
appears that higher deposition rate conditions would be ideal, e.g. high feed rate (7.9 g/min),
high amperage (1800 A) conditions. With these conditions in mind, for Series 7 t’ Low-k, the
feed rate was centered at 6.6 g/min which is near the minima for erosion rate suggested by
Series 6 YSZ, and the max/min feed rates were chosen as 2.6 and 10.6 g/min, respectively, to
enable exploration of higher feed rates (and thus deposition rates) which should yield lower
thermal conductivities due to porosity incorporation. The gas flow conditions were again
chosen as 80 NLPM, 100 NLPM, and 120 NLPM. Though the Series 6 YSZ erosion suggests
low gas flows (80 NLPM) are ideal, these conditions are at the edge of the process ability
region for the current system and so cannot be reduced any further for Series 7 t’ Low-k. The
low amperage conditions in Series 6 YSZ yielded low erosion rates for YSZ but high
amperages are needed for good thermal conductivity performance. Since the deposition rate
did not appear to change much between 1400 A and 1600 A in Series 6 YSZ, 1600 A was
chosen as the low end for the Series 7 t’ Low-k depositions and 1800 A again as the high end
which is the maximum limit of the system. Therefore the amperage was varied from 1600 A,
to 1700 A, and 1800 A.
5.3

Process-Structure-Property Relationships in Series 7 t’ Low-k PS-PVD
Coatings
The purpose of Series 7 t’ Low-k depositions was to gain an understanding of the

relationships between select process variables, microstructure, and the resultant coating
properties. An experimental t’ Low-k spray dried powder was used as the starting material
for the Series 7 PS-PVD depositions and deposited using the information from Series 6 YSZ
depositions to select the processing window. The matrix designations, spray conditions,
thicknesses, and deposition rates for P11 – P26 are provided in Table 5.2. The Ar/He gas ratios
were 1:2 for all depositions while the blower operated at a maximum 1250 RPM to yield the
lowest operating pressures. Sub-sections in this chapter will cover the crystal structure and
morphology (5.3.2), erosion durability (5.3.3), and thermal conductivity estimation (5.3.4).

195

Table 5.2. Processing conditions and resulting coating thickness and deposition rate for the PS-PVD
Series 7 t’ Low-k coatings. High and low conditions are shown in red, while the intermediate conditions
are shown in blue italics.
Feed
Gas Flow
Rate Pressure Voltage
Matrix (NLPM) Amperage (g/min) (Torr)
(V)
P11
1700
6.6
0.80
47.6
80
P12
1700
6.6
1.10
51.1
120
P13
100
6.6
0.95
49.2
1600
P14
100
6.6
0.96
50.1
1800
P15
100
1700
0.95
49.0
2.6
P16
100
1700
0.94
49.6
10.6
P17
88
1640
4.2
0.85
47.5
P18
112
1640
4.2
1.05
50.0
P19
88
1760
4.2
0.85
48.1
P20
88
1640
9.0
0.85
48.7
P21
112
1760
4.2
1.06
51.0
P22
112
1640
9.0
1.03
49.7
P23
88
1760
9.0
0.85
48.1
P24
112
1760
9.0
1.07
51.1
P25
0.96
49.2
100
1700
6.6
P26
0.96
49.3
100
1700
6.6

5.3.1

Power
(kw)
80
87
77
90
82
84
77
81
84
79
89
81
83
89
83
83

Temp. Time Thickness
(°C) (min)
(µm)
919
18.6
116 ± 4
1018 12.0
92 ± 3
968
27.0
125 ± 8
996
11.2
95 ± 2
962
60.0
139 ± 5
959
15.4
123 ± 5
918
38.0
143 ± 5
988
22.0
118 ± 5
968
35.0
144 ± 3
957
23.0
135 ± 4
1010 33.0
147 ± 6
1011 23.0
140 ± 6
947
21.0
152 ± 7
1015
9.5
120 ± 6
1001 20.0
101 ± 5
978
20.0
102 ± 6

Deposition
Rate
(µm/min)
6.2 ± 0.2
7.7 ± 0.2
4.6 ± 0.3
8.5 ± 0.1
2.3 ± 0.1
8.0 ± 0.3
3.8 ± 0.2
5.4 ± 0.2
4.1 ± 0.1
5.9 ± 0.2
4.5 ± 0.1
6.1 ± 0.2
7.3 ± 0.3
12.7 ± 0.6
5.1 ± 0.2
5.1 ± 0.3

General Processing Trends and Discussion for Series 7 t’ Low-k
To further define the process window for Series 7 t’ Low-k coatings, gas flow ranged

from 80 NLPM – 120 NLPM, amperage from 1600 A – 1800 A, and feed rate from 2.6 g/min
– 10.3 g/min, as listed in Table 5.2 for samples P11 – P26. The pressure during operation
varied from a minimum of 0.80 Torr to a maximum of 1.10 Torr, with linear dependence on
gas flow as the determining factor. Power varied from a minimum of 76.9 kW to a maximum
of 90.1 kW, strongly dependent on amperage and less strongly upon gas flow. The amperage
dependence is intuitive, as power = amperage x voltage, however the gas flow dependence is
less so. It should be noted that voltage increases with increasing gas flow (47.6 V to 51.1 V),
indicating a higher resistance through the gas. The increase in voltage therefore yields a
response in the total power. Substrate temperatures varied from a minimum of 830 °C to a
maximum of 1010 °C, with a linear dependence on gas flow as the determining factor. This
relationship can also be attributed to the increase in voltage with increasing gas flow. The
higher voltages represent higher energy difference between the anode and cathode, and thus a
larger potentially attainable energy of the ionized species in the plasma which results in a
higher temperature. Optical spectrometer data at 80 NLPM, 100 NLPM, and 120 NLPM gas
flow and 1400 A, 1600 A, 1700 A and 1800 A conditions similar to those in Series 6 YSZ and
Series 7 t’ Low-k were analyzed to confirm this hypothesis. Ar emission spectra were collected
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from the approximate center of the plasma in a wavelength range of 400 – 1024 nm. The
plasma temperatures were then calculated following the Boltzmann plot method [181,192] and
with results provided in Table 5.3.
Table 5.3. Torch conditions (gas flow at 1:2 Ar:He ratio) and calculated plasma temperatures via the
Boltzmann method using Ar emission spectra. The data shows the temperature is primarily dictated by
the gas flow and is much less effected by the amperage suggested power is not the primary factor.
Patterns in bold red. For clarity or trends, some of the conditions are listed multiple times.
Amperage
1700
1700
1800
1800
1800
1400
1400
1400
1400
1600
1800
1400
1800
1400
1800

Plasma Gas
Flow (NLPM)
80
80
80
100
120
80
100
120
80
80
80
100
100
120
120

Power (kW)
78.9
78.9
85.7
93
95.2
62.8
68
70.3
62.8
74.3
85.7
68
93
70.3
95.2

Temperature
(°C)
5979
6506
6597
6737
7063
6554
6840
6913
6554
6480
6597
6840
6737
6913
7063

Distance from
Torch (m)
0.50
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

The plasma temperatures ranged from a minimum of 5979 °C with the torch retracted
to a maximum of 7063 °C with the torch inserted at the highest gas flow and amperage
conditions, in line with the Semenov et al. [181]. Inserting the torch (and thus taking the
measurement closer to the torch) had a substantial 500 °C increase in the measured plasma
temperature. The temperatures appear dependent upon the gas flow and relatively independent
of amperage, therefore explaining the substrate temperature being primarily dictated by the gas
flow. For reference, an amperage change from 1600 A to 1800 A in the depositions from Table
5.2 yielded a voltage change of 49.2 V to 50.1 V (unfortunately, the voltages were not collected
during the optical spectroscopy). The lack of correlation with amperage suggests the plasma
temperature should not be considered on a power basis but instead is mostly dependent on the
voltage. Rather than the plasma temperature (energy), the amperage is more closely related to
the energy density, as increased flux would increase the amount of material that could be
vaporized/ionized (but does not dictate the ionization energy like voltage does) for the range
of conditions studied. It should be noted that the highest amperage conditions may start to
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have an effect on temperature, though this is difficult to confirm. These relationships are
important, as they impact the adatom energy/mobility, and therefore the resulting coatings
structures and properties.

It should also be noted the temperature measured by the

thermocouples is likely less than that at the very surface of the coating, as the plasma is directly
impinging upon the surface whereas the thermocouple is inside a (TBC coated) Inconel sheath.
Deposition rate spanned from a minimum of 2.3 µm/min (P15) to a maximum of 12.7
µm/min (P24) and was dependent upon feed rate, amperage, and gas flow. Statistical analysis
via JMP also suggested that the two-variable (amperage x feed rate) interaction played a
significant role in the deposition rate with the order of impact being: feed rate > amperage >
(amperage x feed rate) > gas flow. These results are realistic, as increasing the feed rate was
expected to have the most direct effect.

The importance of amperage agree with the

understanding derived from the optical spectroscopy data in that increasing flux increases the
vaporization and thus the deposition rate in this PVD process, while increasing gas flow
increases the energy and thus more so temperature under the conditions studied.

The

(amperage x feed rate) two variable interaction is important, as this type of variable indeed has
a larger effect then gas flow on the deposition rate.
5.3.2

Crystallographic and Microstructural Characterization
It is clear that in-depth crystallographic and microstructural analysis is necessary to

fully characterize the process-structure relationships for PS-PVD coatings, as the coating
morphologies in Series 6 YSZ did not exhibit drastic changes via visual inspection. Therefore,
in addition to XRD phase analysis, whole pattern fitting and residual stress measurements were
incorporated into the work to better characterize the crystallography and develop an
understanding between the deposition processing parameters, coating structure, and the
resulting performance (i.e. process-structure-properties). Additionally, porosity and surface
roughness appeared to be factors in the coating performance and it was expected that
quantifying these structural features could enable a linkage between the processing parameters
and resultant coating performance. Therefore, porosity was measured via image analysis of a
minimum of five SEM micrographs and the surface roughness was characterized via optical
profilometry. TEM was used to explore select coating regions to better understand the
deposition mode and further link the XRD, SEM, and coating performance.
5.3.2.1

X-Ray Diffraction and Whole Pattern Fitting
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XRD data as a function of gas flow, amperage, and feed rate are provided in Figure
5.19. All of the P11 – P26 coatings exhibit the characteristic tetragonal phase with splitting
observed of the (004)/(400) peaks near 72 – 75° 2θ. Additionally, reduced phases are again
present in these coatings, as observed by the additional peaks at ~34° 2θ and ~39° 2θ (ZrO),
and ~36° 2θ (Zr3O). In terms of gas flow, increasing gas flow from 80 NLPM (P11) to 120
NLPM (P12) tends to shift the diffraction patterns to the left indicating a larger t’ lattice
parameter (PDF Card: 01-070-4427). This leftward shift is likely caused in part by an increase
in the oxygen content, which appears to correlate to an observed decrease in the ZrO peak with
increasing gas flow and increase in the Zr3O with increasing gas flow. Increasing gas flow
from 80 NLPM (P11) to 120 NLPM (P12) yields an increase in pressure from 0.8 Torr to 1.1
Torr, which in turn cause a reduction in the diameter of the plasma which reduced the overall
inert gas shrouding effect and therefore may increase coating oxygen content.

Figure 5.19. XRD plot for the coatings deposited as a function of gas flow from 80 NLPM (P11) to
120 NLPM (P12), amperage from 1600 A (P13) to 1800 A (P14), and feed rate from 2.6 g/min (P15)
to 10.6 g/min (P16), with the intermediate conditions at 100 NLPM, 1700 A, 6.6 g/min (P25) shown at
the top and the visible t’, ZrO and Zr3O peaks labeled.
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In terms of increasing amperage from 1600 A (P13) to 1800 A (P14), the t’ lattice
parameter increased 0.5% from 5.2220 Å to 5.2458 Å. As amperage increased from 1600 A
to 1800 A, the deposition rate increased from 4.6 µm/min to 8.5 µm/min suggesting increased
vaporization of the feed material due to a higher energy density in the plasma. This would be
expected to produce a higher oxygen deficiency, as coating surface experiences less time in
contact with the chamber before new species deposit, and thus less ability to sequester oxygen
from the chamber. As feed rate increased from 2.6 g/min (P15) to 10.6 g/min (P16), the t’
lattice parameter increased 0.8% from 5.2032 to 5.2450 Å, suggesting increased oxygen
content (i.e. large lattice). This is the inverse of the expected behavior where increasing feed
rate increases the deposition rate which reduces adatom mobility and the time interacting with
oxygen during deposition and at the coating surface. It is therefore clear that more information
is required to fully understand how select processing variables effect the coating deposition
and structure.
Whole pattern fitting was employed to gain further insight into the process-structure
relationships and help explain discrepancies in the expected behavior of the diffraction
patterns. This data is presented in Table 5.4 in terms of phase fractions (t’, ZrO, Zr3O, and
monoclinic phases), lattice parameters, cubic c/a, and crystallite sizes with the pattern for gas
flow in blue, amperage in green, feed rate in red, and repeats in orange. For the t’ phase, the
cubic c/a is calculated as c/√2a, (where a and c are the tetragonal lattice parameters). From
Chapter 2 section 2.1.3.1, the √2a conversion allows description of the tetragonal unit cell as
cubic unit cell elongated in the c-axis (with the elongation determined by the c/a), and thus
comparison of how much the shift has occurred from a perfect cubic cell. The peak widths
were fit only for crystallite size broadening as the strain broadening did not provide any
reduction in the residuals (e.g. cumulative error in the fit compared to the actual data), and thus
the reported values represent the minimum values for crystallite size. The t’ lattice parameters
are indeed shown to increase as a function of gas flow from 80 NLPM (P11) to 100 NLPM
(P25) to 120 NLPM (P12) for a total of 0.4% as measured by the c-axis. Additionally, there is
a slight reduction in the t’ phase crystallite size from 19.8 nm at 80 NLPM (P11) to 15.0 nm at
120 NLPM (P12), which corresponds to the slight increase in deposition rate and hence lower
adatom mobility.
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ZrO
(wt.%)
00-0511149

6.3
3.9
3.7
6.2
12.6
0.0
5.7
7.6
4.4
2.7
11.3
3.3
3.6
2.4
1.8
3.9

t'
(wt.%)

01-0704427

90.0

86.9

84.2

84.0

84.9

90.2

86.1

84.6

89.0

82.6

83.0

81.9

82.6

77.7

87.8

87.3

P11

P12

P13

P14

P15

P16

P17

P18

P19

P20

P21

P22

P23

P24

P25

P26

3.1

6.6

13.7

9.4

3.9

1.2

8.0

2.8

2.8

4.4

6.4

0.0

2.9

5.4

2.1

0.5

01-0898002

Zr3O
(wt.%)

5.8

3.8

6.2

4.4

11.0

4.5

6.8

3.9

4.9

3.8

3.4

2.6

6.9

6.7

7.1

3.2

04-0136875

Mono.
(wt.%)

5.1

4.8

3.8

4.7

3.9

5.2

4.1

6.2

5.3

6.2

5.6

5.0

5.8

4.8

5.1

5.8

Er
(%)

3.6448

3.6433

3.6397

3.6396

3.6457

3.6423

3.6363

3.6401

3.6476

3.6407

3.6459

3.6350

3.6492

3.6437

3.6474

3.6407

a
(Å)

5.2179

5.2208

5.2305

5.2232

5.2194

5.2097

5.2098

5.2113

5.2283

5.2161

5.2450

5.2032

5.2458

5.2220

5.2354

5.2141

c
(Å)

t' phase

1.012

1.013

1.016

1.015

1.012

1.011

1.013

1.012

1.014

1.013

1.017

1.012

1.016

1.013

1.015

1.013

Cubic
c/a

18.2

17.2

9.9

13.6

14.9

22.8

13.3

28.5

19.1

17.7

12.8

22.0

16.8

14.7

15.0

19.8

Xs
(nm)

4.6214

4.6012

4.6369

4.6753

4.6169

4.6228

4.6644

4.6097

4.6182

4.6341

N/A

4.5945

4.6257

4.6396

4.6155

4.6743

a
(Å)

6.7

11.0

6.0

5.3

6.9

3.2

5.3

8.0

5.8

5.9

N/A

6.3

6.3

5.3

7.7

3.7

Xs
(nm)

ZrO Phase

5.6295

5.6241

5.6444

5.6439

5.5791

5.6154

5.6381

5.6153

5.6295

5.5943

5.6038

N/A

5.6285

5.6076

5.6259

5.6324

a
(Å)

5.1975

5.3664

5.2486

5.3079

5.4625

5.3705

5.3118

5.3740

5.1975

5.5249

5.4333

N/A

5.2142

5.4056

5.2206

5.3100

c
(Å)

Zr3O Phase

12.6

11.8

13.7

12.4

13.2

12.9

11.8

10.6

12.6

9.2

12.0

N/A

12.0

12.0

19.1

18.1

Xs
(nm)

phase fractions, lattice parameters, and minimum crystallite sizes (Xs). The patterns are highlighted in color with gas flow
(blue), amperage (green), feed rate (red) and the repeat depositions (orange). The monoclinic phase content is also included for
reference. Er = residual.

Table 5.4. Whole pattern fitting data for the t’ Low-k PS-PVD Series 7 coatings from P11 – P26 showing the t, ZrO, Zr3O

It appears that the ZrO and Zr3O phases exhibit a general trend of an inverse phase
fraction relationship with respect to each other, as shown in Figure 5.20. As amperage
increases from 1600 A (P13) to 1700 A (P25), the ZrO phase fraction initially decreases while
Zr3O increases, which results in a decrease in the t’ lattice parameter (possibly indicating less
oxygen). The crystallite size is also shown to increase from 14.7 nm to 17.2 nm suggesting
increased mobility which could be related to a lower oxygen content and thus more
vacancies/defects and diffusion pathways. Upon further increase in amperage to 1800 A (P14)
the ZrO phase fraction then increases (i.e. more reduced as expected) while the Zr3O content
deceases while the crystallite size decreases to 16.8 nm.

Figure 5.20. Zr3O and ZrO phase fractions (wt.%) showing an inverse relationship where increasing
one phase results in a reduction in the other phase fraction.

This again suggests a competing relationship between the ZrO and Zr3O phase content,
which could explain the fluctuations in the t’ lattice parameter and crystallite size. Figure 5.21
plots the t’ phase crystallite size as a function of ZrO and Zr3O and it appears that ZrO tends
to increase the t’ crystallite size while Zr3O tends to reduce the t’ crystallite size. The inverse
phase relationship for Zr3O and ZrO is clear for the depositions as a function of feed rate, where
increasing feed rate from 2.6 g/min (P15)  6.6 g/min (P25) 10.6 g/min (P16) results in a
reduction in the ZrO content from 12.6 wt.%  1.8 wt.%  0 wt.%, respectively, and increase
in Zr3O content from 0 wt.%  6.6wt.%  6.4 wt.%, respectively. This could indicate less
oxygen in the system, and so the more deficient Zr3O phase forms to compensate. When
increasing feed rate from 2.6 g/min (P15)  6.6 g/min (P25)  10.6 g/min (P16), the t’ phase
crystallite size decreases from 22.0 nm  17.2 nm  12.8 nm, respectively, based on a lower
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adatom mobility due to increasing deposition rates, as well as a lower ZrO content (Figure
5.21).

Figure 5.21. The t’ phase crystallite size versus Zr3O and ZrO phase fractions (wt.%) showing opposite
behavior where t’ crystallite size tends to increase with increasing ZrO content and tends to decrease
with increasing Zr3O phase content.

In general, the t’ phase crystallite sizes range from 9.9 nm to 28.5 nm, which is roughly
20 – 40 of the ~0.52 nm unit cells. It is important to note that contributions from chemical
heterogeneity can also broaden the peak and thus the calculated crystallite sizes are a minimum
(as heterogeneity is not factored in when determining the crystallite size from the peak
broadening). This could be confirmed by chemical analysis, however standard techniques such
as EDS would likely not have sufficient resolution for the oxygen content. The Zr3O phase
had crystallite sizes which ranged from 9.2 nm to 18.1 nm, in line with the t’ phase. However,
the ZrO crystallite size was significantly smaller and generally ranged from 3.2 nm to 8 nm
(with one at 11 nm), corresponding to 7 – 17 of the ~0.46 nm unit cells. This very small
crystallite size could explain the stability of the ZrO phase, as cubic and tetragonal ZrO2 can
be stabilized at room temperature without the use of dopants by reducing their grain sizes to ~
3 nm – 20 nm [193–195]. This stabilization of undoped nanometer sized cubic and tetragonal
ZrO2 is attributed to a surface energy argument where the large surface to volume ratios can
stabilize the low surface energy phase. Therefore, the formation and stabilization of the ZrO
and Zr3O reduced phases is attributed to a severe oxygen deficiency and small crystallite size
which enables stabilization of these low oxygen content metastable phases. It should be noted
that there are two formula units per each ~69 Å3 tetragonal ZrO2 unit cell (~6.07 g/cm3) while
there are four formula units per each ~98 Å3 ZrO unit cell (~7.2 g/cm3) and six formula units
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per each ~145 Å3 Zr3O unit cell (~6.6 g/cm3). Therefore, on a per-cation basis, the volume of
the reduced phases are significantly smaller (i.e. denser). The oxygen deficiency is also
correlated to the various processing effects on lattice parameter.
To further confirm that the minute changes in lattice parameter are due primarily to
oxygen deficiency, the tetragonality (c/a) was plotted against the c-axis lattice parameter in
Figure 5.22 (where a in this case is the tetragonal a-axis multiplied by √2 to become an effective
cubic lattice). If the lattice shift is due to oxygen content, the tetragonality should change since
higher oxygen content requires higher tetragonality to satisfy a lower Zr coordination
environment. If the lattice shift is not due to oxygen deficiency (i.e. the case of stress based
shift in lattice), the lattice should expand uniformly and tetragonality would be expected to
remain unchanged. As seen in Figure 5.22, the tetragonality indeed increases with the c-axis
lattice parameter expansion, confirming the small lattice parameter shifts are likely due to
oxygen content. Other point defects could certainly influence this, however, point defects on
the Zr4+ cation site would inevitably require charge compensating oxygen vacancies and thus
oxygen vacancies are the predominant point defect. Additional composition evaluation is
necessary to confirm these findings. The t’ phase crystallite size is plotted versus the
deposition rate in Figure 5.23 and confirms the inverse relationship where increasing
deposition rate yields lower crystallite sizes due to a reduction in adatom mobility and the
ability to rearrange. The fit line relates to a power law with an exponent of ~0.5, suggesting a
square root dependence on the deposition rate. The square root relationship could be explained
in terms of a diffusion path length where from Fick’s law, the diffusion path length (crystallite
size) is ∝ √Dt, with D being the diffusivity and t is time. The deposition rate is proportional to
the adatom mobility, and thus related to the diffusivity, hence the square root relationship. The
relatively low R2 value is a reflection of the crystallite size also being effected by other factors
such as porosity, oxygen content, and importantly, temperature. The temperature for select
data points with deposition rates within 0.37 µm/min shows that the data point with the higher
than expected crystallite size has a higher temperature (968 °C) compared to the data point
with a lower than expected crystallite size which has a lower temperature (918 °C). If the
temperature did not vary, the fit would likely be stronger.
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Figure 5.22. Plot of the c/a tetragonality for an effective cubic lattice (i.e. a = √2 atetragonal) versus the
c-axis showing that as the c-axis enlarges, the tetragonality increases. This indicates that the expansion
is non-uniform and is primarily due to oxygen content where higher oxygen content presents fewer
vacancies to satisfy the lower Zr4+ coordination requirement, which results in a tetragonal shift to
compensate.

Figure 5.23. Plot of t’ phase crystallite size versus the deposition rate showing an increase in deposition
rate tends to yield a reduction in the crystallite size, attributed to a reduction in the adatom mobility.
The data fits best to a power law very close to a square root relationship on the deposition rate which
is likely related to the diffusion length.

