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Abstract
The need for advanced thermal barrier coatings (TBCs) with submicron or nano-sized
morphologies, improved thermal and mechanical properties as compared to the conventional
TBCs, has recently attracted interest toward suspension plasma spray (SPS) and solution precursor
plasma spray (SPPS) techniques, in which replacing the typically used alcoholic solvent with water
would reduce the manufacturing costs and enhance the process safety. A major challenge of SPS,
addressed in this work, is development of industrially scalable well-dispersed and stable aqueous
suspensions. This research was broadly aimed at advancing knowledge of processing of aqueous
suspensions and solutions and subsequent plasma spraying of yttria stabilized zirconia (YSZ) and
lanthanum zirconate (LZ). YSZ suspension and LZ solution optimization/deposition were studied
in Phase 1 and Phase 2, respectively. In Phase 3, a functionally graded coating (FGC) made of
SPS–YSZ and SPPS–LZ was designed to retain the desirable properties of both YSZ and LZ while
avoiding their limitations. The coatings were deposited by Mettech Axial III plasma spray system.
Phases 1 and 2 of this work evaluated the rheology, stability, aging, injection and atomization of
aqueous suspensions and solutions. The studies of aqueous YSZ suspensions revealed that a proper
combination of dispersants with pH adjustment led to a maximum stability and low viscosity.
Minimizing the viscosity and surface tension of the liquid feedstocks was in favor of a successful
injection, and optimum atomized droplet size, which in turn contributed to coatings with desirable
microstructural features for TBC application. TBCs with columnar microstructure, and ~18 vol.%
porosity, were obtained for aqueous SPS–YSZ suspensions stabilized with 0.1 wt.% α-Terpineol
dispersant, at pH=2.5. The SPPS coatings deposited from dilute lanthanum nitrate–zirconium
acetate aqueous precursor solutions produced columnar morphology with ~23 vol.% porosity.
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Composition of the five-layered YSZ–LZ FGCs varied gradually from 100% YSZ to 100% LZ.
We achieved feathery columnar morphology for these coatings with total porosity of 19-25 vol.%.
Overall, this work contributes both to the advancement of fundamental science of liquid plasma
spray processes and to the control and optimization of the microstructure and, therefore, thermal
and lifetime properties of aqueous TBCs.
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Lay summary
The growing demand for high-efficiency gas turbines necessitates employing advanced strategies
to produce the next generation of thermal barrier coatings (TBCs). The present study focused on
process development of advanced functionally graded yttria stabilized zirconia–lanthanum
zirconate (YSZ–LZ) thermal barrier coating by a combination of suspension plasma spray (SPS)
and solution precursor plasma spray (SPPS) techniques. This coating is expected to have several
advantages over the multi-layer or single-layer coatings. Water was used as the solvent for YSZ
suspensions and LZ precursor solutions to produce TBCs with safe and cost-effective deposition
processes. Advancing knowledge of the key parameters of aqueous YSZ suspension and LZ
precursor solution and their influence on the injection, atomization, and microstructure of coatings
was obtained by different experimental and analytical techniques. Findings of this study provide
significant contribution to the knowledge and design of modern green TBCs.
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Chapter 1 : Introduction

1.1 Research context and significance
Thermal barrier coatings (TBCs) are generally applied on the metallic hot-section components of
gas turbines, which, along with advanced cooling systems, allow them to operate at extremely high
temperatures, even above the melting temperature of the metallic components. There has always
been a growing tendency to improve the efficiency of these engines by increasing the combustion
temperature (higher than 1200 °C) in them. Boosting the turbine combustion (firing) temperature
to 1500 °C, nearly 300 °C higher than the temperatures in conventional turbines, efficiencies as
high as 60% can be achieved [1–3]. Hence, advanced strategies (material selection, deposition
technology and coating design) are required to produce the next generation of TBCs with improved
thermal and lifetime properties.
Currently, state-of-the art TBCs are made of 7-8 wt.% Y2O3– stabilized ZrO2 (8YSZ) top coat
material which is usually deposited by electron beam-physical vapor deposition (EB-PVD) or
atmospheric plasma spray (APS). The overall thermal efficiency and performance of TBC systems
are strongly affected by the morphology and microstructural features of TBCs. The conventional
APS process, cheaper than EB-PVD, results in the formation of coatings with porous lamellar
microstructures and relatively low thermal conductivity (~1 W/mK) due to the presence of globular
pores [4,5]. Compared with the APS coatings possessing lamellar microstructures, EB-PVD
coatings commonly have columnar-type microstructures (refer to Chapter 2 for the detailed
comparison of various TBCs). Consequently, EB-PVD coatings demonstrate higher strain
tolerance and, hence, longer thermal cycling lifetime despite their higher thermal conductivity of
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1.5-1.9 W/mK [6–8]. Ideally, a TBC should have high strain tolerance to improve coating’s
lifetime, and proper amount (15-20 vol.%) of well-arranged, i.e., uniform and parallel to the
substrate, fine (submicron and nano-sized) porosity, to enhance coating’s thermal insulation.
Studies showed that finely (submicron or nano-sized) structured TBCs have improved thermal and
lifetime properties compared to the conventional TBCs (refer to Chapter 2, Sections 2.4 and 2.6).
To produce finely structured coatings with plasma spray, very fine (submicron or nano-sized)
particles are required to impact on the substrate. However, injection of fine particles (20 nm to 5
µm) into the core of the high enthalpy plasma can disrupt the plasma flow [9]. This necessitates
using a liquid medium (instead of gas) to carry the sub-micrometer or nano-sized particles in the
plasma jet toward the substrate’s surface. In other words, for particles in the size range of submicro- or nano-scale, gas can no longer be used as the carrier and the use of a liquid carrier is
mandatory [4]. Suspension plasma spray (SPS) and solution precursor plasma spray (SPPS) are
two innovative coating technologies that can produce finely structured coatings [10,11]. In these
techniques, either the fine particles (submicron or nano-sized) are injected into the plasma jet in
the form of a suspension (SPS) or formed in-flight from chemical precursors (SPPS).
SPS allows direct injection of fine particles into the plasma jet, which can lead to formation of
coatings with appropriate microstructure (i.e., having both strain tolerance and porosity features)
and, therefore, acceptable thermal and lifetime properties [12,13]. Ethanol-based suspension
plasma sprayed YSZ coatings can potentially have columnar-type microstructures, which mimic
the strain tolerant behavior of EB-PVD coatings [14]. Consequently, SPS can be considered as a
cost-effective alternative to EB-PVD by using an atmospheric plasma spray-based equipment [14].
The SPS–TBCs usually have 15-20 vol.% of porosity, comparable to those produced by the
conventional APS method. Hence, the SPS coatings’ microstructural features and cost advantages
2