5.3.2.2

Residual Stress via the Sin2(ψ) Method
The residual stress data was calculated using a Young’s modulus of 210 GPa and a

Poisson’s ratio of 0.29 for the t’ Low-k coatings. The overall residual stress values span from
-696 ± 30 MPa to +243 ± 39 MPa. A negative value for residual stress suggests that the
coatings are in compression, likely due in large part to a smaller coefficient of thermal
expansion (~10.5 ppm/°C) compared to the β-(Pt,Ni)Al metallic bond coat (15 ppm/°C) [53],
which results in comparatively less shrinkage of the coating upon cooling. The standard
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deviations are also relatively low (generally less than 10%). These low standard deviations are
related to a lack of preferred orientation and microstrain which could act to non-uniformly shift
the peaks and normally increase standard deviations. This also correlates to the whole pattern
fitting data, where microstrain broadening did not produce better fits and was therefore
excluded. The total residual stress (σr) can be described via Equation 5.5:
𝜎𝑟 = 𝜎𝐶𝑇𝐸 + 𝜎𝐺𝑟𝑜𝑤𝑡ℎ

Equation 5.5

There are many factors that contribute to the total residual stress, though the two primary are:
thermal expansion mismatch stress (σCTE) and coating growth stresses (σGrowth). The stress
resulting from thermal expansion mismatch can be described by Equation 5.6:
𝜎𝐶𝑇𝐸 = ∆𝑇(𝛼𝑇𝐵𝐶 − 𝛼𝐵𝐶 )𝐸𝑇𝐵𝐶

Equation 5.6

where σCTE is the residual stress resulting from the difference in thermal expansion between
the ceramic top coating and the metallic bond coating, ΔT is the temperature drop (i.e.
deposition temperature to room temperature), αTBC and αBC are the TBC and bond coat linear
thermal expansion coefficients, respectively, and ETBC is the elastic modulus of the TBC. For
a 950 °C temperature drop (i.e. 975 °C deposition temperature cooled to room temperature),
the estimated stress in a fully dense YSZ layer (ETBC =210 GPa) would be -897 MPa, while a
typical EB-PVD coating (E = 10 – 50 GPa from Johnson et al. [101]) would range from -42
MPa to -214 MPa. The elastic moduli of PS-PVD t’ Low-k coatings have been measured via
dynamic mechanical analysis method to be 26 – 30 GPa1, which would produce a stress of 128 MPa. The larger values of measured compressive stress up to -696 ± 30 MPa for the t’
Low-k PS-PVD coatings in this study suggest either higher moduli values or the presence of
significant compressive growth stresses, or both. Additionally, the high velocity particulate
and vapor stream could potentially induce compressive stresses from a ‘peening’ effect, though
this has not been evaluated. The tensile stresses suggest the presence of tensile growth stresses,
which are sufficiently large to counteract the compressive residual thermal expansion
mismatch stresses. The growth stresses in Equation 5.5 can be further subdivided as shown in
Equation 5.7:
𝜎𝐺𝑟𝑜𝑤𝑡ℎ = 𝜎𝐺𝐵𝐶 + 𝜎𝐼𝐶 + 𝜎𝑃𝐷 + 𝜎𝑃ℎ𝑎𝑠𝑒

1

Equation 5.7

Unpublished modulus results, personal communication via NASA Glenn Research Center.
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where σGBC and σIC are stresses due to grain boundary and island coalescence, respectively, σPD
are stresses due to point defects, and σPhase are stresses due to phase changes which occur during
growth [196]. The island coalescence contributions are likely small due to the high deposition
rates, porosity, and high deposition temperatures, which together prevent epitaxial growth and
thus typical island growth coalescence stresses. However, from the whole pattern refinement,
the crystallite sizes were quite small, which indicates large amounts of boundaries which could
cause significant grain boundary stresses. The PS-PVD coatings are highly defective; even
with perfect stoichiometry the vacancy concentration is proportional to ½RE2O3 content (4
mol% RE2O3 in t’ Low-k) and the non equilibrium PVD coating processes produce
significantly more defects. The small crystallite sizes produce large crystallite boundary
volumes which further increase the defect volume (though technically these may be considered
area defects and not point defects). There are no known phase changes of the t’ phase during
deposition, although in these coatings the formation of ZrO and Zr3O should be considered and
likely play a role. The destabilization from the metastable t’ to the equilibrium tetragonal and
cubic, and further transformation from tetragonal to monoclinic upon cooling causes
considerable stresses, but does not occur during deposition.
As gas flow increased from 80 NLPM (P11)  100 NLPM (P25)  120 NLPM (P12),
the magnitude of the compressive stress tended to increase from -174 ± 19 MPa  -187 ± 15
MPa  -432 ± 19 MPa, respectively. As gas flow increased from 80 NLPM (P11) to 120
NLPM (P12) temperature increased from 919 °C to 1018 °C and thus on a temperature basis
the CTE mismatch strain/stress should be larger for higher gas flows. Additionally, the
deposition rate increased with increasing gas flow, potentially quenching in more point defects
and flaws which could cause significant growth stresses. Lastly, the c/a measurement also
increased with gas flow, suggesting the oxygen content may relate to the residual stress state
and inversely relate to the crystallite size.
As amperage increased from 1600 A (P13)  1700 A (P25)  1800 A (P14), the
magnitude of the compressive stresses initially decreased from -325 ± 32 MPa to -187 ± 15
MPa and then increased to -696 ± 30 MPa. Deposition rate increased with amperage, though
this doesn’t correlate with the lack of change from low to intermediate amperage. The trend
of decrease in stress magnitude from 1600 A to 1700 A and then increase from 1700 A to 1800
A correlates well to that of the lattice parameter and ZrO content which both initially decreased
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and then increased. The observed pattern for stress is the opposite of the crystallite size trend
which first increased and then decreased from 1600 A  1700 A  1800 A. This suggests
the residual stress may indeed correlate to the oxygen content and reduced phase content and
is inversely related to crystallite size.
As feed rate increased from 2.6 g/min (P15)  6.6 g/min (P25)  10.6 g/min (P16),
the residual stress is initially tensile (+243 ± 39 MPa) and changes to compressive (-187 ± 15
MPa) at 6.6 g/min and then continues increasing in magnitude at high feed rates (-515 ± 29
MPa). This again correlates to increased compressive stresses with increased deposition rates.
Also, crystallite size decreases from 22 nm to 13 nm with increasing feed rate (and more
substantially than with gas flow), while the compressive nature of the stresses increased (more
substantially than with gas flow), further strengthening the inverse correlation between
crystallite size and the magnitude of compressive residual stress. The initial tensile state in the
2.6 g/min (P15) coating could be related to the low deposition rate (2.3 µm/min, lowest of all
conditions) which resulted in a coating with a relatively high oxygen content due to extended
contact time with the chamber native oxygen.
The residual stress as a function of deposition rate is provided in Figure 5.24 and shows
a trend of increasing deposition rates which tend to shift to compressive stresses. High oxygen
deficiencies and high deposition rates tend to quench in large amounts of defects and result in
low adatom mobility and thus small crystallite sizes. These conditions cause formation of the
reduced phases, which are likely stabilized by the small crystallite sizes. In terms of growth
stresses, it could therefore be concluded that the decreasing crystallite size and increasing
defect content tend to cause increased compressive growth stresses. The reduced phases (ZrO,
Zr3O) themselves are denser, though it is difficult to determine if they are the cause of the
residual stress, or further stabilized by residual stresses. Two outliers, P17 (lower conditions
for all variables) and P24 (higher conditions for all variables), were eliminated from the fit due
to confounding temperature effects. The P17 sample was higher compressive stress than
expected and the P24 was lower compressive than expected, corresponding to a low
temperature of 918 °C for P17 and a relatively high temperature of 1015 °C for P24. According
to the fit, a deposition rate of 0 (i.e. a dense coating) would yield a tensile stress of ~573 MPa.
As previously discussed, the thermal expansion mismatch stress for a fully dense coating (E =
210 GPa) would be expected to be around -897 MPa, which is a difference of 1470 MPa from
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the extrapolated fit data. From Equation 5.5, the +1470 MPa difference between the residual
stress fit and the estimated residual stress due to thermal expansion mismatch could therefore
be equated to the maximum growth stresses.

Figure 5.24. Residual stress as a function of deposition rate for the PS-PVD t’ Low-k coatings showing
that as deposition rate increases, the residual stress shifts from tensile to compressive above ~5 µm/min.
The fit line was made without the grey outliers which correspond to depositions that would have
significant temperature confounding changes (left is P17, right is P24).

Generally, compressive stresses are deemed beneficial for ceramics, as they increase
the amount of stress required to cause fracture and can cause changes in the crack propagation
which further increase the toughness. Thus, all things equal (material, microstructure, etc.), it
would be expected that for two identical coatings, the one with a higher compressive stress
would exhibit a higher erosion durability. However, in a real coating, changes in the residual
stress itself will almost always be related to changes in the microstructure, and thus residual
stress is just one small factor contributing to erosion durability. In addition, shear stresses are
likely present and can also contribute to failure. In an effort to better understand the effects of
the oxygen deficiency, the 1600 A (P13) and 1800 A (P14) samples were heat treated at 1100
°C in air for two hours to fully oxidize the samples. XRD patterns confirmed the reduced
phases had fully oxidized (i.e. no ZrO or Zr3O peak), crystallite sizes increased from ~20 nm
to ~34 nm, and the residual stress scans showed a change in sign from compressive to tensile
(-325 ± 32 MPa  +177 ± 21 MPa for P13; -696 ± 30 MPa  +65 ± 15 MPa for P14). This
confirmed that the large oxygen deficiency, high defect content, and small crystallite size are
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largely responsible for the compressive stress. This agrees with literature suggestions that
compressive stresses can arise from insertion of adatom at grain boundaries when the grain
boundary diffusion is low (as is the case for PS-PVD) [197]. Future work could explore
vacuum heat treatments to maintain the oxygen deficiency while increasing grain size to
decouple their effects. A summary table of the trends and relationships determined via XRD
is provided in Table 5.5.
Table 5.5. Summary of the trends and correlations observed in XRD whole pattern fitting and residual
stress scans performed on the PS-PVD Series 7 t’ Low-k coatings in terms of deposition rate, unit cell
volume, tetragonality, reduced phase content, crystallite size, and residual stress. Data for the
intermediate condition has been averaged between P25 and P26.
Gas Flow (NLPM)
80 – 100 – 120

Amperage
1600 – 1700 – 1800

Feed Rate (g/min)
2.64 – 6.6 – 10.6

Deposition
Rate
(µm/min)

6.2 – 5.1 – 7.7

4.6 – 5.1 – 8.5

2.3 – 5.1 – 8.0

Unit Cell
Volume
3
(Å )

6.91 – 69.3 – 69.6

69.3 – 69.3 – 69.9

68.7 – 69.3 – 69.7

Notes


Strong function of
amperage and feed rate



Trends with deposition
rate
Relates to defect content
and stoichiometry
Trends with deposition
rate
Correlates with unit cell
volume
Relates to defect content
and stoichiometry
Inverse relationship to
Zr3O content
Weak relation to
deposition rate
Increases with increasing
crystallite t’ phase size
Inverse relationship to
Zr3O content
Weak relation to
deposition rate
Decreases with increasing
crystallite t’ phase size




Cubic c/a
(tetragonality)

1.012 – 1.013 –
1.015

1.013 – 1.013 –
1.016

1.012 – 1.013 – 1.017





ZrO Phase
Content
(wt.%)

6.3 – 2.9 – 3.9

3.7 – 2.9 – 6.2

12.6 – 2.9 – 0





Zr3O Phase
Content
(wt.%)

0.5 – 4.9 – 2.1

t’ Phase
Crystallite
Size
(nm)

19.8 – 17.7 – 15.0

Residual
Stress
(MPa)

5.4 – 4.9 – 2.9

0 – 4.9 – 6.4





-173  -198  432

14.7 – 17.7 – 16.8

-325  -198  696

22.0 – 17.7 – 12.8

+243  -198  515



Function of deposition rate
and temperature
Correlated to tetragonality

 Strong function of
deposition rate
 Weak function of
temperature
 Weak negative
correlation to unit cell
volume and
tetragonality
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5.3.2.3

Cross Sectional Morphology and Porosity of t’ Low-k PS-PVD Coatings

General Morphological Features
Figure 5.25 presents cross sectional SEM images of all of the coatings from the PSPVD Series 7 t’ Low-k depositions. All of the PS-PVD coatings exhibited a pseudo-columnar
morphology and column widths were on the order of 20 – 40 µm which is significantly larger
than the 4 – 15 µm typically observed for EB-PVD coatings. The intercolumnar gaps again
appear to contain dense particles, many of which are less than 5 µm which suggests incomplete
vaporization of molten feedstock material. Figure 5.26a-b shows a cross section of feedstock
powder which has been mounted in epoxy where there are larger particles with diameters of
approximately 50 µm which may be difficult to fully vaporize after melting. Figure 5.26b
provides PSD data for the feedstock which exhibited a d0.5 of 11.15 µm which is still
significantly larger than the observed intercolumnar particles. The PSD likely underestimates
the particle size distribution due to sonication breaking up many of the larger particles (which,
in terms of counts, represent a lower percentage of the overall number of particles).
Additionally, in terms of the largest particles, it is quite likely that many of them carry
sufficient momentum to escape the plasma during injection, and thus are not incorporated into
the plasma yielding a reduction in efficiency. As in the Series 6 YSZ deposition, the Series 7
t’ Low-k PS-PVD depositions show branching of the columns and a variation in the column
widths. The information from Series 6 enabled better estimation of deposition rates, and thus
the coating thicknesses are more similar in Series 7 than in Series 6, though there is still
significant room for improvement with some coatings differing by ~50 µm (though the largest
difference in the coatings as a function of a single variable is only ~30 µm). The bright
interfacial layer is present on many of the samples indicating high surface temperatures.
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Figure 5.25. Cross sectional SEM images of the Series 7 PS-PVD t’ Low-k coatings from Table 5.2 showing the general morphological features
observed in all of the coatings such as pseudo-columnar structure, intercolumnar particles, and column branching.

Figure 5.26. SEM micrograph showing the (a) cross sectional morphology of the t’ Low-k powders
used in the Series 7 PS-PVD depositions with (b) showing the PSD.

Higher magnification images of the columns are provided in Figure 5.27a-d. From
Figure 5.27a, intercolumnar porosity is present, as often observed in EB-PVD coatings. The
higher magnification image in Figure 5.27b shows that the columns themselves are not fully
dense and exhibit a chevron-like nucleation and growth morphology with porosity between the
chevrons, similar to the feather morphology of EB-PVD columns. The diagonal nature of
chevron-like nucleation and growth combined with the intercolumnar porosity help to reduce
the thermal conductivity of these coatings. In Figure 5.27c-d, it can be seen that the apparent
dense regions of the columns are actually mesoporous, containing spherical pores on the order
of ~20 nm in diameter. This functions to further reduce the thermal conductivity of the
material. The various scales or porosity are similar to EB-PVD which has been shown to have
large intercolumnar pores, smaller feathery pores, and fine scale intracolumnar pores.
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Figure 5.27. Cross sectional SEM micrographs of PS-PVD showing (a-b) the chevron-like growth
pattern similar to EB-PVD and (c-d) the ~20 nm spherical pores homogenously distributed throughout
the bulk of the column.

The quantitative microstructural data for all coatings from the PS-PVD Series 7
depositions is provided in Table 5.6. Porosity was acquired via image analysis after cropping
to the highest region of the bond coat and lowest surface of the coating (bottom of the lowest
surface pore) while column width was manually measured at a distance of 75 µm from the
substrate. The porosities ranged from a low of 8.4 ±1.3% (P25) to a high of 24.0 ± 2.9% (P20)
with standard deviations less than ± 3%. For comparison, the lowest porosity value (8.4%) is
relatively standard for EB-PVD and is low for APS while the highest porosity value (24%) is
outside the range of typical EB-PVD and very high for APS coatings. This amount of porosity
and the knowledge that the columns themselves are porous helps to explain the very low
thermal conductivity and the overall ranges of thermal conductivity observed in the Series 6
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YSZ coatings (min of 1.05 W/-K, max of 2.10 W/m-K) compared to EB-PVD (2.1 W/m-K)
and APS (1.47 W/m-K) under the similar testing conditions. The column widths ranged from
13.1 ±5.3 µm to 20.0 ± 7.7 µm, however, the standard deviations were large. The column
width values are larger than those of standard EB-PVD, both in terms of magnitude and
standard deviations where EB-PVD tends to be relatively uniform and around 4-10 µm in
diameter.

The column width standard deviations are too large to compare the various

processing conditions, however, the standard deviations themselves might be a useful indicator
into the homogeneity of the microstructures.
Table 5.6. Process conditions and resulting porosity, column width, surface roughness. Porosity and
column width were measured via image analysis and direct manual measurement, respectively while
surface roughness was measured by optical profilometry. Additionally, select samples were manually
polished through the surface to and porosity was inspected via image analysis.
Gas Flow
Feed Rate
Matrix (NLPM) Amperage (g/min)
P11
1700
6.6
80
P12
1700
6.6
120
P13
100
6.6
1600
P14
100
6.6
1800
P15
100
1700
2.6
P16
100
1700
10.6
P17
88
1640
4.2
P18
112
1640
4.2
P19
88
1760
4.2
P20
88
1640
9.0
P21
112
1760
4.2
P22
112
1640
9.0
P23
88
1760
9.0
P24
112
1760
9.0
P25
100
1700
6.6
P26
100
1700
6.6

Porosity
X-sec (%)
20.7 ± 2.3
12.0 ± 0.4
16.7 ± 2.1
12.3 ± 1.9
14.4 ± 1.1
12.0 ± 1.3
16.3 ± 2.5
11.4 ± 1.5
12.3 ± 1.1
24.0 ± 2.9
21.4 ± 1.4
11.3 ± 1.9
10.9 ± 1.0
9.5 ± 0.7
8.4 ± 1.3
10.7 ± 1.0

Porosity
Surf. (%)
11.6 ± 0.4
10.7 ± 0.5
14.9 ± 0.5
12.5 ± 0.7
12.3 ± 0.6
9.0 ± 0.7
----------------10.3 ± 0.5
---

Column
Width (µm)
19.7 ± 5.3
15.0 ± 4.8
20.0 ± 7.7
15.7 ± 4.3
18.5 ± 5.5
16.3 ± 4.4
15.2 ± 4.1
19.9 ± 9.5
13.1 ± 5.3
18.6 ± 7.1
17.1 ± 5.3
15.1 ± 5.0
17.3 ± 5.4
17.1 ± 3.5
13.2 ± 4.0
16.0 ± 6.3

Surface
Roughness
Deposition
(µm)
Rate (µm/min)
6.91 ± 0.08
6.2 ± 0.2
7.01 ± 0.07
7.7 ± 0.2
7.99 ± 0.43
4.6 ± 0.3
5.55 ± 0.18
8.5 ± 0.1
9.51 ± 0.29
2.3 ± 0.1
8.42 ± 0.18
8.0 ± 0.3
6.73 ± 0.37
3.8 ± 0.2
7.60 ± 0.21
5.4 ± 0.2
7.72 ± 0.40
4.1 ± 0.1
9.83 ± 0.46
5.9 ± 0.2
9.26 ± 0.30
4.5 ± 0.1
10.06 ± 0.34
6.1 ± 0.2
8.14 ± 0.15
7.3 ± 0.3
7.39 ± 1.63
12.7 ± 0.6
7.30 ± 0.14
5.1 ± 0.2
7.09 ± 0.15
5.1 ± 0.3

Process-Structure Trends
The cross sectional SEM images of PS-PVD t’ Low-k coatings deposited as a function
of gas flow from 80 NLPM (P11)  100 NLPM (P25)  120 NLPM (P12), amperage from
1600 A (P13)  1700 A (P25)  1800 A (P14), and feed rate from 2.6 g/min (P15)  6.6
g/min (P25)  10.6 g/min (P16), are provided in Figure 5.28a-f. For the coatings deposited
as a function of increasing gas flow (Figure 5.28a-x-b), the columns appear relatively straight
and do not appear to branch significantly at the 80 NLPM (P11) condition while the branching
(red lines) appears to have increased for the high gas flow 120 NLPM (P12) conditions. From
215

Table 5.6, the deposition rate changed with increasing gas flow from 6.2 µm/min  5.1
µm/min  7.7 µm/min. A higher deposition rate likely correlates to an increase in the
nucleation rate and thus could increase the degree of branching observed. Since branching
tends to reduce the column width, it is expected to impact the erosion rate as column width is
an important factor in the erosion of columnar EB-PVD coatings [148]. The higher than
desired standard deviations make it difficult to compare the column width values, but the P11
80 NLPM gas flow condition does have highest column width of the gas flow experiments
(19.7 ± 5.3 µm vs. 13.2 ± 4.0 µm and 15.0 ± 4.8 µm). It should be noted that variations in
column width and standard deviation are likely also related to variations in the powder
feedstock and resulting variations during depositions.

Figure 5.28. Cross sectional SEM micrograph of the PS-PVD coatings as a function of (a-x-b)

gas flow – 80 NLPM (P11), 100 NLPM (P25), and 120 NLPM (P12), respectively, (c-x-d)
amperage – 1600 A (P13), 1700 A (P25), and 1800 A (P14), respectively, and (e-x-f) feed rate
– 2.6 g/min (P15), 6.6 g/min (P25) and 10.6 g/min (P16), with (x) as the (100 NLPM, 1700 A,
6.6 g/min) intermediate condition (P25) used in each trend. The red circle shows a column
which has branched into/out of the plane of the cross section due to the radial growth while red
lines show examples of branching in-plane.
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It appears porosity is highest at the 80 NLPM (P11) conditions (20.7 ± 2.3%), and
decreases for the 100 NLPM (P25) conditions (8.4 ±1.3%) and increases for the 120 NLPM
(P12) conditions (12.0 ± 0.4%). This is in contrast to the deposition rate behavior and suggests
that the porosity is not a strong function of the deposition rate (though is certainly effected to
some degree). The total temperature increase was ~100 °C and temperature would be expected
to increase growth over nucleation, though the apparent increase in branching and possible
reduction in column width suggests this temperature change is less impactful than the
deposition rate change.
Cross sectional SEM images of the coatings deposited as a function of increasing
amperage from 1600 A (P13)  1700 A (P25)  1800 A (P14), are provided in Figure 5.28cx-d, respectively. Branching appears to increase with increasing amperage (red lines), further
strengthening the possible dependence on deposition rate. In the 1800 A (P14) condition, the
column widths appear to grow as a function of thickness, whereas the 1600 A (P13) conditions
appear relatively stable. This could relate to the degree of branching, where high deposition
rates quickly grow columns which begin to shadow and nucleate/branch into multiple columns.
Porosity appears to first decrease with amperage from 16.7 ±2.1% to 8.4 ± 1.3%, and then
increase to 12.3 ± 1.9%. As with gas flow, the deposition rate does not appear to trend with
the porosity.
Cross sectional SEM images of the coatings deposited as a function of feed rate from
2.6 g/min (P15)  6.6 g/min (P25)  10.6 g/min (P16) are provided in Figure 5.28e-x-f. The
coatings appear relatively porous at the 2.6 g/min with porosity values of 14.4 ± 1.1% that then
decreases to 8.4 ± 1.3% at 6.6 g/min feed rate and increases to 12.0 ±1.3% at 10.6 g/min feed
rate. Deposition rate increases linearly with feed rate, again not coinciding with the porosity
values. From a deposition rate perspective, it would be expected that the low feed rates have
high adatom mobility and thus might be expected to have larger columns and/or less branching.
The measured column width was highest for the low feed rate value, however, this is not clear
from the SEM images and standard deviations. It does appear that the intercolumnar spacing
is larger at the extremes than at the intermediate processing condition, which yields what
appears to be a rougher surface compared to the intermediate values.
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5.3.2.4

Surface Morphology and Surface Roughness
The surface morphology was relatively uniform and is shown in Figure 5.29a with what

has been described as a ‘cauliflower-like’ appearance. Figure 5.29b is a greyscale map of the
optical profilometry data which shows the surface morphology has been accurately captured
by the optical profilometer and thus the resulting surface roughness values accurately
characterize the surface. The ‘cauliflower-like’ surface morphology of the PS-PVD contrast
to the splat-like appearance of an APS coating (Figure 5.29c) and the highly oriented and
textured surface of an EB-PVD coating (Figure 5.29d). The rotation through the vapor plume
combined with the elevated substrate temperature in EB-PVD results in a textured morphology
where the tips of the columns appear as pyramid or A-frames, characteristic of a {200} growth
texture. In the PS-PVD process, the vapor impinges uniformly and perpendicular to the sample
surfaces and results in a fiber-like texture which results in no observed preferred orientation in
standard θ-2θ XRD scans. The lack of measured texture in the PS-PVD coatings results in
cylindrical columns which are not as faceted as EB-PVD columns. Further evidence of the
radially uniform growth can be observed in some of the micrographs, where columns appear
to abruptly stop growing or seem to suddenly appear above porous regions (red circle in Figure
5.28x). This is due to columns that are nucleating and branching into/out of the plane of the
cross section, whereas red lines showing columns branching in the plan of the micrograph.
The surface roughness measurements from optical profilometry are provide in Table
5.6 where the RMS surface roughness ranged from a low of 5.55 ± 0.07 µm to a high of 10.06
±1.63 µm. These are compared to EB-PVD values of 2 – 4 µm and APS values of 10 – 20 µm
and are in line with an expected intermediate behavior. In the case of columnar coatings, the
surface roughness is not only a representation of the deviation of the surface height, but also
relates to the size of the column tips and intercolumnar gaps. Thus, the larger columns and
larger intercolumnar gaps observed for the PS-PVD coatings yield larger surface roughness
values. In terms of gas flow, the surface roughness was relatively uniform and did not show a
significant dependence (6.91 ± 0.08 µm (P11) 7.30 ±0.14 µm (P25)  7.01 ± 0.07 µm
(P12)). This could be attributed to the competition between deposition rate and temperature,
where increasing gas flows yield higher deposition rates (decreasing adatom mobility) and
higher temperatures (increasing adatom mobility). However, the XRD results as a function of
gas flow showed a reduction in the t’ crystallite size which suggests that the deposition rate
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has a larger impact on crystallite size, and thus adatom mobility. This also appeared to be the
case for the cross sections, where branching appeared to increase with gas flow.