make it a promising technology for TBC production, particularly for the demanding gas turbine
industry [15].
The microstructure and performance of SPS coatings are affected by both suspension properties
such as surface tension, viscosity and density as well, as spraying parameters, including plasma
power, enthalpy and spray distance [16,17]. There is also a growing industrial demand to increase
the coating deposition efficiency by feeding highly concentrated suspensions. In addition,
replacing ethanol solvent with water would reduce the manufacturing costs and enhance the
process safety. The suspension characteristics, especially when water is used as the solvent,
crucially influence the feasibility of formation of TBCs with porous columnar microstructures.
This is the consequence of the fact that the suspension optimized rheological properties and
stability affect the feedstock injection, increase its shelf life and improve the resulting coating’s
microstructure [18]. Due to its physical properties (higher vaporization enthalpy, i.e., 2260 kJ/kg
for water versus 841 kJ/kg for ethanol, and surface tension, i.e., ~72 mN/m for water versus ~22
mN/m for ethanol at 25 °C), water has not been a successful solvent in SPS coating in terms of
getting a desirable microstructure (vertically cracked or columnar) with fine and well-arranged
porosity [16,19–21].
Liquid injection makes the plasma spray process more complex than the conventional APS [22].
One of the major challenges of SPS is preparation of industrially scalable suspensions which must
be well-dispersed and stable without particle agglomeration or sedimentation. However, due to the
unavoidable hydration reactions and the Van der Waals attractive forces, fine (submicron or nanosized) YSZ particles, like other oxides, tend to form agglomerates in aqueous suspensions [23,24].
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SPPS is an ingenious coating deposition technique to produce finely structured coatings from salt
solutions. In SPPS process, an aqueous or non-aqueous solution containing the cation(s) required
for the target oxide coating is injected into the plasma stream as the feedstock. In SPPS, coatings
can be deposited in a single step process, avoiding any powder preparation process (which is
mandatory for APS) or suspension stabilization (which is necessary in SPS) [25]. SPPS is still in
a development stage and more research is required to fully understand the effects of solution and
plasma parameters on the obtained coatings’ morphology and properties. Among the precursor
solution physical properties, thermal characteristics of the precursors mixture, surface tension and
viscosity are significant parameters in determining the final microstructure and, therefore, the
properties of SPPS coatings [26,27].
In SPPS, reaction-induced gas release in the plasma is a significant concern, which makes the
behavior of precursors in SPPS process complex. Depending on the physical properties of the
precursor, solute can go through a series of physical states: from the solution state to a dried gel,
to a molten salt, to several stages of reaction to form the final coating material. Hence, it is
impossible to accurately predict the precursor behavior and suitability for plasma spray. This is
due to the great complexity and lack of detailed information on the properties of the intermediate
states of precursor in plasma plume [4]. However, conducting laboratory screening tests on the
precursors solutions prior to their thermal spraying can reasonably predict the in-flight behavior
of the solutions and the resulting SPPS coatings’ microstructures. It is obvious that the kinetics of
precursor reactions in a laboratory furnace will be totally different from the plasma. However,
these preliminary screening tests are proved to be essential for SPPS processes. Thermal analysis,
rheology, surface tension and atomized droplet size measurements are among the most important
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preliminary screening tests that need to be conducted on the precursor solution before the SPPS
process [25].
While 8YSZ is still the most widely used top coat material in TBCs, its application is limited to
up to ~1200 C temperatures for long-term operation conditions due to its phase transformation
and accelerated sintering or densification effect [28–30]. During the last decade, researchers
focused on finding alternative top coat materials to 8YSZ for applications above 1200 C [29–37].
Lanthanum zirconate (La2Zr2O7, LZ) has shown superior thermo-physical properties in
comparison with other candidates and can be considered as a promising top coat material for the
next generation of TBCs. Having excellent phase stability from room temperature to its melting
point (2295 ºC) and a low thermal conductivity (1.55-2.15 W/mK at ~1000 ºC for dense bulk and
0.68-0.87 W/mK at ~1000 ºC for 15-30 vol.% porous bulk), the major drawback of LZ is its
relatively low (9.0-9.7×10-6 at 127-1327 ºC) coefficient of thermal expansion (CTE), which could
lead to higher CTE mismatch and therefore shorter lifetime (refer to Table 2.1). This problem
could be addressed by doping, making composite, multi-layer, or functionally graded coatings
(FGC) of LZ with YSZ [40]. Moreover, deposition of LZ by SPPS has the advantage of avoiding
the extra LZ powder preparation step (more discussed in Chapter 8).

1.2 Research aim and general methodology
This dissertation is focused on process development of advanced functionally graded YSZ–LZ
TBC by a combination of SPS and SPPS techniques. In this compositionally graded coating, the
composition of coating layer varies continuously over the thickness from 100% YSZ at the bond
coat interface to 100% LZ at the outer surface of TBC. This coating could have several advantages
over the multi-layer coatings. It could reduce the stresses caused by thermal expansion mismatch
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in layers, while still providing the enhanced performance and stability of the two material systems.
Water is used as the solvent for YSZ suspensions and LZ precursor solutions, which offers coating
processes with reasonable manufacturing costs and safety. All the coatings are deposited by
Mettech Axial III plasma spray system. The general objective of this research was to advance
knowledge of the suspension and precursor(s) solution key parameters and their influence on the
final microstructure of SPS and SPPS coatings. Achieving the objectives of the proposed study
would potentially provide significant contribution to the knowledge and design of modern green
TBCs.