Figure 5.29. (a) SEM surface micrograph and (b) optical profilometer 2D greyscale projection of the
100 NLPM, 1700 A, 6.6 g/min intermediate PS-PVD condition, both at the same magnification. The
optical profilometry accurately captures the surface features to yield an Sq – RMS roughness. A surface
SEM image of (c) an APS coating and (d) an EB-PVD coating are also given for reference.

For coatings deposited as a function of amperage, the surface roughness was relatively
high at low amperages, and appeared to decrease with increasing amperage (7.99 ± 0.43 µm
(P13)  7.30 ± 0.14 µm (P25)  5.55 ± 0.18 µm (P14)). This could correlate with the
observed increase in branching which would produce smaller columns that would then yield
lower surface roughness values. For increasing amperage, there is less competition between
temperature and deposition rate on the adatom mobility, as the temperature remains relatively
constant (~30 °C) while the deposition rate increases significantly. This could therefore
indicate a relationship between higher deposition rates and lower surface roughness values,
presumably due to higher nucleation and branching. However, the deposition rate also
increases with feed rate (while temperature remains stable, ~16 °C), and yet the surface
roughness did not exhibit a decreasing trend. For feed rate, the surface roughness was high at
the extreme values (2.6 g/min and 10.6 g/min) and low at the intermediate 6.6 g/min value
(9.51 ± 0.29 µm (P15)  7.30 ± 0.14 µm (P25)  8.42 ± 0.18 µm (P16)). Therefore, the
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surface roughness is controlled by more than just temperature and deposition rate. The
relationships described thus far show that surface roughness, and thus column size and
intercolumnar spacing, have a complex relationship which is not dependent upon a single
processing parameter. A summary of the structural trends and relationships is provided in
Table 5.7.
Table 5.7. Summary of the trends and correlations observed in microstructural analysis on the PSPVD Series 7 t’ Low-k coatings in terms of cross sectional porosity, polished surface porosity, surface
roughness, column width, and column branching. Data for the intermediate condition has been
averaged between P25 and P26.
Gas Flow
Amperage
Feed Rate
Notes
(NLPM)
1600 – 1700 –
(g/min)
80 – 100 – 120
1800
2.64 – 6.6 – 10.6
Deposition
Rate
(µm/min)

6.2 – 5.1 – 7.7

4.6 – 5.1 – 8.5

2.3 – 5.1 – 8.0

 Trends strongly
with amperage and
feed rate

Porosity
(Cross
Sectional)
(%)

20.7 – 9.6 – 12.0

16.7 – 9.6 – 12.3

14.4 – 9.6 – 12.0

 Does not appear to
trend with
deposition rate

12.3 – 10.3 – 9.0

 Does not appear to
trend with
deposition rate
 More realistic than
cross sectional
values

Porosity
(Polished
Surface)
(%)

11.6 – 10.3 – 10.7

14.9 – 10.3 – 12.5

Surface
Roughness
(µm –
RMS)

6.91 – 7.19 – 7.01

7.99 – 7.19 – 5.55

9.51 – 7.09 – 8.42

 Does not appear to
trend with
deposition rate
 Does not correlate
to porosity

Column
Width
(µm)

19.7 – 14.6 – 15.0

20.0 – 14.6 – 15.7

18.5 – 14.6 – 16.3

 No clear trend

Column
Branching

Increases

Increases

No Trend

 General increasing
trend with
deposition rate
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5.3.3

Erosion Durability
The erosion durability will first be discussed in terms of gas flow, amperage, and feed

rate, after which, general trends will be discussed. Following that, the erosion rates will be
compared to those of EB-PVD and APS coatings and an erosion mechanism will be proposed.
Process-Structure-Erosion Trends
The erosion plots at 80 NLPM (P11), 100 NLPM (P25), and 120 NLPM (P12) are
provided in Figure 5.30 showing that as gas flow increases, the erosion rate increases. The
inset shows the erosion rate as a function of gas flow which suggests that the relationship is
linear. This behavior is similar to YSZ, which also showed an increase in the erosion rate
with increasing gas flows and therefore confirms that the low end of gas flows are ideal in
terms of erosion. The increase in deposition rate with gas flow was not linear (6.2 ± 0.2
µm/min  5.1 ± 0.2 µm/min  7.7 ± 0.2 µm/min), suggesting that the erosion rate does not
directly correlate to the deposition rate. From the SEM analysis, the porosity was high (20.7
± 2.3%) at the 80 NLPM (P11) condition, decreased to (8.4 ± 1.3%) at 100 NLPM (P25) and
then increased slightly to (12.0 ± 0.4%) at 120 NLPM (P12) while the erosion rate increased
throughout suggesting the erosion is not dependent solely on porosity. Another observed trend
was increased degree of branching in the higher gas flow conditions, which might suggest that
branching could negatively impact the erosion performance. Surface roughness appeared to
remain relatively constant for gas flow, suggesting that surface roughness did not play a large
role in the steady state erosion for these conditions.
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Figure 5.30. Erosion plots for the PS-PVD t’ Low-k coatings deposited at 80 NLPM (P11), 100 NLPM
(P25), and 120 NLPM (P12) with the inset showing the relationship between the increasing erosion rate
with increasing gas flow and a linear trend line fit.

The erosion plots at 1600 A (P13), 1700 A (P25), 1800 A (P14) are provided in Figure
5.31 showing that as amperage increases, the erosion rate decreases. This is in contrast to the
YSZ study which showed increasing erosion rates with increasing amperage, possibly due to
slightly higher feed rates of 6.6 g/min for t’ Low-k compared to 5.3 g/min for YSZ. The inset
shows that the behavior is linear which corresponded to a linear increase in deposition rate (4.6
± 0.3 µm/min  5.1 ± 0.2 µm/min  8.5 ± 0.1 µm/min). Porosity did not appear to trend with
deposition rate, and thus the erosion also does not appear to trend with porosity. Inspection of
the SEM images suggested that branching appears to increase with increasing amperage, which
combined with increasing deposition rate, suggest the opposite trends as observed for gas flow
where branching and deposition rate appeared to yield higher erosion rates. Surface roughness
decreased as a function of amperage, suggesting there could be a relationship between
decreasing surface roughness and decreasing erosion rate for these conditions.
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Figure 5.31. Erosion plots for the PS-PVD t’ Low-k coatings deposited at 1600 A (P13), 1700 A (P25),
and 1800 A (P14) with the inset showing the relationship between the decreasing erosion rate with
increasing amperage and a linear trend line fit.

The erosion plots as at 2.6 g/min (P15), 6.6 g/min (P25), and 10.6 g/min (P16) are
provided in Figure 5.32 showing that as feed rate increases, the erosion rate hits an apparent
minima and then increases. This erosion behavior is nearly identical to that observed for the
YSZ samples, with an erosion rate minima at 7.63 g/min for t’ Low-k while YSZ was at 6.36
g/min. Since the t’ Low-k was processed at a slightly lower amperage (1700 A) than the YSZ
(1800 A), this could shift the curve to a slightly larger minima. Deposition rate appeared to
increase linearly with feed rate, again suggesting no direct relationship between erosion and
deposition rate. Porosity initially decreased from 14.4 ± 1.1% to 8.4 ± 1.3% and then increased
to 12.0 ± 1.3%, trending reasonably well with erosion durability. Surface roughness first
decreased from 9.51 ± 0.29 µm to 7.30 ± 0.14 µm and then increased to 8.42 ± 0.18 µm, also
mimicking the trend observed in the erosion performance.
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a
Figure 5.32. Erosion plots for the PS-PVD YSZ coatings deposited at 2.6 g/min (P15), 6.6 g/min
(P25), and 10.6 g/min (P16) feed rates with the inset showing an apparent minima in the erosion
behavior at 6.6 g/min, with a trend line fit for a 2nd order polynomial.

The results thus far are often times contradictory, sometimes correlating to one variable
in some instances but not correlating in other instances which suggests either a complex
mechanism and or insufficient/incorrect data (e.g. a confounding variable). To confirm that
erosion rate was not directly dependent on a single variable or characteristic, the erosion rates
were plotted as a function of measured porosity and column width in Figure 5.33a-b,
respectively.

There is no clear relationship between erosion rate and either of the

microstructural features. For column width, this could be partly attributed to the large standard
deviations. Additionally, there could be deviation in the erosion rates themselves which would
further obscure any relationships. The lack of strong correlation to either porosity or column
width suggests that there could be another variable which has not been measured or evaluated,
suggesting more detailed investigation of additional process-structure-property relations in the
PS-PVD system are required.
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Figure 5.33. The erosion rate is presented as a function of (a) porosity and (b) column width and does
not show a strong correlation to either variable. The overlap of the large standard deviations of the
column width data suggests either manual measurement is not an effective means of quantification or
there is significant deviation in the morphology, or likely, both.

From Figure 5.32, the initial erosion rate appears approximately an order of magnitude
larger than the steady state erosion rate. This behavior of a high initial erosion rate which
decreases to a steady state rate was observed for all PS-PVD depositions suggesting the surface
behavior is different from the bulk behavior, likely due to surface roughness and surface
porosity effects. Similar behavior of high initial erosions has been observed for EB-PVD and
APS coatings in earlier studies by Davis et al. [138] as well as EB-PVD data in this dissertation.
Figure 5.34 shows the initial erosion rated (blue) and the steady state erosion rated (red) plotted
as a function of surface roughness and confirms that the initial erosion rate is strongly
dependent upon the surface roughness while the steady state rate is not. Surface roughness is
effectively a measure of the column tip diameter and intercolumnar spacing, and thus larger
roughness values indicate larger tips and importantly, larger spacing. The spacing between
columns was not quantified but is an important factor in the erosion performance and relates
to both the porosity and the column width. The surface roughness did not trend with the steady
state erosion rate, as the steady state erosion rate is characteristic of the bulk of the coating.
The relation was also evaluated for Sa (average surface roughness), Sz (maximum peak to
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valley), Sku (kurtosis – ‘peakedness’, e.g. sharp peaks or blunt peaks), Ssk (skewness –
symmetry of the peaks and valleys), where none of these parameters correlated well to the
steady state erosion.

Figure 5.34. Initial and steady state erosion rates as a function of surface roughness for the PS-PVD
t’ Low-k Series 7 coatings. The initial erosion rates correlate strongly to surface roughness while the
steady state erosion rate is almost independent of surface roughness until relatively high roughness
values are reached.

Figure 5.35 provides a comparison between the erosion rates of the Series 7 PS-PVD
t’ Low-k coatings to the APS (A12) and EB-PVD (E2) t’ Low-k coatings. The PS-PVD
coatings are from the lowest (P17) and highest (P22) erosion rate conditions, along with the
intermediate repeat conditions (P25). It should be noted that the APS and EB-PVD coatings
were not optimized for erosion, however, these values are generally representative and provide
reference. The highest PS-PVD erosion rate of 0.500 g/kg is lower than that of the t’ Low-k
APS coatings 0.902 g/kg. The intermediate 0.118 g/kg erosion rate of P25 is identical to that
of the t’ Low-k EB-PVD coatings 0.118 g/kg. Though the coatings have the same erosion
rates, the total mass loss is higher for the PS-PVD coating due to the higher surface roughness
and thus larger initial mass loss. The PS-PVD Series 7 t’ Low-k samples span the performance
region from EB-PVD-like to APS-like which indicates the hybrid nature of the PS-PVD
process while illustrating the tailorability of coating properties. The lowest PS-PVD erosion
rate of 0.068 g/kg for P17 is lower than the 0.118 g/kg that of the EB-PVD coating. This
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suggests the PS-PVD process can yield high performance coatings and that the unique pseudocolumnar design architecture could potentially mitigate the erosion debit of new materials.

Figure 5.35. Erosion plots for the t’ Low-k PS-PVD coatings with the highest (P22), intermediate
(P25), and lowest (P17) erosion rates, as well as the t’ Low-k EB-PVD (E2) and APS (A12) coatings.
The PS-PVD coatings generally show comparatively high initial erosion rates with the highest steady
state rate less than APS and lowest steady state rate less than EB-PVD.

To fully understand the process-structure-property relationships for erosion of PS-PVD
coatings, it is necessary to understand the erosion mechanism. It is first helpful to examine
what is known for EB-PVD and APS erosion as these mechanisms have been heavily covered
in the literature [108,133,135,136,145,148,149] while erosion of PS-PVD has seen minimal
investigation [119,198]. The velocities and particle sizes used in this study fit into the Mode I
regime as described by Wellman et al. [135] where lateral cracking is the primary damage
mechanism. In APS coatings, the large flaw population of splat boundaries, microcracks, and
pores all serve as stress concentrators. During particle impact, these stress concentrators enable
formation and propagation of lateral cracks. Successive impacts eventually cause crack
linkage, which enables removal of regions of material comparable to the splat size of the
sprayed coating. Figure 5.36a shows an SEM image of an APS coating after experiencing
erosion where large amounts of flaws and cracking are present. The arrows indicate regions
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of large cracks and possible avenues of crack linkage. When comparing these features to the
scale bar, it is evident that large (50 µm) regions can be removed leading to relatively high
erosion rates. In general, the EB-PVD columnar microstructure has a lower flaw concentration
than the APS coating. However, the feathery pores as the column edges can act as stress
concentrators which can then initiate cracking from particle impact. The important difference
is the depth and size of the cracks in EB-PVD coatings which results in a much smaller
damaged volume and lower material removal rate. Depending on impact velocity (and
therefore energy) the impacting particles can cause large plastic deformations and significant
bending in the columns, or significantly less deformation which results in minor densification
near the surface. The latter is more descriptive of the erosion process observed in 100 m/s lab
testing, and in this case, the cracking typically occurs just underneath this dense region,
evidenced by the arrows shown in Figure 5.36b. When cracks link up across several columns,
the material is easily removed. However, in this densified region, relative flaw size is much
smaller than APS (~5 µm vs. 20+ µm). Additionally, EB-PVD coatings possess a lower flaw
population than APS coatings, so it takes more successive impacts (time) to link the cracks
than in the heavily flawed APS coatings. This leads to smaller volumes or material being
removed, and a slower rate. The result is that APS coatings typically exhibit a 10x higher
erosion rate compared to the same material deposited via EB-PVD.

Figure 5.36. Post erosion SEM micrographs of t’ Low-k coatings deposited via (a) APS and (b) EBPVD. The APS coatings erode as splat boundaries and microcracks link up – arrows in (a) – to enable
removal of large pieces of material. The EB-PVD coatings erode as cracks form in the columns and
propagate and link through multiple columns, enabling removal of material. This often occurs under a
dense region, evident in arrows shown in (b).

In the PS-PVD coatings deposited in this study, the microstructures are similar to EBPVD yet the erosion mechanism differs. Figure 5.37a-f show SEM micrographs of samples
after being eroded. The low erosion rate sample P17 shown in Figure 5.37a-b exhibits
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densification at the top ~1 – 2 µm of the surface, resulting in a flaw size similar to EB-PVD.
However, the significant cracking that is typically observed under this dense layer in EB-PVD
was not observed in PS-PVD. This could be due to the nature of the column widths. The
column width at the surface of the sample in the PS-PVD sample shown in Figure 5.37a-b (~20
– 30 µm) is much larger than the EB-PVD sample (~4 – 10µm) in Figure 5.36b. Thus, the
energy required to form and propagate a crack through the entirety of the column is likely
larger for the PS-PVD sample.

Figure 5.37. Post erosion SEM micrographs of coatings from (a,b) condition P17 (88 NLPM, 1641 A,
0.8 g/min), (c,d) intermediate condition P25 (100 NLPM, 1700 A, 6.6 g/min), and (e,f) condition P22
(112 NLPM, 1641 A, 9.0 g/min). The smooth surface P17 exhibits minimal surface densification (2
µm) and low erosion rates. This transitions into a rough surface for the high erosion rate coating P22.
Highly porous regions are quickly eroded – arrows in (c) and (e/f) – leaving divots in the surface, further
enhancing erosion.

For the intermediate erosion rate samples P25 (100 NLPM, 1700 A, 6.6 g/min – 0.111
g/kg), there is more porosity and larger/less uniform intercolumnar porosity. The uniformity
of the intercolumnar pores is important as regions with large intercolumnar gaps will be eroded
at a higher rate as shown by the arrow in Figure 5.37c, resulting in an overall slightly higher
erosion rate for the coating. Another note is that trans-columnar cracking was generally not
observed in the low erosion rate coating, however, it was occasionally observed across the
intermediate condition as shown in Figure 5.37d. Notably, the column which has cracked has
a relatively small column size while the neighboring columns which have not cracked have
larger column sizes. This suggests that in this type of microstructure, large columns may be
favorable. This is the opposite of the trend for EB-PVD as suggested by Wellman et al. [148].
It should be noted that the particle diameter/column width ratio will play a role and that in this
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case, the ratio is typically less than 2:1, whereas in EB-PVD the ratio would be around 10:1.
Thus, by decreasing column size in EB-PVD, less material is removed per fracture. For PSPVD, the force from an impacting particle is spread across a much large area and results in a
much smaller stress wave which cannot fracture the column. Another effect could be that the
wider columns have a smaller aspect ratio and are stiffer which results in a smaller bending
moment. When the columns are spaced far apart, they are easily broken, and in this case, the
larger columns of the PS-PVD process can yield higher erosion rates, more similar to APS.
Additionally, large column spacing could enable impacts at an angle with respect to the
column, causing a bending stress in addition to the impact stress. Overall, the similarity in the
flaw size and local failure regions results in similar erosion rates for benchmark EB-PVD
(0.118 g/kg) and intermediate erosion rate PS-PVD t’ Low-k samples.
For the high erosion rate sample P22 (0.5 g/kg), the microstructure exhibits high
porosity and regions of large intercolumnar spacing. This leads to local regions of severe
erosion forming ‘divots’ in the surface, as observed in Figure 5.37e,f. This phenomenon occurs
due to the porous gaps having very low durability which results in a rapid erosion rate for that
region. These divots then tend to form around columns and can allow individual columns to
become isolated on the surface and experience the entire force of an incoming particle. In
addition, as the columns become more separated, incoming particles can potentially cause a
bending force, further increasing the stresses in the column. An example of this type of
behavior is provided in the SEM image in Figure 5.38 where a single isolated column is
protruding from the surface (red arrow). This can lead to fracture of the columns and large
material removal rates. The larger the gap, the larger the potential flaw size and in this case,
the flaw size (tens of microns) is reminiscent of those seen in APS coatings. Not surprisingly,
the 0.500 g/kg erosion rate for the P22 coating was similar to what has been observed for APS
A12 t’ Low-k (0.902 g/kg). Though the PS-PVD microstructures all appear pseudo-columnar,
similar to EB-PVD, the flaw size or damaged volume of the eroded regions spans the gap from
APS-like to EB-PVD-like, and therefore erosion rates vary nearly an order of magnitude.
These results suggest that for optimal erosion performance, the coating should possess
large columns which are closely spaced. The erosion mechanism can therefore help to explain
the lack of correlation between erosion rate and porosity or column width. Porosity can be
identical between two samples while column width decreases, and vice versa, column width
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can be identical between two samples, but porosity can increase.

In both cases, the

intercolumnar gaps change and are likely the missing variable.

Figure 5.38. Post erosion SEM micrographs of the coating from P22 (88 NLPM, 1760 A, 4.2

g/min). The right side of the micrograph shows a column which has been severely eroded on
both sides and is isolated on the surface. Incoming particles could easily snap this column,
resulting in a large erosion rate.
5.3.4

Thermal Conductivity Estimation
The cost of measuring laser flash thermal conductivity on 20 samples was prohibitive,

thus, a reasonable course of action is to estimate the thermal conductivity based on the PSPVD Series 6 and EB-PVD Series 1 results.

According to Figure 5.15, the thermal

conductivity of the PS-PVD YSZ samples trended as a function of deposition rate, where
higher deposition rates yielded lower thermal conductivities with a linear fit to y = -0.1261x +
2.428 (after 10 hours of testing at 1250 °C). Since the t’ Low-k samples have similar deposition
rates, processing relationships, and overall pseudo-columnar structures, it is assumed the
thermal conductivity vs. deposition rate relation will remain.

Therefore, the thermal

conductivity of the PS-PVD t’ Low-k Series 7 coatings can be estimated to a first degree by
using the same fit. An additional correction must be made for the change of material from
YSZ to t’ Low-k. This is done by investigating the EB-PVD samples and calculating the
intrinsic percentage difference between t’ Low-k (E2) and YSZ (E1) due to compositional
difference (i.e. RE dopant content), which is 17% (i.e. t’ Low-k is 83% the thermal conductivity
of YSZ).

Since the YSZ and t’ Low-k EB-PVD coatings had effectively the same

microstructure, the difference between the coatings can be taken as the effective difference
between YSZ and t’ Low-k. Then, by taking the estimated thermal conductivity values based
on deposition rates and applying the 83% difference between t’ Low-k thermal conductivity
and YSZ thermal conductivity, the thermal conductivity of PS-PVD t’ Low-k was estimated
and is provided in Table 5.8. Though the APS series 3 and Series 4 both had YSZ and t’ Low231

k, EB-PVD was chosen since the columnar microstructure of EB-PVD was more consistent
and is similar to the pseudo-columnar microstructure of PS-PVD. .
Table 5.8. Estimated thermal conductivity (TC) of the PS-PVD t’ Low-k Series 7 coatings based on
the PS-PVD YSZ Series 6 deposition rate relation with the 17% difference between YSZ and t’ Low-k
taken into account. The last two rows provide the thermal conductivity values for the EB-PVD and
APS depositions from Ch. 4. PS-PVD patterns in bold, with repeats in blue and extrema in red.
Gas Flow
Feed Rate
Deposition
t' Low-k TC Estimate
(g/min)
Rate (µm/min)
(W/m-K)
Matrix (Total NLPM) Amperage
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25
P26
E2
A2

80
120
100
100
100
100
88
112
88
88
112
112
88
112
100
100
N/A
N/A

1700
1700
1600
1800
1700
1700
1640
1640
1760
1640
1760
1640
1760
1760
1700
1700
N/A
N/A

6.6
6.6
6.6
6.6
2.6
10.6
4.2
4.2
4.2
9.0
4.2
9.0
9.0
9.0
6.6
6.6
N/A
N/A

6.6
8.5
5.0
8.8
2.5
8.8
3.9
5.7
4.0
6.1
4.9
6.6
8.0
14.1
5.6
5.6
N/A
N/A

1.33
1.13
1.49
1.09
1.75
1.09
1.60
1.42
1.60
1.37
1.50
1.32
1.18
0.54
1.43
1.43
1.60
1.06

It should be noted that the fit for the Series 6 PS-PVD YSZ coatings was performed for
data from the 10 hour testing mark, and thus the estimate for the t’ Low-k should be compared
to the same timeframe for APS (A2) and EB-PVD (E2). Since the estimation is based purely
on deposition rate, the maximum thermal conductivity of 1.75 W/m-K correlates to the lowest
deposition rate conditions (P16) while the minimum thermal conductivity of 0.54 W/m-K
correlates to the highest deposition rate conditions. This is a 3X span in thermal conductivity
and shows the potential breadth of coating properties where the highest values are greater than
those of the EB-PVD E2 t’ Low-k coating (1.60 W/m-K) and the lowest values are less than
those of APS A2 at 1.06 W/m-K, respectively. It should be noted that the PS-PVD deposition
rates tend to decrease with time due to cathode wear, and thus the later depositions may indeed
have slightly higher deposition rates (and thus lower thermal conductivities) were they to be
deposited with fresh cathodes.
The three lowest erosion rate conditions correlate to P17 (0.068 g/kg), P11 (0.074 g/kg),
and P19 (0.080 g/kg). Of these low erosion rate conditions, the lowest estimated thermal
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conductivity belongs to the P11 condition at 1.33 W/m-K. Therefore, these conditions offer
the ideal blend of high erosion durability similar to that of EB-PVD with thermal conductivity
between that of APS and EB-PVD. Other conditions can be chosen such that thermal
conductivity is similar to that of APS while erosion rate is substantially lower. Compared to
the APS A2 (0.87 W/m-K) and A12 (0.89 W/m-K) coatings, conditions P24 offer lower
thermal conductivity and lower erosion rates, and thus better performance in all respects.
5.4

Summary and Conclusions
YSZ and t’ Low-k coatings were deposited via PS-PVD to yield a unique pseudo-

columnar design architecture. It was hypothesized that coatings deposited via PS-PVD in the
pseudo-columnar microstructure could yield a combination of low erosion rates similar to EBPVD and/or low thermal conductivity similar to APS. This could potentially enable utilization
of advanced cubic phase TBC materials without the need to composite with toughening phases.
A summary of the results observed in this chapter is provided in Table 5.9 for YSZ detailing
the trends between gas flow, amperage, feed rate, and the resulting deposition rate, erosion rate
and thermal conductivity. A summary for t’ Low-k is provided in Table 5.10 detailing the
trends between gas flow, amperage, feed rate, and the resulting deposition rate, crystallite size,
residual stress, surface roughness, porosity, and erosion rate.