1.3 Thesis outline
This thesis is organized in ten chapters. Chapter 1 provides an introduction to this research,
including its general context and significance of studying water-based suspension and solution
precursor plasma sprayed coatings, as well as designing a functionally graded coating of YSZ–LZ
to address the current challenges and optimize coatings’ microstructures. A detailed literature
review on TBCs, material selection for the top coat layer, compositionally graded coatings, liquid
feedstock plasma spray and the process characteristics of SPS and SPPS techniques is provided in
Chapter 2.
Chapter 3 presents the current research gaps and the general and specific objectives of this
dissertation. The methodology and experimental procedure followed to achieve the objectives are
detailed in Chapter 4. A detailed investigation and modification of the stability and rheology of
aqueous YSZ suspensions (with 30 wt.% solids loading) using different dispersants and pH
adjustments are provided in Chapter 5.
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In Chapter 6, aging behavior of the water-based YSZ suspensions, their surface tension and
suspension droplet size comparison are evaluated. The effects of the suspension characteristics,
substrate surface roughness, solvent type, spray distance, and aging on the microstructure of SPS
coatings are studied in Chapter 7. Chapter 8 provides detailed study of LZ precursor solutions
chemistry, concentration, thermal characteristics, viscosity, surface tension and solution droplet
size comparison and their relationship to the obtained SPPS coatings’ microstructures.
Finally, the optimized YSZ suspension and LZ solution are used and mixed in different ratios as
the feedstock for the FGC TBC. The processing research results and the resulting FGC coating
characteristics are presented in Chapter 9. Chapter 10 presents a summary of the key findings of
this research and recommendations for future work.
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Chapter 2 : Literature review
2.1 Thermal barrier coating (TBC)
Over the past four decades, TBCs have been used in different sectors of gas turbine industry
including power generation and aero engines for high temperature applications [35,41–43]. The
hot gas temperature in current aero engines is more than 150 C above the softening point of
turbine’s metallic components, which are commonly Ni-based superalloys [42–44]. This
necessitates excessive cooling, which can lead to reduction in engine’s efficiency [6,45,46]. In
terms of thermodynamics, higher engine efficiencies can be achieved by increasing the combustion
temperature [44,45]. Hence, TBCs with low thermal conductivity top coat materials and optimal
coating thicknesses are desired in advanced turbine engine technologies. The thermal insulation
property of TBCs causes a considerable temperature drop (typically 100 C to 300 C) through its
thickness, which allows higher turbine entry temperatures and, therefore, higher engine efficiency
[42–44,47,48].
TBC is a multilayer coating system with three main constituents: 1- a metallic bond coat (BC), 2a thermally grown oxide (TGO) that grows between the bond coat and top coat in service
conditions, and 3- a ceramic top coat (TC) which provides the main insulation in TBC. Figure 2.1
shows a schematic picture of a TBC system.
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Thermo-mechanical
loading

150-300
––

Figure 2.1 The schematic picture of a TBC system.

2.1.1 Bond coat (BC)

The BC is the first layer deposited on the Ni-based substrate. It has a roughly 150-300 m thickness
[49] and plays three roles in a TBC: first, protecting the substrate from oxidation and high
temperature corrosion; second, providing adequate adhesion between the ceramic top coat and
substrate; and third, it helps to diminish the mismatch in CTE between TC and substrate. In thermal
spray TBCs, the common BC material is overlay (MCrAlX-type) [50] in which M is usually Ni,
Co, Fe, or a combination of these and X is an oxygen-active element, e.g., Y, Si, Ta, Hf, or a
combination of these [51].

2.1.2 Thermally grown oxide (TGO)
TGO is the second layer in a TBC, which forms during the service by oxidation of the BC at the
metal-ceramic interface [52,53]. Thickness of this layer has been reported to be in the range of 010 m or even higher [53,54]. Oxygen diffusion through the porous ceramic top coat and the high
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ionic diffusivity of oxygen in even the dense zirconia-based TCs [55], make BC’s oxidation
inevitable. Controlling the growth of this oxide layer (mainly Al2O3) plays a critical role in TBC’s
lifetime. This is because all TBCs failure is initiated in or near the TGO due to the mismatch in
the CTE between TC, TGO and BC layers [12–15]. This mismatch results in stresses at the
interfaces under service conditions, which initiate or propagate the cracks and finally lead to
spallation of the TC and TBC’s failure.