YSZ

Table 5.9. Summary of findings for the PS-PVD YSZ coatings explored in this chapter discussing the
observed trends for deposition rate, erosion rate, and thermal conductivity.
Deposition Rate
(µm/min)
Approaches maximum at
Gas Flow
intermediate flows
Increases; small initial then
Amperage
large
Feed Rate

Increases

Min/Max

3.2 / 10.3

Notes

Erosion Rate
(g/kg)
Increases
Increases
Approaches minima at
intermediate feeds
0.296 / 1.92
Values between APS
and EB-PVD

Thermal Cond.
(W/m-K)
Approaches minima at
intermediate flows
Minimal initial change,
Decreases
Decreases
1.05 / 2.10
Negative trend with
deposition rate
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Table 5.10. Summary of findings for the PS-PVD t’ Low-k coatings explored in this chapter discussing
the observed trends for deposition rate, crystallite size, residual stress, surface roughness, porosity,
erosion rate, and thermal conductivity, when available.

t’ Low-k

Deposition
Rate
(µm/min)

Crystallite
Size
(nm)

Residual
Stress
(MPa)

Gas Flow

Small
increase

Decreases

Increasing
compressive

Amperage

Large
increase

Increases

Increasing
compressive

Feed Rate

Large
increase

Large
decrease

Min/Max

2.3 / 12.7

9.9 / 28.5
Negative
trend with
deposition
rate

Notes

Tensile to
compressive,
increasing in
magnitude
-696 / +243
Negative
trend with
deposition
rate

Surface
Roughness
(µm)

Porosity
(%)

Erosion Rate
(g/kg)

Approaches
minima at
Increases
intermediate
flows
Approaches
minima at
Decreases
Decreases
intermediate
amperages
Approaches Approaches Approaches
minima at
minima at
minima at
intermediate intermediate intermediate
feeds
feeds
feeds
5.6 / 10.1
8.4 / 24.0 0.068 / 0.500
Correlates to
Best value
initial
better than
erosion rate
EB-PVD,
worst value
better than
APS
Minimal
change

YSZ thermal barrier coatings were deposited via PS-PVD as a function of gas flow (80
NLPM, 100 NLPM, 120 NLPM), amperage (1400 A, 1600 A, 1800 A), and feed rate (2.6
g/min, 5.3 g/min, 7.9 g/min). It was found that coatings deposited by the PS-PVD process
were highly reduced and exhibited the metastable t’ phase, as well as reduced zirconia phases
including ZrO and Zr3O. All coatings exhibited the desired pseudo-columnar structure. The
columns ranged up to 40 µm in diameter, a substantial increase over the typical 5 – 15 µm
diameter EB-PVD columns. Column branching frequently occurred and resulted in large
intercolumnar gaps and thus large porosities. The intercolumnar gaps tended to contain
particles which had not been fully vaporized. The deposition rate was found to be dependent
strongly upon the feed rate, and strongly upon the amperages at intermediate to high amperages
(1600 A– 1800 A), but weakly at low to intermediate amperages (1400 A – 1600 A), suggesting
a threshold of around 1600 A is required to significantly alter the vaporization characteristics
for the conditions studied. The thermal conductivity was measured via the heat flux laser
technique and yielded values which ranged from EB-PVD to APS. The lowest and highest
observed thermal conductivity after ten hours of testing were 1.05 W/m-K and 2.10 W/m-K,
respectively, compared to EB-PVD (2.10 W/m-K) and APS (1.47 W/m-K). The thermal
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conductivity appeared to trend with the deposition rate, where higher deposition rates yielded
lower thermal conductivities. Erosion of the PS-PVD YSZ coatings tended to increase with
gas flow and amperage while increasing feed rate had a small reduction in the erosion rate and
appeared to approach a minima at about 6.4 g/min. The lowest observed erosion rate was 0.296
g/kg while the highest observed rate was 1.920 g/kg. For reference, the EB-PVD YSZ (E1)
and APS YSZ (A11) were 0.118 g/kg and 1.055 g/kg, respectively. Therefore, the highest
erosion rate was slightly higher than that of APS, while the lowest erosion rate was about 2.5X
that of EB-PVD.
The results of the YSZ deposition were used to select a processing window which
would yield low erosion rates while also providing low thermal conductivities.

More

quantitative crystallographic and microstructural analysis was performed. Therefore, t’ Lowk coatings were deposited at gas flows of 80 NLPM, 100 NLPM, and 120 NLPM, amperages
of 1600 A, 1700 A, and 1800 A, and feed rates of 2.6 g/min, 6.6 g/min, 10.6 g/min. These
conditions boundaries were chosen as they would produce the pseudo-columnar morphology
while providing conditions for low erosion rates and high deposition rates and thus low thermal
conductivies. Additionally, and mixed combinations of gas flows (88 NLPM, 112 NLPM),
amperages (1640 A, 1760 A), and feed rates (4.2 g/min, 9.0 g/min) were also explored for
further understand of two-variable interactions. XRD indicated that the coatings all exhibited
the metastable t’ phase and various amounts of reduced ZrO and Zr3O phases. The XRD
patterns showed minimal texturing while whole pattern fitting estimated small crystallite sizes
on the order of 10 – 25 nm for the t’ phase, both of these trends indicating low adatom
mobilities. The estimated crystallite size for the ZrO phases was around 3 – 10 nm, suggesting
these phases were likely formed via the highly reducing and metastable environment and
stabilized by a surface area effect due to their small crystallite sizes. The crystallite size of the
t’ phase was inversely related to the approximate square root of the deposition rate. This was
related to Fick’s law where the diffusion path length is approximated by the crystallite size and
is proportional to the square root of the diffusivity, which in this case, is suggested to be
directly related to the deposition rate for the conditions evaluated. The deposition rate (and
therefore oxygen content and defect content) was related to the residual stress where low
deposition rates tended to yield tensile stresses of ~200 MPa which transformed to compressive
stresses at deposition rates of ~4 µm/min and approached maximum compressive stresses of
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~700 MPa. The resulting pseudo-columnar coatings exhibited surface roughness values from
~5 – 10 µm RMS and porosities from ~8 – 24%, again spanning the region from EB-PVD to
APS. The erosion rates decreased with amperage while again increased with gas flow and
approached a minima at intermediate feed rates. The highest observed erosion rate conditions
were at high gas flows, high feed rates, and low amperages (P22: 112 NLPM, 1640 A, 9.0
g/min) and yielded an erosion rate of 0.500 g/kg. This erosion rate was still less than the APS
t’ Low-k (A22) at 0.948 g/kg, but was higher than the EB-PVD t’ Low-k (E2) at 0.118 g/kg.
The lowest observed erosion rate conditions were at low gas flow, low amperage and low feed
rate (P17: 88 NLPM, 1640 A, 4.2 g/min) and yielded an erosion rate of 0.068 g/kg. This
erosion rate was over an order of magnitude lower than the APS t’ Low-k (A22) and was
substantially lower than the EB-PVD t’ Low-k (E2). No obvious trends were observed
between porosity and erosion rate, though surface roughness correlated strongly with initial
erosion rates.
Analysis of post eroded samples helped form the foundation for understanding the
erosion mechanism of the PS-PVD pseudo-columnar microstructure. The highest erosion rate
conditions are characterized by a generally poor vaporization of the feedstock material and
result in large intercolumnar gaps which can enable fast erosion of protruding columns. As
the gaps between the columns become smaller and approach the 1 – 5 µm regime (though still
larger than EB-PVD), impacting particles are less likely to erode the region surrounding the
columns and the column tips are no longer easily fractured and removed. The larger column
diameters of the PS-PVD process result in smaller stresses from the impacting particles
(compared to smaller diameter EB-PVD columns) and any potential bending moments would
be smaller than in EB-PVD (i.e., stiffer columns due to smaller aspect ratio). This results in
less columns fracturing, while the remaining (small) intercolumnar gaps prevent transcolumnar
cracking, leading to the possibility of lower erosion rates than EB-PVD under the conditions
studied.
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Chapter 6

Durability of Novel PS-PVD Microstructures and Comparison to Baseline
EB-PVD and APS coatings

The focus of this chapter was to compare PS-PVD coatings composed of YSZ, t’ Lowk, and GZO to EB-PVD and APS coatings of the same materials in terms of erosion and thermal
conductivity to directly assess the benefits of the pseudo-columnar design architecture. The
deposition conditions for the PS-PVD coatings were chosen based on the results of the Chapter
5 PS-PVD YSZ and t’ Low-k coatings. The EB-PVD and APS processing conditions were
tailored to produce an increase in porosity to enhance their strain tolerance and thermal
conductivity. For EB-PVD, this included a reduced source-to-substrate distance (23 cm) and
faster rotation (35 RPM) while for APS it required an increased standoff distance (20 cm) and
higher feed rate (51 g/min).
In addition to the traditionally processed PS-PVD coatings, GZO coatings were
deposited at varying incidence angles with respect to the substrate surface (90° standard, 45°,
30°, and 15°). These experiments were performed in an effort to modify the vapor deposition
characteristics and were compared to the other PS-PVD, EB-PVD, and APS coatings in terms
of erosion durability.
6.1

Comparison of YSZ via EB-PVD, PS-PVD, and APS
The following section will discuss and compare the phase, microstructure, and resulting

thermal conductivity and erosion behavior of YSZ TBCs deposited via EB-PVD (E11), PSPVD (P31), and APS (A21).
6.1.1

Phase and Crystallography of YSZ TBCs
XRD patterns of the as-deposited YSZ coatings are provided in Figure 6.1. The EB-

PVD YSZ sample appears single phase (t’), and exhibits extreme texture in the t’ {110}
reflections. The texture in the low index (low energy) {110} planes is a result of the relatively
high deposition rate (for EB-PVD) of 3.3 µm/min for E11 compared to 2.0 µm/min for E1
YSZ in Chapter 4. The PS-PVD YSZ (P31) sample appears multiphase with t’ phase and
additional signal from an unidentified phase (one peak at ~42° 2θ, likely belonging to Yb2SiO5
or Yb2Si2O7). The likely presence of the ytterbium silicates indicates contamination from
previous environmental barrier coating trials performed in the PS-PVD system which were
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composed of ytterbium disilicate. Though numerous attempts were made to clean the powder
feeds and torch, the contamination persisted into the YSZ depositions. The fracture toughness
of ytterbium disilicate is on the order of 2 MPa√m [199], and thus slightly lower than YSZ (3
MPa√m) which could then be expected to reduce the erosion durability. The PS-PVD YSZ
(P31) coating appears minimally textured, agreeing well with previous results from P1 – P7
and P11 – P26 which showed minimal texturing. An oxygen bleed increased the oxygen
content for the P31 PS-PVD coatings which prevented formation of any reduced phases (ZrO,
Zr3O). The APS YSZ coating appears effectively single phase t’ (very minor monoclinic ZrO2
peaks) and exhibits minimal texturing.

Figure 6.1. XRD pattern of the YSZ samples deposited via EB-PVD (E11), PS-PVD (P31), and APS
(A21). The EB-PVD sample shows extreme texture in a low index plane suggesting low mobility
during the relatively high deposition rate and fast rotation while the stationary PS-PVD and APS
coatings show minimal texturing. A single unidentified peak at 42° 2θ suggest the presence of EBC
silicate contamination in the YSZ coating.
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Whole pattern fitting was performed on the YSZ coatings and the results are provided
in Table 6.1 in terms of the t’ phase lattice parameters, effective cubic c/a of the t’ phase, and
crystallite sizes (Xt’), error residuals (Er), and texture coefficients T(hkl). The PS-PVD and
APS YSZ coatings were fitted without microstrain broadening since enabling microstrain
resulted in solutions that only fitted for strain only (and ignored crystallite size). Thus, for
consistency, only crystallite size was fitted and resulted in error residuals of less than 4%.
Table 6.1. Whole pattern fit data from the XRD patterns for EB-PVD (E11), PS-PVD (P31), and APS
(A21) YSZ coatings. Er is the error residual, Xt’ is the t’ phase crystallite size and T(hkl) is the texture
coefficient for the given (hkl) plane. No crystallite size data is provided for the EB-PVD sample due
to the extreme texture.
Er
Cubic Volume Xt’
T
T
T
T
Matrix Comp. (%) a (Å)
c (Å)
c/a
(Å3)
(nm) (101) (110) (112) (211)
E11
YSZ
N/A 3.6119 5.1683 1.012
67.4
N/A 0.00 3.99 0.00 0.00
P31
YSZ
3.00 3.6191 5.1539 1.007
67.5
32.7 0.55 1.32 1.01 1.12
A21
YSZ
3.49 3.6160 5.1599 1.009
67.5
86.9 0.64 0.97 1.08 1.31

For the EB-PVD E11 coating, extreme texture prevented acceptable fitting of peak
shapes and intensities which precluded solutions for crystallite size and microstrain. Lattice
parameters were evaluated based on peak positions. The whole pattern fit data yielded a
crystallite size of 32.7 nm for the PS-PVD YSZ (P31) and 86.9 nm for the APS YSZ (A21).
The PS-PVD 32.7 nm crystallite size is larger than the t’ Low-k Series 7 PS-PVD samples
(P11 – P31), which ranged from ~10 – 25 nm. The increase in crystallite size for P31 YSZ is
primarily attributed to a higher oxygen content. The APS crystallite size is larger than that of
the PS-PVD, likely caused by a higher defect content in the PS-PVD coatings due to the vapor
phase deposition. The texturing is minimal for the APS (A21) and PS-PVD (P31) YSZ
samples, but is extreme for the EB-PVD (E11) YSZ coating, which shows a t’ {110} texture
coefficient of 3.99. The {101}, {112}, and {211} planes in the EB-PVD YSZ (E11) coating
exhibit texture coefficients of zero. This extreme texturing was due to sample rotation and
resulting relatively low deposition rate of the EB-PVD component which enabled enhanced
mobility and growth along a constant axis (each EB-PVD column is a single orientation). The
lattice parameters were all similar, with EB-PVD YSZ showing the smallest unit cell volume
(67.4 Å3) and largest c/a tetragonality (1.012), while PS-PVD and APS showed slightly larger
cell volumes (both 67.5 Å3) and PS-PVD showed the smallest c/a value (1.007) due to the
higher defect volume and lowest oxygen content.
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6.1.2

Microstructure of YSZ TBCs
SEM images of the surface, cross sectional fracture surface, and polished cross section

of the YSZ coatings deposited by EB-PVD (E11), PS-PVD (P31), and APS (A21) are provided
in Figure 6.2a-i. For the EB-PVD YSZ coating (E11), the high deposition rate of 3.1 µm/min
was combined with a faster rotation of 35 RPM in an effort to obtain a more porous and straintolerant microstructure. The E11 surface in Figure 6.2a appears highly faceted, as expected
based on the heavily textured XRD pattern. The E11 fracture surface in Figure 6.2b exhibits
uninterrupted columns growing from the substrate to the surface and close inspection shows
the ‘feathery’ porosity at the column periphery, characteristic of the EB-PVD process. The
E11 polished cross section in Figure 6.2c shows intercolumnar gaps of up to 2 µm and column
diameters up to 15 µm. Microstructural image analysis is provided in Table 6.2 for the EBPVD (E11), PS-PVD (P31), and APS (A21) YSZ coatings in terms of porosity, surface
roughness, coating thickness, and deposition rate. From Table 6.2, E11 has a porosity value
of 12.4 ± 0.5%, a value which is near the higher end for typical EB-PVD coatings. The 3.74
± 0.17 µm surface roughness of the EB-VPD E11 sample is relatively low and correlates well
to the SEM micrographs.
The PS-PVD YSZ (P31) surface, fracture surface, and polished cross section are shown
in Figure 6.2d,e,f, respectively. The surface of the PS-PVD YSZ sample appears extremely
porous and rough with large intercolumnar gaps, a feature also observed in the fracture surface
Figure 6.2e. The 9.31 ± 0.30 µm surface roughness of the YSZ PS-PVD coating (P31) is
relatively high for a PVD-type coating, and correlates well to the rough surface observed in
the SEM micrographs. The polished cross sectional image in Figure 6.2f confirms the presence
and extent of the EBC material contamination (bright phases due to high Yb2O3 content in
ytterbium silicates). As previously discussed, this contamination arose due to EBC powder
which was present in the powder feed lines from previous runs, even after extensive cleaning,
and was more prevalent as the deposition rate was lowered (i.e. small amounts of residual EBC
powder can have a large influence when the TBC deposition rate is particularly low).
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Figure 6.2. SEM images of the surface, cross sectional fracture surface, and polished cross section of
the (a-c) EB-PVD (E11), (d-f) PS-PVD (P31), and (g-i) APS (A21) YSZ coatings, respectively. The
EB-PVD coating has uninterrupted columnar growth while the PS-PVD coating exhibits pseudocolumnar growth and the APS coating is lamellar. Surface roughness tends to increase from EB-PVD
< PS-PVD < APS and the porosity likewise trends from EB-PVD < PS-PVD < APS. Arrows in (g)
show mud-cracking due to the fast quenching of the molten splats during APS processing while arrows
in (h) show intergranular failure due to poor splat bonding.
Table 6.2. Table of microstructural features for EB-PVD (E11), PS-PVD (P31), and APS (A21) YSZ
coatings including porosity values obtained by image analysis, RMS surface roughness via optical
profilometry, total coating thickness, and deposition rate.
Surface
Deposition
Roughness
Rate
Total
Matrix
Composition Porosity (%)
(µm – RMS)
(µm/min)
Thickness (µm)
E11
YSZ
12.4 ± 0.5
3.74 ± 0.17
207 ± 3
3.3 ± 0.0
P31
YSZ
17.9 ± 2.5
9.31 ± 0.30
78 ± 10
3.1 ± 0.4
A21
YSZ
35.2 ± 1.6
18.21 ± 0.52
272 ± 19
27.2 ± 1.9
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The APS YSZ (A21) surface, fracture surface, and polished cross section are shown in
Figure 6.2g,h,i, respectively. The A21 surface image in Figure 6.2g clearly shows the splatlike morphology and mud cracks (arrows) which are visible throughout the surface due to
stresses evolved during the rapid quenching and solidification of the molten particles. The
splat lamellae themselves contain many small columnar grains which explains the relatively
small crystallite size observed in XRD. An additional feature is the large degree of intersplat
failure in the fracture surface, evidenced by the presence of many pristine splat surfaces
(arrows in Figure 6.2h), suggesting poor splat-splat adhesion for the A21 sample. The polished
cross section in Figure 6.2i shows large/long splat boundaries and relatively large pores which
results in a high porosity of 35.2 ± 1.6% via image analysis. The APS YSZ (A21) surface
roughness was 18.21 ± 0.52 µm which agrees well with the rough surfaces observed in the
SEM images.
SEM images and PSDs are provided for the YSZ powders used for PS-PVD P31 and
APS A21 in Figure 6.3a-d.

The PS-PVD powder was in the hollow sphere (HOSP)

morphology which pre-reacted the YSZ material into the t’ phase and so better stoichiometric
homogeneity could potentially be attained.

In addition, it was known that the HOSP

morphology typically yields better powder flow characteristics during powder feeding, better
melt characteristics during deposition, and better powder size/morphology uniformity during
APS, and that these characteristics could benefit PS-PVD. As previously discussed in Chapter
5, small particle sizes (~1 µm) are ideal for PS-PVD to ensure complete vaporization. Though
the PSD for the P31 YSZ powder was relatively small (d0.1 = 3.61 ± 0.07 µm, d0.5 = 9.19 ±
0.14 µm, d0.9 = 18.43 ± 0.34 µm), the HOSP morphology shown in Figure 6.3a cannot break
into small constituents like a spray dried or agglomerated powder, and thus the degree of
vaporization was lower. This resulted in a relatively low deposition rate of 3.1 µm/min
compared to an expected rate of ~ 6 µm/min. Thus, though the particle size distribution appears
low and relatively small (only 15 µm difference between the d10 and d90), the HOSP
morphology yields poor deposition characteristics. As these were the first experiments
performed using the HOSP morphology, these factors were unknown prior to the experiments.
For the A21 APS coating, the powder PSD was much larger (d0.1 = 25.38 ± 2.11 µm,
d0.5 = 49.18 ± 2.57 µm, d0.9 = 83.46 ± 1.64 µm) and the powder itself showed an agglomerated
and sintered morphology (Figure 6.3c). The large particle size of ~50 µm is partly responsible
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for the large pores and thus high porosity 35.2 ±1.6%. The poor splat-splat bonding is likely
a result of non-uniform melting of the particles which results in varying degrees of adhesion.
The large PSD directly correlates to the relatively high surface roughness of 18.21 ± 0.52 µm.

Figure 6.3. (a) SEM image and (b) particle size distribution of the PS-PVD YSZ feedstock powder
used for P31 and (c) SEM image and (d) particle size distribution of the APS YSZ feedstock powder
used for A21. The PS-PVD powder exhibits a HOSP morphology with a relatively small particle size
while the APS powder exhibits an agglomerated and sintered morphology at much larger particle sizes.

6.1.3

Erosion Durability of YSZ TBCs
The erosion plots of the EB-PVD (E11), PS-PVD (P31), and APS (A21) YSZ coatings

are provided in Figure 6.4 in terms of initial rates (EI) and steady state rates (ESS). The initial
erosion rate for the EB-PVD coating (0.353 g/kg) is the lowest, and is attributed to the low
coating surface roughness (3.74 ± 0.17 µm) compared to the PS-PVD (9.31 ± 0.30 µm) and
APS (18.21 ± 0.52 µm) coatings. The initial erosion rate of the PS-PVD (3.400 g/kg) is the
highest, and is attributed to the relatively high surface roughness, combined with large
intercolumnar spacing which enables fast erosion of the protruding columns. The APS coating
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has the highest surface roughness and exhibits an intermediate initial erosion rate (1.973 g/kg).
As the coatings continue to erode, the steady state values are reached where EB-PVD
(0.064 g/kg) is less than PS-PVD (0.277 g/kg) which is less than APS (1.026 g/kg). The
lamellar morphology of the APS A21 coating yields the highest erosion rate due to the high
crack/pore density and poor toughness. The columnar morphology of the EB-PVD E11 yields
the lowest erosion rate as only portions of the columns are fractured and removed with cracks
limited to the first 5 – 10 µm below the eroded surface. The PS-PVD P31 coating has an
intermediate erosion rate, as the pseudo-columnar morphology is improved over a lamellar
morphology, but the intercolumnar spacing is too large which enables fast erosion of columns.

Figure 6.4. Plot of the erosion data for the EB-PVD (E11), PS-PVD (P31), and APS (A21) YSZ
coatings. The smooth EB-PVD coating has a low initial erosion rate (EI) compared to the much rougher
APS and PS-PVD coatings. As the coatings erode, the erosion rates decrease to their steady state values
(ESS), where EB-PVD < PS-PVD < APS.

6.1.4

Erosion Mechanism and Comparison to Previous Results
The steady state erosion rates for the A21 APS (1.026 g/kg) coating is very close to the

previous A11 APS YSZ (1.050 g/kg), as expected based on the same powder being deposited
under similar processing parameters. In comparison, the 80 NLPM, 1700 A, 6.6 g/min
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deposition conditions chosen for the optmized PS-PVD YSZ coatings (P31) were expected to
produce an erosion rate similar to that of the PS-PVD t’ Low-k coating deposited under similar
conditions (P11 – 0.074 g/kg). Unfortunately, the departure from expected behavior is
attributed to two factors:

incorporation of ytterbium silicate contamination and more

importantly, a different feedstock powder morphology (HOSP for P31 compared to spray dried
for P11) which yielded a significant reduction in evaporation rate and thus a different
microstructure than expected. Figure 6.5 provides higher magnification SEM images of the
fracture surface and a post-eroded polished cross section of the P31 YSZ sample. In the
fracture surface, a few large particles are seen incorporated into the periphery of the column
(red arrows), confirming the inefficient vaporization of the HOSP feedstock. This yielded a
low coating deposition rate and thus the base of the coating is much denser, likely due to a
higher adatom mobility (and possibly a peening effect from the particles which haven’t been
vaporized). However, upon continued growth, the columns subsequently nucleate and grow
from this dense region with relatively large intercolumnar gaps which yield very high erosion
rates as the individual columns that protrude from the surface are quickly eroded. Steady state
erosion is achieved after the columns have been eroded away to the dense region, as seen in
the cross section in Figure 6.5b. The presence of the (brighter) silicate phases may result in
increased erosion rates due to the poor intrinsic toughness (red arrow in Figure 6.5b) and
morphology of the incorporated splats. The presence of splats resulted in horizontal cracking
(blue in Figure 6.5b), and thus a propensity for horizontal cracking to occur at greater depths.
Additionally, the dense morphology enables cracks to propagate longer distances since there
is less vertical porosity to inhibit crack growth, and thus larger amounts of material can be
removed, leading to higher erosion rates (0.277 g/kg observed compared to ~0.074 g/kg
expected).
The erosion rate of the EB-PVD YSZ (E11 – 0.064 g/kg) appeared significantly lower
than the previous EB-PVD YSZ (E1 – 0.118 g/kg). Microstructurally, the E11 sample
appeared to exhibit larger column diameters (up to 15 µm compared to 10 µm for E1) and
increased porosity (12.4 ± 0.5% ), both of which traditionally are expected to yield higher
erosion rates for EB-PVD. The post-eroded polished cross section for E11 and E1 are provided
in Figure 6.6a-b, respectively, and show that the cracking occurs predominantly in the first 5 10 µm from the eroded surface for both coatings. This is intuitive, as the two coatings are
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composed of the same material and still maintain similar morphologies, and thus the crack
depth should be similar since it is determined by the elastic-plastic interface, i.e. the intrinsic
hardness of YSZ. However, the transcolumnar cracking where a crack propagates from one
column into the neighboring column has been reduced substantially for E11 in Figure 6.6a.
This is attributed to a slightly larger intercolumnar gap for E11 (up to 2 µm) compared to E1
(< 1 µm) which resulted from the higher deposition rate for E11 (3.3 ± 0.0 µm/min) compared
to E1 (2.0 ± 0.0 µm/min), and faster rotation of E11 (35 RPM) compared to E1 (7 RPM). The
intercolumnar gaps prevent cracks from propagating across multiple columns and thus it takes
more successive impacts to link cracks and enable material removal.

Figure 6.5. SEM images of the PS-PVD YSZ (P31) coating showing the (a) cross sectional fracture
surface and (b) post-eroded polished cross section. In (a), an initial dense region of ~20 – 30 µm is
apparent (red brace) and the columns subsequently nucleate from this dense region. The inefficient
vaporization of the feedstock is apparent with relatively large particles incorporated into the coating
(red arrows). The eroded specimen in (b) shows cracking occurs within (red arrow) the silicate particles
and at the splat boundaries (blue arrows) which can lead to cracking at greater depths than would
otherwise occur.

Figure 6.6. Cross sectional SEM micrographs of (a) the post-eroded E11 EB-PVD YSZ coating and
(b) the post eroded E1 EB-PVD YSZ coating, showing horizontal cracking (red arrows). The crack
depth is similar in both coatings, however, the slightly larger intercolumnar gaps prevent transcolumnar
cracking or crack linkage between columns in E11, and therefore yield a low erosion rate.
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6.2

Comparison of t’ Low-k via EB-PVD, PS-PVD, and APS
The following section will discuss and compare the phase, microstructure, and resulting

thermal conductivity and erosion behavior of t’ Low-k TBCs deposited via EB-PVD (E12),
PS-PVD (P32), and APS (A22).
6.2.1

Phase and Crystallography of t’ Low-k TBCs
XRD patterns for the t’ Low-k coatings are provided in Figure 6.7. The EB-PVD t’

Low-k (E12) coating appears single phase (t’) and is extremely textured in the {110}
reflections, again due to the higher deposition rate and reduced adatom mobility. The PS-PVD
(P32) and APS (A22) t’ Low-k coatings appear single phase (t’) and both exhibit minimal
texturing. The split tetragonal peaks are more visible for the APS coating due to a larger
crystallite size and low defect concentration compared to the vapor phase deposition of the PSPVD sample. An oxygen bleed again prevented the incorporation of reduced phases for the
PS-PVD (P32) coatings. Whole pattern fitting was performed on the t’ Low-k coatings and
the results are provided in Table 6.3 in terms of the t’ phase lattice parameters, effective cubic
c/a of the t’ phase, crystallite sizes (Xt’), error residuals (Er), and texture coefficients T(hkl).
The PS-PVD and APS t’ Low-k coatings were again fitted without microstrain broadening to
remain consistent with previous results. The EB-PVD t’ Low-k coatings were not fitted due
to extreme texture, and so lattice parameters were calculated from the peak positions. The
extreme texture of the EB-PVD coating in the {110} is obvious as there is almost no intensity
in three of the four major peaks and a very large texture coefficient of 3.99 (a coefficient of ~1
is expected for random orientation) for the {110}. The EB-PVD t’ Low-k (E12) sample has
the smallest unit cell volume at 67.4 Å3, which is the same for APS t’ Low-k (A22) at 67.4 Å3.
The PS-PVD t’ Low-k (P32) sample has the largest unit cell volume at 67.6 Å3, likely a result
of a higher oxygen deficiency and defect content. The PS-PVD (P32) and APS (A22) t’ Lowk crystallite sizes are 53.4 nm and 96.8 nm, respectively. The PS-PVD again has a lower
crystallite size due to different deposition mode (vapor vs. melt). Texture is low in both APS
A22 and PS-PVD P32 coatings due to the radially uniform deposition mode and lack of sample
rotation which resulted in high deposition rates. The cubic c/a is lowest for the APS sample
(1.009) and increases for the PS-PVD (1.010), and EB-PVD (1.013).
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Figure 6.7. XRD pattern of the t’ Low-k samples deposited via EB-PVD (E12), PS-PVD (P32), and
APS (A22). The EB-PVD sample shows extreme texture in a low index plane suggesting low mobility
during the relatively high deposition rate and fast rotation while the stationary PS-PVD and APS
coatings show minimal texturing.
Table 6.3. Whole pattern fit data from the XRD patterns for EB-PVD (E12), PS-PVD (P32), and APS
(A22) t’ Low-k coatings. Er is the error residual, Xt’ is the t’ phase crystallite size and T(hkl) is the
texture coefficient for the given (hkl) plane. No crystallite size data is provided for the EB-PVD sample
due to the extreme texture.
Er
Cubic Volume Xt’
T
T
T
T
Matrix Comp. (%) a (Å)
c (Å)
c/a
(Å3)
(nm) (101) (110) (112) (211)
E12 t’ Low-k N/A 3.6108 5.1708 1.013
67.4
N/A 0.00 3.99 0.01 0.00
P32 t’ Low-k 2.14 3.6150 5.1612 1.010
67.4
53.4 0.92 1.33 0.80 0.95
A22 t’ Low-k 3.64 3.6178 5.1612 1.009
67.6
96.8 0.60 1.07 1.00 1.33

The unit cell volume and effective cubic c/a for the t’ Low-k EB-PVD coating (E12)
are similar to the YSZ EB-PVD coating (E11), confirming that the smaller Yb3+ (0.985 Å) and
larger Gd3+ (1.053 Å) substitutions together yield minimal effect on the lattice parameter due
to their average radii (1.019 Å) being equivalent to Y3+ (1.019 Å). The cubic c/a values of E12
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(1.013), P32 (1.010), and A22 (1.009) are very similar to those of the E11 (1.012), P31 (1.007),
and A21 (1.009) YSZ coatings, indicating similar tetragonality and thus a similar degree of
expected ferroelastic toughening for the t’ Low-k samples.
6.2.2

Microstructure of t’ Low-k TBCs
SEM images of the surface, cross sectional fracture surface, and polished cross section

of the t’ Low-k coatings deposited by EB-PVD (E12), PS-PVD (P32), and APS (A22) are
provided in Figure 6.8a-i. For the EB-PVD t’ Low-k coating (E12), a deposition rate of 3.5
µm/min and a faster rotation of 35 RPM were again used in an effort to obtain a more porous
and strain tolerant microstructure. The surface in Figure 6.8a appears highly faceted, agreeing
well with the heavily textured XRD pattern for E12. The fracture surface in Figure 6.8b
exhibits the ‘feathery’ porosity at the edge of the columns with uninterrupted column growth
from the substrate to the surface. Microstructural image analysis is provided in Table 6.4 for
the EB-PVD (E12), PS-PVD (P32), and APS (A22) t’ Low-k coatings and shows that E12 has
a porosity of 11.4 ± 0.4%. Column diameters for the t’ Low-k coating were ~9 – 15 µm. The
surface appears to have a low roughness which correlates well to the measured roughness of
3.64 ± 0.17 µm RMS. The 11.4 ± 0.4% porosity of E12 was larger than the previous t’ Lowk E2 sample at 10.2%. The majority of the porosity increase was due to larger intercolumnar
gaps in E12 which were up to 2 µm, compared to ~0.5 µm or less for E2.
The PS-PVD t’ Low-k (P32) surface is shown in Figure 6.8d and exhibits very large
columns with some diameters in excess of 50 µm. The intercolumnar gaps are also quite large
and again appear filled with particles which have not been fully vaporized. This correlates to
a very high surface roughness of 18.00 ± 0.19 µm. The cross sectional fracture surface in
Figure 6.8e exhibits an initially dense region which eventually nucleates columns. The
periphery of the PS-PVD pseudo-columns in Figure 6.8 appears covered with many small
particles, suggesting incomplete vaporization of the feedstock powder.

The columns

themselves exhibit a feathered morphology similar to EB-PVD.
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Figure 6.8. SEM images of the surface, cross sectional fracture surface, and polished cross section of
the (a-c) EB-PVD (E12), (d-f) PS-PVD (P32), and (g-i) APS (A22) t’ Low-k coatings. The EB-PVD
coating has uninterrupted columnar growth while the PS-PVD coating exhibits pseudo-columnar
growth and the APS coating is lamellar. Surface roughness tends to increase from EB-PVD < PS-PVD
< APS and the porosity likewise increases from EB-PVD < PS-PVD < APS. Arrows in (f) show high
porosity striations in the PS-PVD coating where fracture likely occurs.
Table 6.4. Table of microstructural features for EB-PVD (E12), PS-PVD (P32), and APS (A22) t’
Low-k coatings including porosity values obtained by image analysis, RMS surface roughness via
optical profilometry, and deposition rate. *Column pullout prevented successful image analysis.
Surface
Deposition
Roughness
Rate
Total
Matrix
Composition Porosity (%)
(µm – RMS)
(µm/min)
Thickness (µm)
E12
t’ Low-k
11.4 ± 0.4
3.64 ± 0.17
221 ± 3
3.5 ± 0
P32
t' Low-k
24.7*
18.00 ± 0.19
149 ± 4
6.8 ± 0.2
A22
t' Low-k
27.0 ± 2.4
16.09 ± 1.14
222 ± 11
22.2 ± 1.1
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Porous striations are apparent in each of the PS-PVD columns in the Figure 6.8f cross
section (red arrows). There appear to be at least three distinct striations occurring at a constant
~100, 124, and 137 µm from the substrate across nearly all of the columns, corresponding to
~67%, 83%, and 92% of the total thickness which correlates to observed powder buildup on
the nozzle at ~73%, 82%, and 91% of the total deposition time. It is unclear whether the porous
striation occurs while the buildup occurs on the nozzle, or directly after the buildup is removed.
The former is likely the cause, since the buildup could conceivably cause a change in the
deposition conditions by physically redirecting the plasma and preventing incorporation into
the plasma.
The APS t’ Low-k (A22) surface is shown in Figure 6.8g and exhibits the splat
morphology characteristic of APS. The fracture surface in Figure 6.8h shows a significant
amount of intrasplat failure indicating good splat-splat bonding. The failure within the splats
suggests greater splat bonding, and thus potentially better mechanical durability. The polished
cross section in Figure 6.8i shows a large amount of porosity which image analysis measured
to be 27.0 ± 2.4%. The surface roughness of the APS t’ Low-k (A22) coating was measured
to be 16.09 ±1.14 µm RMS, a value significantly higher than the EB-PVD E12 coating (3.64
± 0.17 µm) and less than the PS-PVD P32 sample (18.00 ± 0.19 µm). The APS t’ Low-k (A22)
fracture surface in Figure 6.8h shows more intrasplat failure than the APS YSZ (A21) coating
which showed a significant degree of intersplat failure at the splat-splat boundaries. This is
characterized by a more jagged morphology for the APS t’ Low-k (A22) fracture surface in
Figure 6.8i. The porosity value of the A22 t’ Low-k coating (27.0 ± 2.4%) is lower than that
of the A21 YSZ coating (35.2 ± 1.6%), possibly due to the increase splat-splat bonding.
SEM and PSDs of the t’ Low-k powders used for PS-PVD and APS are provided in
Figure 6.9. The PS-PVD t’ Low-k (P32) powder in Figure 6.9a,b exhibits a spray dried
morphology and a bimodal distribution. The particle size distribution (d0.1 = 2.06 ± 0.15 µm,
d0.5 = 13.79 ± 0.61 µm, d0.9 = 35.40 ± 0.76 µm) is slightly larger than the PS-PVD YSZ powder
(d0.1 = 3.61 ± 0.07 µm, d0.5 = 9.19 ± 0.14 µm, d0.9 = 18.43 ± 0.34 µm), however, the spray dried
morphology of the t’ Low-k powders allows for a much higher deposition rate for the t’ Lowk (P32 – 6.8 µm/min) compared to the HOSP YSZ (P31 – 3.1 µm/min). The severe clogging
on the nozzle indicated that the powder was injected through the plasma which suggests that
even though the powder used for P32 is similar in morphology to the powder used for P11, it
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did not behave similarly. This is attributed to the slightly higher PSD for the P32 powder
which resulted in larger momentum for the injected particles which then deposit onto the
nozzle rather than being carried away in the plasma. This also explains the large volume of
observed intercolumnar particles as the higher overall PSD yields more particles which are not
fully vaporized. The powder morphology (spray dried) and deposition rate (6.8 µm/min)
appear similar to that of the t’ Low-k from Chapter 5 deposited using the same conditions (P11
– 6.2 µm/min), however, the PSD of P31 t’ Low-k (d0.1 = 2.06 ± 0.15 µm, d0.5 = 13.79 ± 0.61
µm, d0.9 = 35.40 ± 0.76 µm) is significantly larger than the P11 t’ Low-k (d0.1 = 2.71 µm, d0.5
= 11.15 µm, d0.9 = 22.99 µm). The d90 is particularly large for the P32 t’ Low-k powder, likely
causing a significant increase in volume fraction of intercolumnar particles.

Figure 6.9. (a) SEM image and (b) particle size distribution of the PS-PVD t’ Low-k feedstock powder
used for P32 and (c) SEM image and (d) particle size distribution of the APS t’ Low-k feedstock powder
used for A22. The PS-PVD powder exhibits a spray dried morphology with a relatively small particle
size while the APS powder exhibits a HOSP morphology at much larger particle sizes.
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The APS t’ Low-k (A22) powder in Figure 6.9c,d exhibits a HOSP morphology with a
slightly smaller PSD (d0.1 = 12.78 ± 1.57 µm, d0.5 = 41.18 ± 2.60 µm, d0.9 = 82.63 ± 3.38 µm)
to the spray dried YSZ powder from A21 (d0.1 = 25.38 ± 2.11 µm, d0.5 = 49.18 ± 2.57 µm, d0.9
= 83.46 ± 1.64 µm), yet the splat-splat bonding appears significantly better for the A22 t’ Lowk coating. Since the A21 YSZ and A22 t’ Low-k coatings were deposited with identical
processing parameters, this suggests the particle morphology is a large contributing factor to
the increase adhesion. One explanation could be a more uniform melt temperature for the
HOSP particles compared to the agglomerated spray dried particles, which results in a more
uniform splat behavior for the A22 t’ Low-k samples. The smaller PSD of the A22 t’ Low-k
sample yields a lower surface roughness (16.09 ± 1.14 µm) than the A21 YSZ sample (12.34
± 0.30 µm) and suggests that surface roughness in APS samples is primarily dictated by the
particle size.
6.2.3

Thermal Conductivity of t’ Low-k TBCs
The thermal conductivity of the EB-PVD (E12), PS-PVD (P32), and APS (A22) t’

Low-k coatings tested at 1100 °C is provided in Figure 6.10. Thermal conductivity values of
1.56 Wm-K, 0.827 W/m-K, 0.62 W/m-K were achieved for the EB-PVD, PS-PVD, and APS
t’ Low-k coatings, respectively. As expected, the EB-PVD coating exhibits the highest thermal
conductivity while the APS coating exhibits the lowest thermal conductivity. The PS-PVD
coating exhibits an intermediate thermal conductivity, indicative of the hybrid process. The
0.62 W/m-K thermal conductivity of APS (A22) sample is 38% of the 1.56 W/m-K value of
the EB-PVD coating, indicating the substantial reduction for the APS sample.
The EB-PVD (E12) t’ Low-k thermal conductivity (1.56 W/m-K) is slightly higher than
that of the Chapter 4 E2 t’ Low-k (1.20 W/m-K) samples. This is attributed to a larger column
width and columns which have grown continuously from substrate to surface. The feathery
pores (which have the greatest effect on thermal conductivity for EB-PVD) make up a smaller
fraction of larger columns, and if the column growth is more frequently interrupted there is
more scattering. The PS-PVD (P32) and APS (A22) t’ Low-k samples exhibit very low
thermal conductivity values (0.827 W/m-K and 0.620 W/m-K, respectively). This is attributed
to the high porosity for each of those coatings, with 27.0 ± 2.4 for the APS coating and 24.7%
for the PS-PVD coating. Due to the lamellar nature of the porosity in the APS samples, these
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coatings exhibited a more substantial reduction on the thermal conductivity than the pseudocolumnar PS-PVD.

Figure 6.10. Graph comparing the thermal conductivity of t’ Low-k coatings deposited via EB-PVD
(E12), PS-PVD (P32), and APS (A22) at a test temperature of 1100 °C. The columnar EB-PVD coating
exhibits the highest thermal conductivity while the lamellar APS coating exhibits the lowest thermal
conductivity. The hybrid PS-PVD process exhibits an intermediate value, closer to that of APS.

6.2.4

Erosion Durability of t’ Low-k TBCs
The erosion plots of the EB-PVD (E12), PS-PVD (P32), and APS (A22) t’ Low-k

coatings are provided in Figure 6.11 in terms of initial rates (EI) and steady state rates (ESS).
Similar to the previous samples, the EB-PVD coating has the lowest initial erosion rate due to
the very low 3.64 ± 0.17 µm surface roughness. The APS coating experiences a higher initial
erosion rate due in part to a larger surface roughness of 16.09 µm. The PS-PVD coating
exhibits an extremely high initial erosion rate such that the steady state rate could not be
achieved before the substrate was exposed. This is attributed to the large intercolumnar gaps
combined with the porous striations which enabled fracture to occur at large depths within the
columns and thus large portions of the columns to be removed. Since the columns themselves
were quite large, the mass loss rate was quite high. Though previous discussion suggests large
columns are potentially beneficial for the PS-PVD process, the large intercolumnar gaps and
depth of cracking prevent any benefit for large columns. The steady state erosion rate is lowest
for the EB-PVD E12 (0.070 g/kg), and increases an order of magnitude for the APS A22 (0.759
g/kg), indicating the benefits of the columnar morphology.
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Figure 6.11. Plot of the erosion data for the EB-PVD (E12), PS-PVD (P32), and APS (A22) t’ Low-k
coatings. The smooth EB-PVD coating has a low initial erosion rate (EI) compared to the much rougher
APS and PS-PVD coatings. As the coatings erode, the erosion rates decrease to their steady state values
(ESS), where EB-PVD < APS. The PS-PVD coating exhibited such a high initial erosion rate that the
steady state rate could not be captured before the substrate was exposed.

6.2.5

Erosion Mechanism and Comparison to Previous Results
The steady state rate for the t’ Low-k EB-PVD (E12 – 0.070 g/kg) was significantly

lower than that of the Chapter 4 t’ Low-k EB-PVD (E2 – 0.118 g/kg). This is again attributed
to the larger intercolumnar gaps which prevent transcolumnar crack propagation as shown in
Figure 6.12. The crack depths are similar to those of the YSZ EB-PVD (E11) sample
suggesting a similar effective hardness. Interestingly, a large proportion of the cracks initiate
at the edge of the column due the feathery porosity which essentially acts as a pre-crack (red
arrows). A very simplified approach could approximate this an edge crack in a plate according
to Equation 6.1:

𝐾𝐼 = 𝜎√𝜋𝑎 [

𝑎
𝑏
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𝑎
𝑏

𝑎
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3⁄
2

]

Equation 6.1
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where KI is the stress intensity, σ is the stress, 𝑎 is the crack length, and b is the plate width
(here approximated by the column diameter). Equating KI to the KIC of pure YSZ from Mercer
et al. [66] (~3 MPa√m) and assuming a crack length of 2 µm (roughly the size of the feathery
pores) and 10 µm column diameter yields a critical stress of ~840 MPa, a value easily
achievable for all but the slowest and smallest particles.

Figure 6.12. Cross sectional SEM of the post eroded t’ Low-k EB-PVD (E12) coating showing
minimal transcolumnar cracking and a similar crack depth to the YSZ EB-PVD (E11) coating. Red
arrows indicate where cracks have initiated from the feathery pores based upon a similar angle.

The steady state rate for the t’ Low-k APS (A22 – 0.759 g/kg) is less than the rate for
the YSZ APS coating (A21 – 1.026 g/kg). This agrees well with the observations from the
microstructure which suggested increased splat boundary bonding for the t’ Low-k coating
(A22). The increased splat-to-splat bonding provides few initial flaws and stress concentrators,
and fewer low energy pathways for crack propagation.
6.3

Comparison of GZO via EB-PVD, PS-PVD, and APS
The following section will discuss and compare the phase, microstructure, and resulting

thermal conductivity and erosion behavior of GZO TBCs deposited via EB-PVD (E13), PSPVD (P33), and APS (A23).
6.3.1

Phase and Crystallography of GZO TBCs
XRD patterns for the t’ Low-k coatings are provided in Figure 6.13. The GZO EB-

PVD (E13) coating appears single phase (fluorite) and is extremely textured, this time in the
cubic {200} which is the same 2θ angle as the t’ {110}. The GZO PS-PVD (P33) and APS
(A23) coatings both appear single phase (fluorite) with low texturing. The lack of pyrochlore
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super structure peaks indicates that the atoms have insufficient time and/or energy to rearrange
into the ordered pyrochlore structure for all of the metastable deposition techniques. No
reduced phases were observed for the PS-PVD sample due to the oxygen bleed.