2.1.3 Top coat
The outer layer of a TBC is the ceramic Top Coat (TC), typically 300 m to ~1 mm thick [4]. The
main role of this layer in the TBC, is to provide thermal insulation for the substrate. The TC
material must have a number of basic requirements, such as high melting point (> 2200 ºC), low
thermal conductivity (< 1.5 W/mK), phase stability between room temperature and the operation
temperature, chemical inertness, high CTE (10-15 × 10-6 K-1) comparable to that of metallic BC,
resistant to thermal shock and thermal fatigue up to ~1200 ºC [35,59,60].

2.2 Materials selection for the top coat in TBCs
8YSZ (zirconia with 7-8 wt.% yttria addition) is the most common TC material in TBC industry.
Y2O3 is added to zirconia to stabilize its structure as a metastable tetragonal phase (T'). In fact,
stabilization of the cubic polymorph of zirconia over wider range of temperatures can be
accomplished by substitution of some of the Zr4+ ions (ionic radius of 0.82 Å, too small for ideal
lattice of fluorite characteristic for the cubic zirconia) in the crystal lattice with slightly larger ions,
e.g., those of Y3+ (ionic radius of 0.96 Å) [41]. According to the phase diagram of zirconia–yttria,
Fig. 2.2 [41], yttria content can affect the stability of the phases in YSZ at different temperatures.
The non-transformable tetragonal phase (T') can be obtained by addition of 3-4 mol% Y2O3 to
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zirconia (it is indicated as 6-11 mol% in Fig. 2.2 as the axis is 0.5 Y2O3), equivalent to 7-8 wt.%
Y2O3. However, below this concentration, a transformable tetragonal (T) phase is formed, which
can undergo phase transformation. Higher contents of yttria could completely stabilize the high
temperature phases, but it was discovered that higher Y2O3 content negatively impacted the cyclic
lifetime of the coatings [41].

Figure 2.2 Phase diagram of zirconia-yttria showing the effect of yttria content on different phases
(tetragonal (T), cubic (F) and monoclinic (M)) of zirconia [41].

8YSZ meets most of TBC’s requirements by having a relatively high melting point (2680 C) [61],
a relatively low thermal conductivity (2.0-2.3 W.m-1.K-1 at ~1000 C for a fully dense bulk; 0.91.2 W.m-1.K-1 for 10-15% porosity) [62,63], a relatively high CTE (1110-6 /K at ~1000 C) [61]
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and good thermal and chemical stability [64]. However, when it comes to long term operations at
high temperatures, it is limited to a maximum surface temperature of ~1200 C because of the two
degradation mechanisms it faces at/above this temperature: 1- phase transformation (phase
separation by diffusion) and its resulting volume change: the T' phase of YSZ will decompose into
two equilibrium tetragonal (T) and cubic (F) phases; then, upon cooling, the T phase transforms to
the monoclinic (M) phase causing a ~4% volume expansion [26,65]; 2- high diffusivity of oxygen,
leading to bond coat oxidation and the rapid sintering of YSZ above 1200C [38]. These changes
in the phase composition and microstructure of the coatings are accompanied by variations in TBC
properties, contributing to thermally-induced stresses, reduced coating’s lifetime and eventually
its failure [61,66]. Accordingly, there have been numerous studies in the past decade to discover
alternative TBC materials with the ability to fulfill the requirements of next-generation advanced
gas turbines.
Lanthanum zirconate, La2Zr2O7 (LZ), has shown superior thermo-physical properties compared to
the other traditional TBC systems. Therefore, it can be considered as a promising TBC top coat
material for the next generation of TBCs. LZ has a pyrochlore structure. This structure has a
general chemical formula of A2B2O7 in which A is a rare earth element or an element with an inert
single pair of electrons, and B is a transition metal or a post-transition metal with a variable
oxidation state.
Figure 2.3 illustrates the unit cell of the high-temperature cubic phase of zirconia with fluorite
structure and a one-eighths of the unit cell of the pyrochlore, A2B2O7 structure. The low and
temperature independent thermal conductivity of YSZ results from the high point defect
concentration in its fluorite structure associated with substitution of Zr4+ ions by Y3+ ions, which
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creates relatively small spacing between the point defects [67]. For instance, in the case of 4 mol%
YSZ, when an oxygen vacancy is introduced into the zirconia structure by substituting a Zr4+ ion
with two Y3+ ions, the average distance between oxygen vacancies is only ~1 nm and the average
distance between Y3+ ions is ~0.5 nm [67]. The structure of pyrochlores is closely related to that
of fluorites (Fig. 2.3) and, therefore, this class of materials is of interest for TC application in
TBCs. The unit cell of pyrochlore can be considered as eight fluorite unit cells, each containing a
single oxygen vacancy. The yttria-zirconia system is used here to illustrate the close relation
between the fluorite and pyrochlore structures. Pyrochlore Y2Zr2O7 is unstable and decomposes to
the disordered fluorite (ZrO2)2-Y2O3, i.e., heavily doped YSZ. This is while replacement of Y3+
ions by larger ions, e.g., La3+ or Gd3+, leads to a pyrochlore structure stable up to at least 1500°C
[67]. Similarly, replacing Zr4+ ion by a smaller ion, e.g., Ti4+ or Mo4+, can stabilize the pyrochlore
structure [67]. Accordingly, investigation of the effects of lanthanum oxide–doped zirconia in the
form of lanthanum zirconates (LZ) is one of the objectives of this thesis.