Figure 6.13. XRD pattern of the GZO samples deposited via EB-PVD (E13), PS-PVD (P33), and APS
(A23). The EB-PVD sample shows extreme texture in a low index plane suggesting low mobility
during the relatively high deposition rate and fast rotation while the stationary PS-PVD and APS
coatings show minimal texturing.

Whole pattern fitting was performed on the EB-PVD (E13), PS-PVD (P33), APS (A23)
GZO coatings and the results are provided in Table 6.5 in terms of the cubic phase lattice
parameters, crystallite sizes (Xc), error residuals (Er), and texture coefficients T(hkl). The
lattice parameter decreases in the order of PS-PVD GZO (5.2781 Å) > EB-PVD GZO (5.2630)
> APS GZO (5.2503), with the GZO fluorite reference card #01-078-4083 at 5.2593 Å. The
crystallite sizes for the PS-PVD (P33) and APS GZO (A23) are very similar (65.9 nm for PSPVD, 68.0 nm for APS). The texture coefficient is 3.97 for the EB-PVD GZO (E13) {200},
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while the other angles show nearly no intensity. This texture again arises due to the higher 35
RPM rotation and deposition rate of 3.5 ± 0.1 µm/min. The crystallite size of the PS-PVD
GZO coating (P33 – 65.9 nm) is larger than those observed for the PS-PVD YSZ (P31 – 33.3
nm) and PS-PVD t’ Low-k coatings (P32 – 53.4 nm), indicative of a lower defect content
and/or increased mobility.
Table 6.5. Whole pattern fit data from the XRD patterns for EB-PVD (E13), PS-PVD (P33), and APS
(A23) GZO coatings. Er is the error residual, Xc is the cubic fluorite phase crystallite size and T(hkl)
is the texture coefficient for the given (hkl) plane. No crystallite size data is provided for the EB-PVD
sample due to the extreme texture.
Er
Volume Xc
T
T
T
T
Matrix Comp. (%) a (Å)
(Å3)
(nm) (111) (200) (220) (311)
E13
GZO N/A 5.2630
145.8
N/A 0.00 3.97 0.00 0.02
P33
GZO 1.88 5.2781
147.0
65.9 0.75 1.18 1.19 0.88
A23
GZO 2.64 5.2503
144.7
68.0 0.69 0.88 1.04 1.38

6.3.2

Microstructure of GZO TBCs
SEM images of the surface, cross sectional fracture surface, and polished cross section

of the GZO coatings deposited by EB-PVD (E13), PS-PVD (P33), and APS (A23) are provided
in Figure 6.14a-i. The high deposition rate (3.5 ± 0.1 µm/min) and high rotation (35 RPM)
were also successful in increasing the porosity of the EB-PVD GZO coating. Figure 6.14a
shows the highly faceted surface of the EB-PVD coating. The triangular features and squarepyramid shape of the columns suggest these are {111} facets which agrees well with the {200}
growth of the column. The fracture surface is provided in Figure 6.14b and shows the feathery
columns similar to the YSZ and t’ Low-k EB-PVD coatings. The columns themselves are still
single columns from substrate to surface, however, in the GZO coating the columns diameters
appear to grow at a much faster rate which yields relatively large column widths near the
surface which taper to small initial columns near the base. The tapering is likely a result of the
{200} growth of the column which combined with rotation, results in the {111} fast growing
planes constantly growing upwards and outwards which acts to increase the width. Without
rotation, the fast growing {111} planes would grow themselves out of existence. The column
widths appear to be ~15 – 20 µm for the EB-PVD GZO (E13). The tapered column shape is
apparent in the cross section in Figure 6.14c, along with intercolumnar gaps of a similar size
(up to 2 µm) to the YSZ and t’ Low-k EB-PVD samples.
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Figure 6.14. SEM images of the surface, cross sectional fracture surface, and polished cross section
of the (a-c) EB-PVD (E13), (d-f) PS-PVD (P33), and (g-i) APS (A23) GZO coatings. The EB-PVD
coating has uninterrupted columnar growth while the PS-PVD coating exhibits pseudo-columnar
growth and the APS coating is lamellar. Roughness tends to increase from EB-PVD < PS-PVD < APS
and the porosity likewise increases from EB-PVD < PS-PVD < APS.

From Table 6.6, the larger columns result in a smaller porosity (10.6 ±0.8 %) due to
fewer intercolumnar gaps. The surface roughness was higher (4.45 ± 0.20 µm) due to the
larger column tips of the tapered columns. The 15 – 20 µm column widths of E13 GZO are
larger than the ~10 – 15 µm of the YSZ (E11) and t’ Low-k (E12) samples. In addition the
porosity is also reduced due to the larger columns (10.6 ± 0.8% compared to 11.41 ± 0.44%
and 12.4 ±0.5 %, respectively).
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Table 6.6. Table of microstructural features for EB-PVD (E13), PS-PVD (P33), and APS (A23) GZO
coatings including porosity values obtained by image analysis, RMS surface roughness via optical
profilometry, and deposition rate. * Deposition rates for GZO layer only.
Surface
Roughness
Total Thickness Deposition Rate
Matrix Composition Porosity (%)
(µm – RMS)
(µm/min)
(µm)
E13
GZO
10.6 ± 0.8
4.45 ± 0.20
195 ± 5
3.5 ± 0.1*
P33
GZO
20.7 ± 2.0
9.02 ± 0.51
130 ± 6
4.5 ± 0.3*
A23
GZO
27.8 ± 1.6
12.34 ± 0.30
278 ± 13
27.8 ± 1.3

The surface of the GZO PS-PVD (P33) coating is provided in Figure 6.14d and is
characterized by the rounded columns typical of the PS-PVD coatings investigated throughout
this dissertation. Interestingly, there appear to be minimal intercolumnar particles which
enables a better understanding of the size and distribution of the intercolumnar gaps. The
fracture surface in Figure 6.14e and cross section in Figure 6.14f also show minimal
intercolumnar particles and exhibit a more ‘feathered’ column periphery than typically
observed. The surface roughness was 9.02 ± 0.51 µm which is nearly double the EB-PVD
surface roughness (4.45 ± 0.20 µm) but only two-thirds that of the APS (12.34 ± 0.30 µm).
The ‘feathering’ (intracolumnar porosity) of the columns was increased compared to the
previous PS-PVD YSZ (P31) and t’ Low-k (P32) coatings. From Table 6.6, the deposition rate
for the GZO (P33) was 4.5 ± 0.3 µm/min), a value which is between the YSZ (P31) at 3.1 ±0.4
µm/min and t’ Low-k (P32) at 6.8 ± 0.2 µm/min. However, the feed rate was only 1.9 g/min
for GZP (P33), compared to the 6.6 g/min for the YSZ (P31) and t’ Low-k (P32), and thus the
degree of vaporization and the deposition efficiency were significantly larger for the GZO
coating.

The surface of the GZO APS (A23) coating is provided in Figure 6.14g and

shows the typical splat morphology. The GZO APS fracture surface in Figure 6.14h exhibits
primarily intrasplat failure, again indicating relatively good adhesion between the splats.
Notably, the YSZ interlayer at the base of the coating again shows a large amount of intersplat
failure, confirming that the intersplat failure observed for the YSZ APS (A21) fracture surface
was not an artifact. The APS GZO (A23) cross section in Figure 6.14i shows a homogenous
dispersion of small pores and a significant amount of microcracking due to the poor toughness
of the GZO material.
The difference in structure for the GZO PS-PVD (P33) coating compared to the YSZ
(P31) and t’ Low-k (P32) is due in part to the difference in powder morphology and PSD.
Figure 6.15 provides SEM and PSDs for the PS-PVD and APS GZO powders. For the PS260

PVD powder in Figure 6.15a, the powder morphology is spray dried with a very small PSD
(d0.1 = 0.39 ± 0.01 µm, d0.5 = 2.31 ± 0.04 µm, d0.9 = 4.69 ± 0.09 µm). These small agglomerated
particles, once broken into the constituent particles, are near the ~1 µm size needed to fully
vaporize within the PS-PVD process. This leads to minimal non vaporized particles, and thus
minimal intercolumnar particles. Additionally, the high degree of vaporization results in a
more feathered microstructure.

Figure 6.15. (a) SEM image and (b) particle size distribution of the PS-PVD GZO powder and (c)
SEM image and (d) particle size distribution of the APS GZO powder. The PS-PVD powder exhibits
a spray dried morphology with a very small particle size while the APS powder exhibits a spray dried
morphology at much larger particle sizes.

The increased vaporization is apparent in the higher magnification cross section and
fracture surfaces of P33 provided in Figure 6.16a-b, respectively, compared to a cross section
of P21 in Figure 6.16c. The chevron growth results in continuous formation of a fine feathered
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structure with high porosity at the column periphery and a dense internal structure, similar to
EB-PVD but with overall slightly larger features (column diameter and feathers), likely due to
the higher deposition rate (4.5 ± 0.3 for P33, 3.5 ±0.1 µm for E13) and lack of rotation in PSPVD.

Figure 6.16. SEM images showing feathering in the (a) polished cross section, and (b) cross sectional
fracture surface of the GZO PS-PVD (P33) sample compared to (c) the polished cross section of t’
Low-k PS-PVD P21. The feathering result from the chevron growth and are typically less than a micron
in thickness and indicate substantial vaporization. This is also confirmed by a lack of intercolumnar
particles such as those observed in (c).

The APS powder in Figure 6.15c exhibits a spray dried morphology with a relatively
small PSD (d0.1 = 22.97 ± 0.29 µm, d0.5 = 32.42 ± 0.38 µm, d0.9 = 44.86 ± 0.50 µm). Though
the spray dried particle morphology for the GZO powder used to deposit A23 is similar to the
powder morphology for the YSZ powder used in A21, the splats in the GZO APS (A23)
fracture surface and cross section appear to be bonded much better. The bonding could
therefore be tied to a smaller particle size for the APS GZO (A23) powder compared to the
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APS YSZ powder (A23) (d0.1 = 25.38 ± 2.11 µm, d0.5 = 49.18 ± 2.57 µm, d0.9 = 83.46 ± 1.64
µm), which results in more uniform melting. The smaller particle size also results in a smaller
splat size, which, combined with the microcracking, yields a microstructure with smaller
features than the YSZ APS (A21) coating.
6.3.3

Thermal Conductivity of GZO TBCs
The thermal conductivity of the EB-PVD (E13), PS-PVD (P33), and APS (A23) GZO

coatings tested at 1100 °C is provided in Figure 6.17. Thermal conductivity values of 1.06
Wm-K, 0.490 W/m-K, 0.505 W/m-K were achieved for the EB-PVD, PS-PVD, and APS t’
Low-k coatings, respectively. As expected, the EB-PVD GZO coating exhibits the highest
thermal conductivity. The PS-PVD GZO and APS GZO thermal conductivity values are
essentially indistinguishable and are both very low. Both of these coatings yield a 50%
reduction in thermal conductivity compared to the EB-PVD GZO, indicating the substantial
benefits of these structures in terms of thermal properties.

Figure 6.17. Graph comparing the thermal conductivity of GZO coatings deposited via EB-PVD
(E13), PS-PVD (P33), and APS (A23) at a test temperature of 1100 °C. The columnar EB-PVD coating
exhibits the highest thermal conductivity while the lamellar APS coating exhibits the lowest thermal
conductivity. The hybrid PS-PVD process exhibits a value nearly identical to that of APS.

The EB-PVD (E13) GZO thermal conductivity (1.060 W/m-K) is slightly lower than
that of the Chapter 4 E3 GZO (1.13 W/m-K) samples, though the standard deviations overlap.
Any reduction is likely due to an increase in the feathery pores and intracolumnar porosity
from a higher rotational velocity (35 RPM compared to previous 7 RPM). Additionally,
texture could play a role, as the texture of the E13 coating is heavily {200} compared to {311}
of the E3 coating. Since each column is a single crystal, crystallographic anisotropy in the
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thermal conductivity could potentially be observed for these heavily textures samples. The PSPVD (P33) and APS (A23) GZO samples exhibit very low thermal conductivity values (0.490
W/m-K and 0.505 W/m-K, respectively). This is attributed to the high porosity for each of
those coatings, with 27.8 ± 1.6% for the APS coating and 20.7 ± 2.0 for the PS-PVD coating.
The large amount of feathering observed in the PS-PVD samples is able to substantially reduce
the thermal conductivity to levels similar to APS, indicating the high degree of tailorability for
the process.
6.3.4

Erosion Durability of GZO TBCs
The erosion plot for the EB-PVD (E13), PS-PVD (P33), and APS (A23) GZO coatings

is provided in Figure 6.18. The initial erosion rate is lowest for the EB-PVD (2.180 g/kg) and
increases for the PS-PVD coating (5.400 g/kg) and further increases for the APS coating (6.409
g/kg), corresponding nearly linearly to an increase surface roughness values of 4.45 µm, 9.02
µm, and 12.34 µm, respectively. The steady state erosion rate for the GZO EB-PVD coating
was 0.692 g/kg. The overall trend for the steady state erosion of the GZO coatings is therefore
EB-PVD (0.692) < PS-PVD (4.050 g/kg) < APS (6.409 g/kg), indicating the EB-PVD coating
yields a ~9X improvement while the PS-PVD coating yields a 1.5X improvement. The 4.050
g/kg steady state erosion rate of the GZO PS-PVD (P31) coating is relatively high, but still less
than the GZO APS (A23) coating at 6.409 g/kg. The order of magnitude difference between
the erosion rate of APS and EB-PVD still holds for the GZO composition, indicating that this
relationship is purely a microstructural artifact.
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Figure 6.18. Plot of the erosion data for the EB-PVD (E13), PS-PVD (P33), and APS (A23) GZO
coatings. The smooth EB-PVD coating has a low initial erosion rate (EI) compared to the much rougher
APS and PS-PVD coatings. As the coatings erode, the erosion rates decrease to their steady state values
(ESS), where EB-PVD < PS-PVD < APS. The APS coating does not show any change in the erosion
rate suggesting that the roughness effect is on the order of the material removal rate.

6.3.5

Erosion Mechanism and Comparison to Previous Results
The GZO EB-PVD (E13) coating exhibited a lower erosion rate than the previous GZO

EB-PVD (E3) coating (1.244 g/kg). This is again attributed to an increase in the intercolumnar
spacing, as well as a reduction in the angled growth (E3 grew at a slight angle, <10°). The
failure in the GZO EB-PVD (E13) coating is shown in Figure 6.19 and occurs at a larger depth
(typically 20 µm) than the EB-PVD YSZ (E11) and t’ Low-k (E12) coatings (both typically 5
– 10 µm) due to the decreased intrinsic fracture toughness and lower hardness of GZO. The
steady state erosion rate for the GZO EB-PVD coating was 0.692 g/kg which is about an order
of magnitude larger than the YSZ EB-PVD (E11) coating at 0.064 g/kg, matching the
relationship observed in Chapter 4 where E3 GZO (1.244 g/kg) was an order of magnitude
larger than E1 YSZ (0.118 g/kg).

This indicates the morphological changes to the

microstructure effect the coating materials to the same degree (i.e. the changes don’t have a
larger effect on a particular composition).
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Figure 6.19. SEM of the post-eroded GZO EB-PVD (E13) coating showing cracking which occurs
predominantly in the first 20 µm near the surface, which is greater than the YSZ (E11) and t’ Low-k
(E12) coatings (both typically 5 – 10 µm). There are occasionally cracks at much larger depths of up
to 56 µm due to the lower toughness and lower hardness of the material.

The GZO APS (A23) erosion rate (6.409 g/kg) is nearly an order of magnitude higher
than the t’ Low-k APS (A22 – 0.759 g/kg), a similar relationship as shown by the EB-PVD
GZO and t’ Low-k coatings. A 10X difference between YSZ and GZO for both structures
indicates that in terms of material properties, erosion is approximately proportional to the
inverse square of the fracture toughness (1/KIC2). Since the fracture toughness of GZO is ~1
MPa√m, and YSZ is ~3 MPa√m, and squaring these numbers yields a difference of
approximately 9X, which is close to the observed differences.
To further understand the PS-PVD erosion mechanism and relatively high erosion rate
for the GZO (P33) coating (4.050 g/kg), the post eroded cross section was imaged and is
provided in Figure 6.20a. For this coating, horizontal cracking is clearly observed whereas
this was not typically observed for the t’ Low-k PS-PVD samples (P11 – P26) in Chapter 5.
The cracking occurs at a depth of ~7 µm and extends laterally across the entire column. This
results in the removal of entire pieces of the relatively wide columns (20 – 40 µm, compared
to 15-20 for EB-PVD GZO), resulting in a substantially higher erosion rate. Though there are
intercolumnar gaps in the PS-PVD coatings to prevent transcolumnar cracking, if the gaps are
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too large (as suggested by the surface image for P33 shown in Figure 6.14d), it enables
individual columns to protrude and crack.

Figure 6.20. (a) SEM of the post-eroded GZO PS-PVD (P33) coating and (b) outline of the column
and tortuous crack path. The red arrows in (a) show that each individual feather or chevron crystallite
cracks which eventually results in propagation of a horizontal crack across the column.

Interestingly, the crack path is not continuous across the column in Figure 6.20b and is
rather tortuous, suggesting each individual ‘feather’ or chevron crystallite fractures, and
eventually, groups of fractured crystallites are removed when a sufficient number have
fractured. The jagged path and morphology of the feathers may act to increase the apparent
fracture toughness, reminiscent of an R-curve type behavior. The fact that the fracture material
remains intact suggest there is likely friction between feathers which prevents removal, and
therefore also acts to increase the effective toughness. The failure of the crystallites appears
to be Mode I crack opening from the SEM, as the crystallites and boundaries remain aligned.
It is envisioned that this is could be partly responsible for the low erosion rates observed for
the Chapter 5 t’ Low-k PS-PVD coatings in which the columns were generally more densely
packed. It is hypothesized that in materials with a high fracture toughness such as the t’ Lowk material, the cracks do not initiate as deeply nor propagate as easily, and the frictional
removal of the failed crystallites plays a more substantial role in reducing the overall mass loss
since fewer crystallites are failing. This effect is envisioned to be more important when the
columns are not as widely spaced as the P33 GZO coating. This could also explain how the
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intracolumnar porosity could benefit the structure, as spaces between the crystallites could
prevent crack propagation and thus potentially improve the durability while also reducing the
thermal conductivity. Additionally, smaller crystallites would require more cracks to form,
and thus presumably yield an improved erosion response. As circumstantial support to this
theory, the crystallite size of the P11 – P26 coatings was on the order of 10 – 20 nm, whereas
the crystallite size observed in the P31 – P33 coatings (which had larger erosion rates) was on
the order of 33 – 66 nm. Future work could investigate high temperature/long term heat
treatments to anneal the crystallite and densify the structure to confirm or deny this hypothesis.
6.4

Effect of Incidence Angle on PS-PVD GZO Microstructure and Erosion
Durability
This work investigated the effect of plasma incidence angle on the microstructure and

erosion durability of GZO PS-PVD coatings. The coatings were processed with similar torch
conditions to the P33 GZO coatings Figure 6.14d-f, but were deposited onto flat plates at
plasma beam incidence angles of 90° (standard), 45°, 30°, and 15°. By changing the incidence
angle, it was hypothesized that the vapor phase deposition and growth could be modified to
tailor the pseudo-columnar morphology.
6.4.1

Phase and Crystallography of PS-PVD GZO at Various Incidence
The XRD patterns for the 90° (P41), 45° (P42), 30° (P43), and 15° (P44) PS-PVD GZO

coatings are provided in Figure 6.21. The samples appear textured and exhibit similar peak
widths and lattice parameters. This texturing is more significant than previous PS-PVD
samples (P31 – P33), with a texture coefficient of 2.75 for the {111} for P42, which indicates
adatom mobility has increased due to increased vapor phase deposition. To gain further
quantitative insight, whole pattern fitting was used and results are provided in Table 6.7. It
appears that decreasing the incidence angle from 90° (P41) to 45° (P42) to 30° (P43) to 15°
(P44) results in crystallite sizes of 25.5 nm to 51.3 nm, respectively, and a reduction in the unit
cell volume from 148.7 Å3 to 147.6 Å3, respectively. The crystallite size increase correlates
well to the lower deposition rate of 4.6 ± 0.3 µm/min of P42 compared to 6.1 ± 0.2 µm/min of
P41. The {111} texture appears more significant for the 90° incidence, T{111} = 2.76, than
the 45° incidence, T{111} = 1.46, due to the higher deposition rate of the 90° coating (P41).
In fact, it appears that the texture is shifting from the {111} to the {220} for the P42 sample,
which would indicate the adatoms had higher energy, correlating to the observed reduction in
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deposition rate. Further reducing the incidence angle to 15° in P44 (nearly parallel to the
samples), resulted in an increase in the lattice parameter and corresponded to a reduction in the
crystallite size. Since the deposition rate was further reduced for this sample (3.1 ± 0.1
µm/min), it was expected that the crystallite size would increase, however, this was not
observed. The texture in the {220} increased for the P44, T{220} = 1.33 compared to P42,
T{220}, = 1.27 correlating well with the hypothesis that the adatom mobility is increasing
which results in a shift in the texture to higher index planes.

Figure 6.21. XRD pattern for the PS-PVD GZO coatings deposited at 90° (P41), 45° (P42), 30° (P43),
and 15° (P44) incidence angles.
Table 6.7. Whole pattern fit data from the XRD patterns for PS-PVD GZO deposited at 90° (P41), 45°
(P42), 30° (P43), and 15° (P44) incidence angles. Er is the error residual, Xc is the cubic fluorite phase
crystallite size and T(hkl) is the texture coefficient for the given (hkl) plane.
Matrix
P41
P42
P43
P44

Incidence
Comp. Angle (°)
GZO
90
GZO
45
GZO
30
GZO
15

Er
(%)
3.21
2.69
5.79
2.42

a (Å)
5.2975
5.2849
5.2843
5.2910

Volume
(Å3)
148.7
147.6
147.6
148.1

Xc
T
T
T
T
(nm) (111) (200) (220) (311)
25.5 2.75 0.24 0.54 0.46
51.3 1.46 0.58 1.27 0.68
51.0 1.02 0.44 1.73 0.81
30.9 1.49 0.45 1.33 0.72
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6.4.2

Microstructure of PS-PVD GZO at Various Incidence Angles
The microstructural data for the PS-PVD GZO coatings deposited as a function of

incidence angle is provided in Table 6.8. Cross sectional SEM images for the P41 – P44
coatings are provided in Figure 6.23a-h. The coatings deposited at the standard 90° incidence
are provided in Figure 6.23a-b and exhibit the pseudo-columnar morphology. The porosity for
the 90° (P41) coating was determined to be 18.6 ± 2.2% while the surface roughness was 6.59
± 0.23 µm.