Figure 2.3 (a) The unit cell of the high-temperature cubic phase of zirconia with fluorite structure
with O ions shown in red and the smaller Zr ions shown in yellow, and (b) one-eighths of the unit
cell of pyrochlore, A2B2O7, structure with the oxygen in red, the B4+ ions in yellow, and the A3+
ions in blue (8a is a cubic interstitial site) [67].
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LZ has a relatively high melting point of 2295 C, good phase stability (no phase transformation
from room temperature to its melting point), relatively low thermal conductivity (lower than that
of YSZ), lower oxygen ion diffusivity which protects the BC and the substrate from oxidation, and
therefore also very low sintering ability [65]. The main drawback of LZ is its lower CTE, compared
to that of YSZ, which does not match the high CTE of bond coat and substrate. Table 2.1
summarizes a comparison of thermal properties between LZ and YSZ materials [65].

Table 2.1 Thermal Properties of lanthanum zirconate (LZ) and yttria stabilized zirconia (YSZ).
Material

Melting point
(ºC)

YSZ

2680

LZ

2295

Thermal conductivity
(W/mK)
2.0-2.3 (dense, 1000 ºC)
0.90-1.38 (porous, 1000 ºC)
1.55-2.15 (dense, 1000 ºC)
0.68-0.87 (porous, 1000 ºC)

Coefficient of thermal expansion
CTE (K-1)
11×10-6 (dense, 1000 ºC)

9.0-9.7×10-6 (127-1,327 ºC)

In recent studies, it was reported that dopants can further decrease the thermal conductivity of LZ
materials due to defect cluster formation as well as the mass disorder created on the cation
sublattice [40,68]. Lanthanide elements are good candidates for this purpose because they form a
similar pyrochlore structure with zirconia as lanthanum. Lehman et al. were able to achieve lower
thermal conductivity values, compared to the pure LZ, by doping LZ with Nd, Eu, Gd and Dy
elements [69]. Bansal et al. produced Gd and Yb doped LZ samples with pyrochlore structures,
such as La1.7Yb0.3Zr2O7, La1.7Gd0.3Zr2O7 and La1.7Gd0.15Yb0.15Zr2O7 [40]. They showed lower (1.4
- 1.9 W/mK at 1000 °C) thermal conductivity and better high-temperature stability (up to 1650 °C)
than LZ. Xiang et al. proposed that (La0.7Yb0.3)2(Zr0.7Ce0.3)2O7 and (La0.2Yb0.8)2(Zr0.7Ce0.3)2O7
have lower (1.32 – 1.47 and 1.42 - 1.69 W/mK, respectively) thermal conductivities than LZ [68].
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Wang et al. suggested the (La1-x1Yx1)2(Zr1x1Scx1)2(Zr1-x2Scx2)2O7