Minimal intercolumnar particles are present, and the lack of intercolumnar

particles, coupled with the feathered morphology in Figure 6.22b, suggests a very high degree
of vaporization. Significant column branching has occurred in the 90° P41 coating, with the
resultant column diameters ranging up to 25 µm.
Cross sectional SEM of the P42 coating deposited at a 45° incidence angle are shown
in Figure 6.22c-d. The columns have a slight inclination in their growth, however, this is only
approximately 10° – 15° and is therefore not directly proportional to the 45° incidence angle.
This indicates that the density of vapor species in the plume is sufficient to cause scattering
and thus deposition occurs at angles other than the incidence angle. The coating thickness is
lower, correlating to the lower deposition rate (4.6 ± 0.3 µm/min) as less of the vapor directly
impinges on the substrate. This results in an increase in the adatom mobility and therefore an
increase in the column diameter to values of up to 35 µm, with less branching at the 45°
incidence of P42. The decreased branching reduces shadowing and intercolumnar spacing,
resulting in a lower porosity of 14.6 ± 0.5%. This also resulted in a lower surface roughness
of 5.52 ± 0.06 µm.
Table 6.8. Processing conditions for the 90° (P41), 45° (P42), 30° (P43), and 15° (P44) incidence
angle PS-PVD GZO coatings including the incidence angle, substrate temperature, porosity, surface
roughness, coating thickness, and deposition rate. All coatings deposited at 175 cm standoff.
Surface
Total
Deposition
Incidence
Porosity Roughness Thickness
Rate
Matrix Material Angle (°) Temp. (°C)
(%)
(µm – RMS)
(µm)
(µm/min)
P41
GZO
90
915 ± 2
18.6 ± 2.2 6.59 ± 0.23 127 ± 6
6.1 ± 0.2
P42
GZO
45
801 ± 5
14.6 ± 0.5 5.52 ± 0.06
98 ± 7
4.6 ± 0.3
P43
GZO
30
782 ± 8
8.2 ± 1.6 4.52 ± 0.29
62 ± 4
3.1 ± 0.2
P44
GZO
15
757 ± 4
6.6 ± 0.3 3.80 ± 0.26
64 ± 4
3.1 ± 0.1
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Figure 6.22. Cross sectional SEM images of the PS-PVD GZO coatings deposition at (a-b) 90°, (c-d)
45°, (e-f) 30°, and (g-h) 15° incidence angles. As the incidence angle decreases, the column diameter
appears to increase, along with the coating density. Deposition rate decreases with decreasing incidence
angle resulting in thinner coatings.
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Cross sectional SEM of the P43 coating deposited at 30° incidence angle are shown in
Figure 6.22e-f. The coating exhibits a further increase in column diameter and exhibits even
less re-nucleation and branching, as observed in the high magnification image in Figure 6.22f.
This suggests a further increase in the adatom mobility, correlating to a reduced deposition
rate. Column growth is again only slightly inclined (10° – 15°), suggesting there is still
sufficient interaction in the plasma that deposition can occur at many angles other than the 30°
incidence. The column diameter has increased, with some columns up to 40 µm in diameter,
while the intercolumnar spacing is smaller. These features result in an overall reduction in
porosity to 8.2 ± 1.6%, with a concomitant reduction in surface roughness of 3.80 ± 0.26 µm.
Cross sectional SEM of the P44 coatings deposited at 15° incidence angle are shown
in Figure 6.22g-h. The coating appears nearly completely vapor phase, with large amounts of
‘feathering’. The thickness and deposition rate are similar to the 30° coating, indicating similar
effects in the plasma for both 30° and 15° incidence angle deposition. Column widths are
again quite large, up to 35 µm in diameter, and branching is minimal leading to smaller
intercolumnar gaps and a very low porosity of 6.6 ± 0.3%. The surface roughness also
decreased to 3.80 ± 0.26 µm, a value almost half that of the 90° incidence (P41).
Overall, it appears the columns generally become larger and less branched with a
reduction in the incidence angle, therefore leading to smaller intercolumnar gaps and a trend
of decreasing porosity and surface roughness with decreasing incidence angle.
6.4.3

Erosion Durability of PS-PVD GZO at Various Incidence Angles
The erosion plots for the 90° (P41), 45° (P42), 30° (P43), and 15° (P44) PS-PVD GZO

coatings are provided in Figure 6.23. The previous APS (A23), EB-PVD (E13), and PS-PVD
(P33) GZO coatings have also been included for reference. The highest erosion rate of the
GZO P41 – P44 samples was observed in the 90° incidence coating (P41) at 0.519 g/kg.
Reducing the incidence angle to 45° (P42) resulted in a reduction in the erosion rate to 0.305
g/kg. This correlated to an increase in the column diameter from a maximum of ~25 µm to a
maximum of ~35 µm, and a reduction in the porosity from 18.6 ± 2.2% to 14.6 ± 0.5%. Further
reducing the incidence angle to 30° (P43) resulted in an erosion rate of 0.313 g/kg. The
columns size appears to increase from 45° (P42 – 35 µm) to 30° (P43 – 40 µm) while the
porosity decreases from 14.6 ± 0.5% to 8.2 ± 1.6%, and so the erosion rate was expected to
decrease. However, the intercolumnar spacing becomes smaller for the 30° (P43) and some
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columns come into contact, which likely enables transcolumnar crack propagation from one
column into the neighboring columns. As the incidence angle further decreases from 30° (P43)
to 15° (P44), the porosity decreases to 6.6 ± 0.3% and more columns come into contact,
increasing the erosion rate to 0.363 g/kg. It should also be noted that the 45°, 30°, and 15°
coatings are all thinner than the 90° coating, and thus coating thickness and the effect of the
substrate could also contribute to the erosion performance.

Figure 6.23. Plot of the erosion data for the 90° (P41), 45° (P42), 30° (P43), and 15° (P44) incidence
angle PS-PVD GZO coatings as well as the EB-PVD (E13), PS-PVD (P33), and APS (A23) GZO
coatings for reference. The erosion rate decreases with plasma deposition incidence angle with a
minimum near the 60° angle.

It appears that tailoring the PS-PVD pseudo-columnar morphology to reduce the
intercolumnar spacing while increasing column diameter can produce coatings with very low
erosion rates (P42 – 0.305 g/kg) at reasonable porosity values (14.6 ± 0.5%). Comparing to the
EB-PVD (E13 – 0.692 g/kg), PS-PVD (P33 – 4.050 g/kg), and APS (A23 – 6.409 g/kg) GZO
coatings, the erosion rate for the PS-PVD P42 (0.305 g/kg) was substantially lower. It is not
known how these changes would affect the thermal conductivity, however, the feathery
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intracolumnar porosity is expected to maintain low values. Further investigations are required
to isolate these contributions.
6.5

Summary and Conclusions
EB-PVD, PS-PVD, and APS coatings composed of YSZ, t’ Low-k, and GZO were

deposited and quantitatively characterized in terms of crystallography and microstructure and
their performance was assessed in terms of thermal conductivity and erosion durability. This
represented the first time the three techniques were compared side-by-side in a quantitative
manner, taking into account the crystallographic and microstructural features and their effect
on the erosion durability and thermal conductivity. The findings are summarized in Table 6.9
in terms of porosity, surface roughness, coating thickness, deposition rate, thermal conductivity
and erosion rate.
Table 6.9. Porosity, surface roughness, coating thickness, deposition rate, thermal conductivity, and
erosion rate for the YSZ, t’ Low-k, and GZO coatings deposited via EB-PVD, PS-PVD, and APS. I =
initial erosion rate, SS = steady state erosion rate, * Deposition rates calculated for GZO layer only, †
Poor mechanical tolerance prevented measure of standard deviation in PS-PVD t’ Low-k (P32) cross
section.
Thesis
Matrix
E11
P31
A21
E12
P32
A22
E13
P33
A13

Porosity
Material
(%)
YSZ
12.4 ± 0.5
YSZ
17.9 ± 2.5
YSZ
35.2 ± 1.6
t’ Low-k 11.4 ± 0.4
t’ Low-k
24.7†
t’ Low-k 27.0 ± 2.4
GZO
10.6 ± 0.8
GZO
20.7 ± 2.0
GZO
27.8 ± 1.6

Surface
Total
Deposition
Thermal
Erosion
Roughness Thickness
Rate
Conductivity Rate - I
(µm – RMS)
(µm)
(µm/min)
(W/m-K)
(g/kg)
3.74 ± 0.17
207 ± 3
3.3 ± 0.0
1.55 ±0.04
0.353
9.31 ± 0.30
78 ± 10
3.1 ± 0.4
0.48 ±0.12
3.400
18.21 ± 0.52 272 ± 19 27.2 ± 1.9
0.49 ±0.07
1.973
3.64 ± 0.17
221 ± 3
3.5 ± 0
1.56 ±0.04
0.207
18.00 ± 0.19 149 ± 4
6.8 ± 0.2
0.83 ±0.04
8.073
16.09 ± 1.14 222 ± 11 22.2 ± 1.1
0.62 ±0.06
1.593
4.45 ± 0.20
195 ± 5
3.5 ± 0.1*
1.06 ±0.05
2.180
9.02 ± 0.51
130 ± 6
4.5 ± 0.3*
0.49 ±0.05
5.400
12.34 ± 0.30 278 ± 13 27.8 ± 1.3
0.51 ±0.05
6.409

Erosion
Rate - SS
(g/kg)
0.064
0.277
1.026
0.070
8.073
0.759
0.692
4.050
6.409

YSZ Coatings
For the YSZ coatings, the EB-PVD (E11) and APS (A21) exhibited the expected
columnar and lamellar morphologies, respectively. The initial erosion rates were 0.353 g/kg,
3.400 g/kg, and 1.973 g/kg for EB-PVD, PS-PVD, and APS, respectively. The steady state
erosion rates were 0.064 g/kg, 0.277 g/kg, and 1.026 g/kg, for EB-PVD, PS-PVD, and APS,
respectively. The surface roughness and porosity values were shown to be dependent on the
coating deposition technique and trended with each other, with values of (3.74 ± 0.17 µm; 12.4
± 0.5%), (9.31 ± 0.30 µm; 17.9 ± 2.5%), and (18.21 ± 0.52 µm; 35.2 ± 1.6%) for EB-PVD,
PS-PVD, and APS, respectively.
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The high initial erosion rate of the PS-PVD YSZ (P31) sample was attributed to a large
intercolumnar spacing which enabled rapid erosion of individual columns.

The HOSP

morphology powder used for the PS-PVD YSZ (P31) depositions yielded a low deposition rate
due to poor powder vaporization. This yielded a thin coating with an initially dense layer,
followed by nucleation of large columns with larger intercolumnar spacing, resulting in
increased surface porosity. The decrease from initial to steady state for the PS-PVD YSZ
coating was therefore attributed to the fast erosion of the widely spacing columns and
subsequently reaching the dense initial layer. The fracture surface of the APS sample indicated
significant porosity and inter-splat failure, suggesting poor splat-splat bonding, which yielded
a relatively high erosion rate. Comparing the results for the EB-PVD YSZ (E11) to the EBPVD YSZ (E1) results from earlier in this dissertation, the 0.064 g/kg (E11) erosion rate was
significantly lower than the erosion rate of E11 (0.118 g/kg). Investigation of post-eroded
sample via cross sectional SEM indicated that the columns in E11 fractured at a similar depth
compared to E1, however, the larger intercolumnar gaps of up to 2 µm for E11 prevented
transcolumnar cracking where the cracks in one column propagate into neighboring columns.
This resulted in lower amounts of fracture, and thus erosion rates for the E11 sample.
t’ Low-k Coatings
For the t’ low-k coatings, the EB-PVD (E12) and APS (A23) coated samples exhibited
the expected columnar and lamellar morphologies, respectively. The initial erosion rates were
0.207 g/kg, 8.076 g/kg, and 1.593 g/kg, for EB-PVD, PS-PVD (E12), and APS (A22),
respectively. The steady state erosion rates were 0.070 g/kg and 0.789 g/kg for EB-PVD and
APS, respectively. The surface roughness was dependent upon the deposition technique, with
values of 3.64 ± 0.17 µm, 18.00 ± 0.19 µm, and 16.09 ± 1.14 µm for EB-PVD, PS-PVD, and
APS, respectively. The porosities were measured to be 11.4 ± 0.4%, 24.7%, and 27.0 ± 2.4%,
for EB-PVD, PS-PVD, and APS, respectively, as listed in Table 6.9.
The larger intercolumnar spacing of up to 2 µm were able to reduce the erosion rate of
the EB-PVD t’ Low-k (E12) coating to very low values of 0.070 g/kg. The PS-PVD t’ Low-k
(P32) coating exhibited the pseudo-columnar geometry, but with a large volume of
intercolumnar particles due a relatively large PSD for the PS-PVD process (d0.1 = 2.06 ± 0.15
µm, d0.5 = 13.79 ± 0.61 µm, d0.9 = 35.40 ± 0.76 µm). The intercolumnar spacing was also quite
large for the P32 t’ Low-k sample, with some gaps as large as 20 µm. In addition, many of the
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columns appeared significantly larger than previous PS-PVD t’ Low-k samples (P11 – P26)
with diameters over 50 µm for P32 t’ Low-k sample. This resulted in a high surface roughness
of 18.00 ± 0.19 µm. The high initial erosion rate of the PS-PVD sample was therefore
attributed to the large intercolumnar spacing, combined with large column diameters which
enabled very fast erosion such that the substrate was exposed after 15 grams of erodent
exposure.
The APS t’ Low-k (A22) sample exhibited less intersplat failure in the fracture surface,
indicating improved splat-splat bonding. The APS t’ Low-k steady state erosion rate was 0.789
g/kg which represented an improvement over the APS YSZ (A21) at 1.026 g/kg. This was
attributed to the HOSP powder morphology which yielded more uniform particle-plasma
interactions, temperatures, and therefore deposition characteristics.
The thermal conductivity values were measured to be 1.560 W/m-K, 0.827 W/m-K,
and 0.620 W/m-K for the EB-PVD (E12), PS-PVD (P32), and APS (A22) t’ Low-k coatings
tested at 1100 °C. The EB-PVD coating exhibited the highest thermal conductivity value due
to the columnar microstructure, while the lamellar morphology of the APS sample yielded the
lowest thermal conductivity. The hybrid PS-PVD process yielded an intermediate thermal
conductivity, close to that of APS. The low thermal conductivity value achieved for PS-PVD
was due to the large porosity value (24.7%) combined with the intracolumnar porosity.
Though these features caused very high erosion rates, they also resulted in a substantial
reduction in the thermal conductivity for the PS-PVD t’ Low-k coating. The very low 0.620
W/m-K thermal conductivity of the APS t’ Low-k sample is 38% that of the 1.560 W/m-K EBPVD t’ Low-k sample, indicating the effectiveness of the lamellar morphology in reducing
thermal conductivity.
GZO Coatings
For the GZO coatings, the EB-PVD (E13) and APS (A23) exhibited the expected
columnar and lamellar morphologies, respectively. The initial erosion rates were 2.180 g/kg,
5.400 g/kg, and 6.409 g/kg for EB-PVD, PS-PVD, and APS, respectively. The steady state
erosion rates were 0.692 g/kg, 4.050 g/kg, and 6.409 g/kg for EB-PVD, PS-PVD, and APS,
respectively.

The surface roughness and porosity were dependent upon the deposition

technique and trended together, with values of (4.45 ± 0.20 µm; 10.6 ± 0.8%), (9.02 ± 0.51
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µm; 20.7 ± 2.0%), and (12.34 ± 0.30 µm; 27.8 ± 1.6%) for EB-PVD, PS-PVD, and APS,
respectively.
The columns of the EB-PVD GZO (E13) sample were relatively large (15 – 20 µm)
and exhibited a tapered morphology where the column diameter increased as a function of
distance from the substrate. This tapering resulted in a larger surface roughness for the GZO
(4.45 ± 0.20 µm) than the E11 YSZ (3.74 ± 0.17 µm) and E12 t’ Low-k (3.64± 0.17 µm)
coatings from this chapter. The 0.692 g/kg of the EB-PVD GZO (E13) was significantly
improved over the 1.244 g/kg of the E3 EB-PVD GZO from Chapter 4. This was attributed to
larger intercolumnar gaps in E13 which prevented transcolumnar cracking. Additionally, it
should be noted the EB-PVD GZO erosion rate was less than the A21 APS YSZ (1.026 g/kg)
and A22 APS t’ Low-k (0.789 g/kg), indicating that an optimally processed EB-PVD GZO can
improve upon the durability of an APS YSZ or t’ Low-k while substantially improving upon
the thermal stability and thermal conductivity.
The PS-PVD (P33) coating exhibited the pseudo-columnar morphology, with an
increase in the ‘feathering’ (intracolumnar porosity) at the edges of the columns and minimal
intercolumnar particles. This indicated the GZO powder feedstock was nearly completely
vaporized due to the small PSD (d0.1 = 0.39 ± 0.01 µm, d0.5 = 2.31 ± 0.04 µm, d0.9 = 4.69 ±
0.09 µm). The 2X increase in surface roughness for PS-PVD GZO (P33) compared to EBPVD GZO (E13) correlates well to a 2X increase in the initial erosion rate for the PS-PVD
GZO. The PS-PVD GZO steady state erosion rate was relatively high (4.050 g/kg) due to the
relatively large intercolumnar gaps of up to 10 µm which enabled fast erosion of the protruding
columns. Post-erosion cross sectional SEM provided further insight into how the samples fail
and why Chapter 5 t’ Low-k (P11 – P26) samples performed particularly well. The chevron
crystallites appear to fail individually and form a tortuous crack morphology which may
increase the required fracture energy. Additionally, several chevron crystallites are required
to fail before being removed, likely tied to a frictional force. The end result is that, with the
correct intercolumnar spacing (<5 µm) and column diameters (>20 µm), the PS-PVD coatings
can yield lower erosion rates than EB-PVD due to the frictional forces and required fracture of
individual crystallites. Lastly, it has been shown that the PS-PVD process is relatively
sensitive to changes in powder feedstock morphology, and thus parameters optimized for one
powder cannot be extrapolated to different particle size distributions or morphologies under
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the conditions studied. Higher power sources which could more uniformly vaporize larger
particles could alleviate this sensitivity.
The APS GZO (A23) exhibited an initial erosion rate of 6.409 g/kg which did not
change throughout the test. This suggests that the flaw size and material removal rate is of a
similar size to surface roughness effect for the APS GZO coating. The erosion rate is an order
of magnitude higher than EB-PVD, indicating the morphological relationship (10X increase
from EB-PVD to APS) is constant across compositions.
The thermal conductivity values were measured to be 1.060 W/m-K, 0.490 W/m-K,
and 0.505 W/m-K for the EB-PVD (E13), PS-PVD (P33), and APS (A23) GZO coatings tested
at 1100 °C. The EB-PVD GZO coating again exhibited the highest thermal conductivity value
due to the columnar microstructure. The PS-PVD and APS processes yielded nearly identical
thermal conductivities. The low thermal conductivity value achieved for PS-PVD was due to
the large porosity value (20.7 ±2.0%) combined with a high degree of feathery intracolumnar
porosity. The APS porosity was also low (27.8 ± 1.6%), which, combined with the lamellar
morphology, also resulted in a very low thermal conductivity. Both coatings yielded over a
50% reduction in thermal conductivity compared to EB-PVD GZO (E13). The fact that the
PS-PVD thermal conductivity vale was as low as APS indicates that the more vapor driven
deposition with a small PSD powder is idea for tailor a low thermal conductivity pseudocolumnar design architectures.
PS-PVD at Varying Incidence Angle
In addition, this chapter investigated the effect of plasma beam incidence angle as a
method to tailor the deposition of PS-PVD GZO coatings. It was found that the morphology
changes with incidence angle, with larger columns and less branching as the incidence angle
decreased from 90° (P41), to 45° (P42), to 30° (P43), to 15° (P44). The coatings did not grow
at a substantial angle with respect to the substrate, indicating a large amount of molecular
collisions occur in the plasma which resulted in deposition from effectively perpendicular to
the substrate. The erosion rate for these coatings decreased from 0.519 gk/g to 0.305 g/kg as
the incidence angle decreased from 90° (P41) to 45° (P42) due the combined effects of: a
reduction in porosity from 18.6 ± 2.2% to 14.6 ±0.5%, an increase in the column diameter from
25 µm to 35 µm, and a reduction in the intercolumnar spacing from 10 µm to less than 5 µm.
From 45° (P42) to 60° (P43) to 75° (P44), the erosion rate appeared to increase from 0.305
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g/kg, to 0.313 g/kg, to 0.363 g/kg, respectively. Though the column diameters increased and
porosity decreased from 14.6 ± 0.5% to 8.2 ± 1.6% to 6.6 ± 0.3%, respectively, the
intercolumnar spacing was reduced to the point that the columns contacted each other, thus
enabling transcolumnar crack propagation.
The 0.305 g/kg erosion rate of the 45° (P42) incidence was lower than the EB-PVD
GZO (E13) at 0.692 g/kg, and was substantially lower than the APS GZO (A23) at 6.409 g/kg.
These findings are important, as this provides a coating system that yields an improved erosion
durability over APS YSZ, while also utilizing a material with intrinsically higher thermal
stability and lower thermal conductivity than YSZ. In addition these coatings are deposited in
a system which could potentially process large parts like in APS and at a similar cost to APS,
whereas EB-PVD typically cannot process parts on the same scale. Thus, the PS-PVD GZO
discussed in this chapter offers the first coating system which improves upon an industry
standard YSZ in each criterion (thermal stability, thermal conductivity, and durability), while
also offering the potential to process large scale parts.
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Chapter 7
7.1

Conclusions and Future Work

Conclusions
Unique thermal barrier coating design architectures have been deposited in an effort to

improve the erosion durability of coatings utilizing advanced materials. These investigations
have resulted in a number of key findings that have helped to extend the fundamental
understanding of TBC degradation as well as applied approaches to mitigating TBC
degradation. This section serves to summarize those findings in terms of unique multilayer
and composite design architectures (Chapter 4), process-structure-property relations in PSPVD pseudo-columnar design architectures (Chapter 5), and comparison of degradation and
thermal conductivity between PS-PVD and industry standard EB-PVD and APS coatings
(Chapter 6). The coating materials investigated in this dissertation were 7 wt.% yttria
stabilized zirconia (YSZ; ZrO2 – 4Y2O3 mol%), t’ Low-k (ZrO2 – 2Y2O3 – 1Gd2O3 - 1Yb2O3
mol%), cubic Low-k (ZrO2 – 6Y2O3 – 2Gd2O3 - 2Yb2O3 mol%), NZO (ZrO2 – 25Nd2O3 –
5Y2O3 - 5Yb2O3 mol%), and GZO (Gd2Zr2O7).
Chapter 4 – Multilayer and Composite Design Architectures (Bulleted Summary)


Monolithic coatings composed of YSZ, t’ Low-k and GZO, and multilayer coatings
composed of GZO/t’ Low-k were deposited via EB-PVD (E1 – E8). The individual layer
thicknesses in the multilayers were ~200 nm, 600 nm, 12 µm, and 30 µm and the coatings
were characterized via XRD, SEM, TEM, EDS and furnace heat treatments.
o The monolithic coatings were single phase, multilayers were two phase, and all
coatings were heavily textured in the as deposited state.
o Thermal conductivity of the best performing multilayer coating was 1.10 W/m-k, a
24% reduction compared to the YSZ benchmark (1.45 W/m-K) and comparable to
that of the monolithic GZO coating (1.13 W/m-K).
o The increase in thermal conductivity over time for the best performing multilayer
design architecture was reduced to 7% compared to the 52% for the YSZ
benchmark, indicating high temperature microstructural stability.
o The erosion durability was improved by 72% for the best multilayer coating
compared to the GZO benchmark, a ~3X improvement.
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o A layer-by-layer erosion mechanism was identified for the thicker (12 µm and 30
µm indivudal layer thickness) multilayers while the remaining multilayers (200 nm
and 600nm individual thickness) exhibited a composite response.
o Heat treatments at 1316 °C for 20 hours resulted in the complete reaction between
the t’ Low-k and GZO nanolayers (200 nm) to form a fluorite phase.
o An ideal layer thickness of ~6 µm was identified as the layer thickness required to
prevent severe interdiffusion for 10,000 hours of service life.


Monolithic coatings composed of YSZ, t’ Low-k, cubic Low-k, and composite coatings
composed of cubic Low-k/t’ Low-k were deposited via APS (A1 – A6) and were
characterized via XRD, SEM, TEM, EDS and furnace heat treatments.
o Thermal conductivity of the best performing cubic Low-k composite coating was
0.80 W/m-K, a 24% reduction compared to the YSZ benchmark (1.05 W/m-K).
o The cubic Low-k composite design architecture exhibited a thermal conductivity
value similar to that of monolithic cubic Low-k (0.79 W/m-K).
o The increase in thermal conductivity over time for the best performing cubic Lowk composite design architecture was reduced to 9% compared to the 33% for the
YSZ benchmark, indicating high temperature microstructural stability.
o The volume fraction of the toughening t’ Low-k phase was shown to have minimal
debit on the thermal conductivity of the cubic Low-k composites, indicating that
the majority low conductivity cubic phase APS composites are not very sensitive
to the thermal conductivity of the toughening phase.
o The erosion durability was improved by 67% for the best multilayer coating
compared to the cubic Low-k benchmark, resulting in a ~2X improvement.
o The reduction in erosion rates did not trend linearly with t’ Low-k toughening phase
weight fraction. Mixture rules were evaluated and a Halpin-Tsai mixture rule was
utilized to quantify the degree of parallel (ideal) behavior, with the ξ value of 0.5
characterizing the degree of parallel behavior in the composites.
o Contact mechanics were utilized to hypothesize an ideal design architecture with a
tailored, horizontal splat morphology, enabling stress alignment such that parallel
(ideal) behavior would be enhanced.
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o Heat treatments at 1100 °C were performed on the coatings and resulted in no
change in the ξ value, indicating microstructural and erosion stability in the
composite coatings.


Monolithic coatings composed of YSZ, t’ Low-k, NZO, and composite coatings composed
of NZO/t’ Low-k were deposited via APS (A11 – A16) with a tailored, horizontally aligned
splat morphology, and the coatings were characterized via XRD, SEM, TEM, EDS and
furnace heat treatments.
o Thermal conductivity of the best performing NZO composite coating was reduced
to 0.445 W/m-K, a 55% reduction compared to the YSZ benchmark (0.985 W/mK).
o Thermal conductivity again showed a low sensitivity to the secondary toughening
phase content when the cubic phase was the majority (>50%) phase. This indicates
that the secondary phase is not required to possess a low thermal conductivity and
thus opens the door for non-traditional TBC materials to be utilized as the high
temperature stable, toughening phase.
o The erosion durability was improved by 79% compared to the NZO benchmark,
resulting in just under a 3X improvement.
o A Halpin-Tsai ξ value of 1 – 3 confirmed the hypothesis that a tailored, horizontally
aligned, splat morphology could improve the toughening response of the
toughening phase.
o A reduction in the cubic phase (NZO in this case) splat thickness was identified as
a possible microstrucrutal design to further improve the erosion response, as contact
mechanics suggest the tensile stresses are concentrated in the first few µm of the
coating and thus large splats would not benefit from the toughening phase.



A finite element analysis (FEA) method was developed, which enables simulation of
erodent particle impacts on realistic TBC morphologies by creating a mesh from TBC cross
sectional SEM images.
o As an initial pseudo-validation, calculated moduli values of 21 GPa for an APS
YSZ coating were similar to those reported in the literature for APS YSZ coatings
(38 GPa).
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o Increasing particles size from 30 µm to 100 µm resulted in a non-linear (decreasing)
effect on the resulting maximum impact tensile stresses.
o Increasing particle velocities from 50 m/s to 100 m/s, and 100 m/s/ to 400 m/s by
100 m/s increments were found to have a linear effect on the resulting maximum
impact tensile stress.
Chapter 5 – PS-PVD Process-Structure-Property Relations (Bulleted Summary)


A series of seven YSZ coatings (P1 – P7) were deposited via PS-PVD as a function of gas
flow (80 NLPM, 100 NLPM, 120 NLPM), amperage (1400 A, 1600 A, 1800 A), and feed
rate (2.6 g/min, 5.3 g/min, 7.9 g/min), and exhibited the desired pseudo-columnar design
architectures.
o XRD indicated that in the as deposited state the coatings were multiphase and were
composed of the expected t’ phase, as well as reduced phases (ZrO and Zr3O).
o Column diameters ranged up to 40 µm, which was significantly larger than the 5 –
15 µm of the EB-PVD coatings (E1 – E8) deposited in Chapter 4.
o The PS-PVD coating deposition rate was strongly correlated to the powder feed
rate as expected, and also strongly correlated to amperages. The gas flow had a
minimal effect on the coating deposition rate.
o A threshold of ~1600 A is required to significantly affect the vaporization
characteristics for the processing conditions studied.
o Thermal conductivity values ranged from 1.05 W/m-K – 2.10 W/m-K after ten
hours of testing at 1250 °C. The high values were comparable to EB-PVD YSZ
(E1) at 2.10 W/m-K, and the low values were less than APS YSZ (A1) at 1.47 W/mK after ten hours of testing. This demonstrates the hybrid nature of the PS-PVD
process and capability of tailoring coatings from EB-PVD-like to APS-like
performance.
o The strongest processing correlation for thermal conductivity was with feed rates
and amperages.
o The thermal conductivity was found to correlate strongly to the coating deposition
rate where higher deposition rates yielded lower thermal conductivity due to
incorporation of intracolumnar porosity.
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o The erosion rates ranged from 0.296 – 1.920 g/kg and increased with increasing gas
flow and amperages for the conditions studied, providing a wide range of tailored
performance capability.

The erosion rate appeared to approach a minima at

intermediate (5.3 g/min) feed rates.


A series of 16 t’ Low-k coatings (P11 – P26) were deposited via PS-PVD as a function of
gas flow (80 NLPM, 100 NLPM, 120 NLPM), amperage (1600 A, 1700 A, 1800 A), and
feed rate (2.6 g/min, 6.6 g/min, 10.6 g/min). Coatings were also deposited with mixed
combinations of gas flows (88 NLPM, 112 NLPM), amperages (1640 A, 1760 A), and feed
rates (4.2 g/min, 9.0 g/min).
o XRD of the as deposited PS-PVD t’ Low-k indicated that the coatings were
multiphase and were composed of the expected t’ phase, reduced phases (ZrO and
Zr3O), and small percentages of the monoclinic phase.
o Texturing was minimal for all of the as-deposited PS-PVD t’ Low-k coatings,
indicating low adatom mobility.
o Deposition rate increased with increasing gas, amperage, and feed rate. The
amperage and feed rate had stronger effects than the gas flow.
o Whole pattern fitting yielded crystallite sizes on the order of 10 – 25 nm for the t’
phase, indicating low adatom mobility and a high defect concentration.
o The crystallite size was related to the square root of the deposition rate. Since
deposition rate is proportional to adatom mobility (i.e. diffusivity), the square root
dependence of crystallite size on deposition rate is similar to a diffusion path length.
o The ZrO phase crystallite size ranged from 3 – 10 nm. It was hypothesized that the
metastable reduced phases are stabilized by the highly oxygen deficient
environment, coupled with a small crystallite size, similar to the stabilization of
high temperature tetragonal and cubic ZrO2 polymorphs at room temperature via a
particle size effect.
o Residual stress was measured via XRD sin2(ψ) method and indicated that
increasing deposition rates resulted in a transition from tensile (+243 ± 39 MPa) to
compressive (-696 ± 30 MPa) stresses.
o The compressive stresses at high deposition rates were attributed to the oxygen
deficiency/defect content and small crystallite size. This was confirmed by heat
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treating select samples at 1100 °C in air for two hours which resulted in a shift from
compressive to tensile due to increase oxygen incorporation and an increase in
crystallite size.
o All t’ Low-k coatings exhibited the desired pseudo-columnar microstructure with
column widths up to 40 µm, while column branching appeared to increased with
increasing deposition rates.
o Coating surface roughness values ranged from 5.55 ± 0.07 µm – 10.06 ± 1.63 µm
RMS and porosity values ranged from 8.4 ± 1.3% to 24.0 ± 2.9%.
o The lower values (5.55 µm and 8.4%) are similar to typical EB-PVD coating values
(3 – 4 µm and 8 – 12 %). In contrast, the upper surface roughness value (10 µm)
is less than that of a standard APS coating (12 – 20 µm) while the upper porosity
value is slightly higher than a typical APS coating (15 – 20 %).
o Neither surface roughness nor porosity exhibited strong linear correlations to the
PS-PVD processing parameters. This was attributed to confounding factors such
as temperature and pressure as well as error in the porosity measurement technique.
o The highest observed erosion rate for the t’ Low-k coatings was 0.500 g/kg, which
was almost half that of the APS t’ Low-k (A12) at 0.948 g/kg, suggesting a
minimum 50% improvement.
o The lowest observed erosion rate was 0.068 g/kg, which was a 14X improvement
over APS t’ Low-k and a 2X improvement over EB-PVD t’ Low-k (E2) at 0.118
g/kg.
o Erosion rates appeared to increase with increasing gas flow, decrease with
increasing amperage, and approached a minima at intermediate feed rates.
o The erosion mechanism for PS-PVD pseudo-columnar design architectures was
identified. It is described as lateral cracking similar to EB-PVD, but the larger
columns of the PS-PVD yield lower impact stresses for the same impact force
compared to smaller EB-PVD columns, resulting in less fracture. The PS-PVD
intercolumnar spacing is larger than for typical EB-PVD TBCs, which prevents
fracture from propagating into neighboring columns, thus limiting damage
accumulation.

If the intercolumnar spacing becomes too large, the column

effectively protrudes from the surface and results in higher erosion, thus
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significantly increasing the erosion rates for highly porous, large intercolumnar
spacing morphologies. Therefore, an optimized column diameter of > 20 µm and
intercolumnar spacing of < 5 µm is desired for optimal erosion performance.
Chapter 6 – Comparison of EB-PVD, PS-PVD, and APS (Bulleted Summary)


EB-PVD, PS-PVD, and APS coatings composed of YSZ, t’ Low-k, and GZO were
deposited and quantitatively characterized in terms of crystallography/microstructure
then assessed in terms of erosion durability and thermal conductivity. This represented
the first assessment of the three techniques with each of the TBC materials.
o For the YSZ coatings, the steady state erosion rates were 0.064 g/kg, 0.277 g/kg,
and 1.026 g/kg, for EB-PVD (E11), PS-PVD (P31), and APS (A21),
respectively.
o For the t’ Low-k coatings, the steady state erosion rates were 0.070 g/kg and
0.789 g/kg for EB-PVD (E12) and APS (A22), respectively. The PS-PVD
(P32) coating exhibited a high initial erosion rate of 8.076 g/kg which quickly
exposed the substrate.
o For the t’ Low-k coatings, the thermal conductivity values were 1.560 W/m-K,
0.827 W/m-K, and 0.620 W/m-K for EB-PVD, PS-PVD, and APS,
respectively.
o The large porosity in the PS-PVD and APS coatings result in a substantial
reduction of the thermal conductivity.
o For the GZO coatings, the steady state erosion rates were 0.692 g/kg, 4.050
g/kg, and 6.409 g/kg for EB-PVD (E13), PS-PVD (P33), and APS (A23),
respectively.
o For the GZO coatings, the thermal conductivity values were 1.060 W/m-K,
0.490 W/m-K, and 0.505 W/m-K for EB-PVD, PS-PVD, and APS,
respectively.
o The large degree of feathering (intracolumnar porosity) in the PS-PVD GZO
sample, combined with a high porosity (20.7 ± 2.0) is able to reduce the thermal
conductivity to values indistinguishable from that of a heavily porous (27.8 ±
1.6%) APS GZO.
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o The increased deposition rates and rotational velocities for the EB-PVD YSZ
(E11), t’ Low-k (E12), and GZO (E13) compared to EB-PVD coatings in
Chapter 4 (E1 – E3) yielded increased porosity via larger intercolumnar spacing
(from 0.5 µm to 2 µm) with a slight increase in the column diameters.
o The larger intercolumnar spacing in the E11 – E13 EB-PVD coatings improved
the erosion durability compared to Chapter 4 (E1 – E3) EB-PVD coatings by
~2X, confirming the improved design architecture contribution.
o The EB-PVD GZO (E13) coating exhibited an erosion rate of 0.692 g/kg, which
is lower than the APS YSZ (A21) and t’ Low-k (A22) coatings of 1.026 g/kg
and of 0.759 g/kg, respectively. This indicates that the EB-PVD GZO coatings
could provide the same or better durability as APS YSZ/t’ Low-k coatings, but
with significantly better high temperature thermal stability and thermal
conductivity performance.
o The PS-PVD YSZ (P31) and t’ Low-k (P32) were deposited with different
powders. The YSZ powder exhibited a (HOSP) morphology rather than the
spray dried morphology used in Chapter 5, while the t’ Low-k powder exhibited
a larger PDS (d0.1 = 2.06 ± 0.15 µm, d0.5 = 13.79 ± 0.61 µm, d0.9 = 35.40 ± 0.76
µm). Both of these powders yielded poor coating deposition characteristics,
and thus poor performance.
o The PS-PVD GZO (P33) coating utilized a powder morphology (spray dried)
and size distribution ((d0.1 = 0.39 ± 0.01 µm, d0.5 = 2.31 ± 0.04 µm, d0.9 = 4.69
± 0.09 µm) which appears to be more optimized for the PS-PVD process, as
evidenced by a lack of intercolumnar particulate and a more ‘feathered’
morphology.
o The larger intercolumnar spacing and large columns of the PS-PVD YSZ (P31)
and t’ Low-k (P32) resulted in very high erosion rates, agreeing well with the
hypothesized erosion mechanism for PS-PVD coatings in Chapter 5. The
smaller intercolumnar spacing in the PS-PVD GZO (P33) yielded an
improvement in the erosion response with a value (4.050 g/kg) between APS
GZO (A23 – 6.409 g/kg) and EB-PVD GZO (E13 – 0.692 g/kg).
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PS-PVD coatings composed of GZO were deposited as a function of incidence angle
at 90° (standard – P41), 45° (P42), 30° (P43), and 15° (P44) to determine if changing
the vapor flux angle could tailor the pseudo-columnar design architectures for
improved erosion performance.
o The column diameter appeared to increase with increasing incidence angle from
a maximum of ~25 µm to a maximum of ~40 µm. This was attributed to a
decrease in the deposition rates which yielded increased adatom mobility and
correlated to lower porosity and surface roughness values.
o The erosion rate decreased from 0.519 g/kg to 0.305 g/kg as the coating
deposition incidence angle changed from 90° (P41) to 45° (P42).

This

corresponded to an increase in column width and reduction in the intercolumnar
spacing to approximately 5µm or less.
o The erosion rate increased from 0.305 g/kg, to 0.313 g/kg, to 0.363 g/kg as the
coating deposition incidence angle change from 45° (P42), to 30° (P43), to 15°
(P44). The column width and coating density increased from 45° to 15°,
however, the intercolumnar spaces decreased and the columns began to contact
one another which enabled transcolumnar crack propagation, resulting in
increased erosion rates.
o The pseudo-columnar design architecture can be tailored by modifying the
vapor incidence to increase column width and reduce intercolumnar spacing.
This can produce PS-PVD coatings with very low erosion rates while
maintaining porosity levels of 14.6 ± 0.5% to yield low thermal conductivity.
7.2

Future Work
The work performed in this dissertation lays the foundation for a variety of novel

experiments and simulations which could further the fundamental understanding of factors
affecting durability and performance in TBCs. Additionally, extending the results discovered
in the previous chapters may enable development of new TBCs which can operate at elevated
temperature with durability equal to that of current YSZ coatings. The potential research areas
will be discussed in detail in this chapter and include: development of compositions with
intrinsic toughness, simulation of stresses in TBC design architectures, development and
incorporation of erosion in the simulation of particle impacts, non-line-of-sight (NLOS)
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deposition via PS-PVD, and APS composites utilizing non-traditional TBC materials. Several
additional experiments for future work have been included throughout this dissertation.
7.2.1

Development of TBC Materials with Enhanced Intrinsic Toughness
The durability of TBCs can be improved by enhancing the intrinsic fracture toughness

of the TBC materials. Two promising methods are: rare earth co-doping of the pyrochlore
zirconates and hafnates and transition metal modification of rare earth doped t’ phase zirconia.
For the pyrochlore zirconates, low level doping utilizing elements with larger ionic
radii could function to locally expand the lattice, inducing compressive microstrain. These
compressive microstrains could partially negate the tensile strain field at the crack tip, thereby
improving the fracture toughness. This would effectively require larger stresses to induce
cracking and crack propagation, and thus increase the durability. Using Gd2Zr2O7 as the basis,
cation selection would require utilization of elements from La  Eu, with the most likely
candidates being La, Nd, and Sm, in order of decreasing radius. In addition, defect clusters
could be formed with a cluster lattice parameter slightly expanded with respect to the GZO
lattice, again yielding compressive microstrains. In addition, these clusters would limit
diffusion, thereby decreasing the sintering rates. Formation of clusters would require selection
of two cations; one larger than Gd and one smaller than Gd, with the average of the two being
larger than Gd (e.g. La3+ and Yb3+ whose average radius is 1.07 Å, compared to Gd3+ at 1.05
Å [170]). The limits of this toughening effect are unknown, they are very likely insufficient
to improve the toughness of GZO to the levels of YSZ, however, even a small increment would
be very beneficial, especially when combined with design architectures. Importantly, the
doping level must be selected such that the lattice parameter does not increase, as this would
indicate the lattice has simply expanded to incorporate the larger elements. Rather, the peak
widths should increase to indicate microstrains. The addition of rare earths could also
potentially affect the surface energy and lattice cohesive energy, thereby further modifying the
fracture response.
The addition of the smaller Ti cation has been shown to modify the tetragonality,
thereby modifying the toughness via the ferroelastic effect [6]. Ta cations have a similar effect
on the ZrO2 lattice by reducing the oxygen vacancy content due to charge compensation,
resulting in the requisite tetragonal shift of the Zr4+ to accommodate its preferred coordination
environment [5,200,201]. The toughness of the Ta compositions have not been explored in
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the literature, though a similar effect to Ti is expected. Interestingly, combinations of Ta5+ and
RE3+ have opposite effects in terms of oxygen vacancy creation and thus lattice expansion,
thus co-additions of Ta and RE could enable larger rare earth contents without expanding the
lattice. The resulting effect is that Ta additions enable a higher solubility of RE and act to
expand the two phase region while shifting it to higher RE concentrations. This would result
in lower thermal conductivity, without the penalty on the toughness. Co-additions of Ti and
Ta have not been studied in the literature. It is expected that Ti could be added to increase
toughening, while equimolar additions of Ta and RE could be added to drastically reduce
thermal conductivity. Additionally, the composition is expected to result in defect clusters due
to the combination or larger and smaller cation substitutions (relative to Zr) and associated
vacancy behavior, which combined with the larger two phase region, would presumably
increase the stability and could be tailored such that the resulting phases are cubic and non
transformable tetragonal.
7.2.2

Simulation of Stresses in TBC Design Architectures
The simulations discussed in Chapter 4 set the groundwork for simulating the various

design architectures discussed throughout this dissertation, on the basis of designing the
optimal systems. The logical extension is simulating the APS composites to investigate the
effect of the secondary toughening phases on the stress evolution during particle impact. Then,
the changes which occur from a pure mixed composite such as the A1 – A6 series to a tailored
composite such as A11 – A16 could be evaluated. The hypothesis after the latter depositions
was that further improvements in the erosion response required horizontally aligned, thin,
splats. The stress simulations could investigate a morphology such as this to determine if there
is a beneficial effect in reducing the stress concentration, or alternatively, minimizing the stress
concentration at large depths in the coating. Essentially, hypothetical morphologies could
potentially be tailored and optimized via simulation to choose the best conditions to attempt
via experimental depositions. In addition, the EB-PVD layered morphology could also be
investigated to determine at which layer thicknesses the stresses are no longer concentrated
primarily in the GZO layers, thus enabling selection of the optimal layer thickness without
requiring numerous complicated, challenging, and expensive depositions. In addition, the
hypothesis that the larger columns of the PS-PVD pseudo-columnar microstructure result in
lower stresses could also be confirmed and compared to an EB-PVD structure. The effect of
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erodent particle size could be investigated to determine if there is a particular particle
size/column diameter ratio where the PS-PVD columns have increased or decreased benefit.
Lastly, 3D microstructural data (either from confocal microscopy, x-ray tomography, or some
other method), could be meshed and more accurate 3D simulations could be performed. This
would be computationally intensive for the required mesh densities, but could yield a stronger
understanding of the morphological effects in TBCs.
7.2.3

Development of an Erosion Simulation
The particle simulations can help to predict which morphologies and morphological

features modify the particle impact stresses, but the true benefit would lie in simulating the
erosion process. This would enable exploration of various compositions, microstructures, and
design architectures, and down selecting the best performing candidates, thereby enabling a
much larger scope of research at lower cost. This work would build on the FEA framework of
this dissertation, with the major change of incorporating a damage accumulation model to
initiate and track failure. The Johnson-Holmquist (JH) damage models have been developed
to simulate the behavior of brittle materials during ballistic impact (originally for armor
materials) [202]. Including this damage model during simulation of the particle impacts could
enable modeling of the damage, failure, and material removal, and therefore the erosion
phenomenon. There are many parameters in the JH model, all of which are necessary to predict
the damage accurately. Once the parameters are obtained, either experimentally or from the
literature when available, a scaling factor is used to control the damage accumulation and
removal and helps validate to experimental results. In this case, the initial experiments could
be performed on larger specimens which are impacted by larger particles, and the damage
could be easily investigated via surface and cross sectional imaging. These results can then be
iteratively correlated with the model to accurately capture the damage mechanisms. Once the
model has been validated in a simple system, microstructures of coatings with known erosion
rates can be simulated and compared to the measured results for further validation on the scale
of interest. Once validated, the microstructures and design architectures can be simulated.
It should be noted that the JH model is an empirical model, and furthermore, requires
a scaling parameter which could reduce its effectiveness in operating across a variety of
different situations. Another approach would involve development of an iterative model which
calculates the relevant stress intensity factors given the local stress fields and geometry (i.e.
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cracks/pores) and compares to the relevant fracture toughness values for the material(s). If the
stress intensity is greater than the fracture toughness, a crack is nucleated/extended and the
model again calculates the stress intensity values for the next time step.

Though

computationally intensive, this is likely more reflective of the true failure/erosion process.
7.2.4

Non-line-of-sight (NLOS) Deposition via PS-PVD
Another potential benefit of the PS-PVD process is NLOS deposition which enables

more uniform deposition on components with complex geometries. The APS and EB-PVD
processes are both essentially line-of-sight techniques, requiring a large amount of part rotation
to deposit on complex shaped parts. Even with this rotation, the coating is not always uniform.
The directed vapor deposition process utilizes a vapor shroud to entrain the vapor plume and
can yield NLOS deposition by causing collisions of the entrained vapor species [203]. Al
deposition on a 380 µm diameter wire achieved a backside thickness of greater than 70% of
the front side thickness. However, this geometry is orders of magnitude less than that of a
component, and no further publications have detailed deposition on scale parts. Preliminary
unpublished work has explored NLOS deposition on steel cylinders with diameters of up to
19.5 mm and significant backside deposition was achieved. The coating transitions to a pure
vapor mode on the backside, with complete removal of the line-of-sight deposition of
particulate. The 19.5 mm cylinder is two orders of magnitude larger than the 380 µm wire
used in the literature, and represents a step towards a NLOS capable process. Future work
could explore the flow fields of the PS-PVD process to determine which factors yield the
largest change, and subsequently, optimization of the NLOS deposition. Characterization
could focus on the change in morphology and resulting coating properties, similar to the GZO
depositions as a function of incidence angle in Chapter 6. Since the microstructure changes as
a function of position along the cylinder, rotation could be explored to determine if a uniform
microstructure can be applied.
7.2.5

APS Composites Utilizing Non-Traditional TBC Materials
One of the major conclusions reached in this dissertation is that a tailored composite

morphology can yield significant improvement in the erosion durability of low thermal
conductivity/high temperature stable materials, without sacrificing the thermal conductivity of
the coating. This is important, as it eliminates the need for the toughening phase to exhibit a
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low thermal conductivity and reduces the criterion to: thermodynamically stable at elevated
temperature, thermodynamically stable with the matrix phase, and good durability. This
enables consideration of materials which have not been traditionally investigated as thermal
barrier coatings (e.g. carbides, borides, nitrides, and non-traditional oxides). This led to the
selection of aluminate perovskites as the toughening phase, specifically GdAlO3, for
toughening of GZO. GAP exhibits stability in contact with GZO [125], is stable until melting
at 2050 °C [204], and exhibits a potentially very high fracture toughness of ~10 MPa√m [205].
Thermal conductivity data for the rare earth perovskite aluminates is scarce, though the
available data suggests the values are relatively large, with YAlO3 at around 11 W/m-K at 300
°C [206] and LaAlO3 at around 5 – 6 W/m-k at 1200 °C [90], hence the lack of interest for
thermal barrier coatings. It would be expected that the heavier GdAlO3 is likely slightly lower
than the LaAlO3. Fortunately, in the tailored composite design architecture, the GAP phase
will function primarily as the toughening phase, and therefore the possibility of a high thermal
conductivity is less important and the effects have been shown to be minimized in the
composite design architectures in this dissertation.

Selection of other systems requires

selection of stable rare earth aluminate – rare earth zirconate systems and would utilize the
available ZrO2-RE2O3-Al2O3 phase diagrams and equilibrium thermodynamics data.
Essentially the aluminate is selected such that it forms a two phase region with the pyrochlore
oxides. Thus, depending on the rare earth radius, the stable aluminate could be several
aluminate phases. As a result, a provisional patent entitled “Thermal Barrier Coatings” has
been submitted under application #62350395.
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