x2Yx2)2O7,

(La1-x1Inx1)2(Zr1-x2Inx2)2O7, and (La1-

materials to have lower (1.5- 1.7 W/mK at 1000 °C) thermal conductivities

than LZ [70].
The CTE values for a typical superalloy substrate and BC have been reported as 15×10−6 and
14×10−6 /K, respectively, at 1000 °C [65], which are higher than that of a typical ceramic TC
material. Therefore, ceramic TCs with larger CTE values are more suitable for TBC applications
to reduce the CTE mismatch. Chen et al. showed that CTE values of bulk LZ material and APS
deposited LZ coating had a similar trend [65]. They found the CTE of the LZ coating to be around
9.4×10−6 /K between 0 to1200 °C. Unfortunately, the CTE value of pure LZ is lower than that of
YSZ (11×10−6 /K at 1000 °C), which leads to higher CTE mismatch with the BC in LZ-based
TBCs. However, it has been proved that doping LZ with selected rare earth elements can increase
the CTE values of LZ-based coatings. The CTE is directly dependent on the ions’ average distance
in the lattice, which is determined by the strength of the ionic bonds [71]. Increasing the
electronegativity difference between cations at sites A and B in the pyrochlore structure decreases
the ionic strength and, therefore, increases the CTE [68]. Xiang et al. showed that CTEs of
(La0.7Yb0.3)2(Zr0.7Ce0.3)2O7 and (La0.2Yb0.8)2(Zr0.7Ce0.3)2O7 were higher (10.5×10-6 and 10.2×10-6
K-1, respectively) in the high-temperature (above 400 °C) applications than that of pure LZ [68].
Moreover, Cao and Zhang suggested doping Ce (5–20%) into LZ could increase the CTE value
[65].
Several methods have been applied to fabricate LZ powders, such as solid-state reaction, coprecipitation, sol-gel, hydrothermal and molten salt methods [65,72–75]. According to the ZrO2La2O3 phase diagram (Fig. 2.4), when the molar ratio of ZrO2 and La2O3 is 2:1, only a single LZ
cubic phase is seen from room temperature to its melting point.
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Figure 2.4 Phase diagram of ZrO2 and La2O3 (in mole %) [76].

J. Zhang et. al studied the in-situ phase stability of LZ from room temperature to 1400 °C by
synchrotron X-ray diffraction (XRD) at Argonne National Laboratory [77]. As shown in Fig. 2.5,
LZ did not go through any phase transformation from 30 °C to 1400 °C.
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Figure 2.5 In situ high energy XRD spectrum of LZ in the temperature range of 30–1400 °C [77].

Like other TBC TCs, LZ is commonly deposited by APS or EB-PVD techniques. The thermal
conductivity of LZ coatings deposited by APS is lower than the EB-PVD LZ coating because of
its splat grain morphology. Although the overall porosity percentage of coatings obtained from
these two techniques could be almost the same, it is the size and arrangement of the pores, gaps
and cracks that determine the thermal conductivity value. Figure 2.6 shows (a) the splat
microstructure of an APS LZ coating and (b) the fine columnar microstructure of an EB-PVD
coating [65]. In the APS coating microstructure, the splat boundaries, which act as scattering
centers, are perpendicular to the heat flux direction, while the columnar grain boundaries in the
EB-PVD deposited coating are parallel to the direction of heat flux. Due to the columnar
microstructure of EB-PVD coatings, they are more strain tolerant than the APS ones and hence
have longer lifetimes in the operation.
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Figure 2.6 Cross-section microstructure of (a) APS deposited LZ coating and (b) EB-PVD
deposited LZ coating [78,79].
Wang et al. used SPS to deposit LZ coating (Y.Wang et al., 2014). To disperse 30 wt.% nano-LZ
particles in ethanol, 1 wt.% polyethylene glycol (PEG1000) was added as an electrosteric
dispersant [80]. Figure 2.7 shows the microstructure of this coating sprayed at two different torch
stand-off distances.

Figure 2.7 Cross-section microstructure of SPS deposited LZ coating at (a) 40 mm stand-off
distance and (b) 50 mm stand-off distance [80].

Weber et al. worked on producing LZ coatings by spray pyrolysis method [81]. In their studies,
zirconyl

oxynitrate

hydrate

(ZrO(NO3)2·xH2O)

and

lanthanum

nitrate

hexahydrate

(La(NO3)3·6H2O) were dissolved in deionized water and mixed in a molar ratio of 1:1. The
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precursor solution was sprayed at the flow rate of 1 ml/min at 240 °C. Finally, the deposited
coatings were annealed in a furnace at 500–600 °C. This technique is quite different from the
plasma spray coating process. It can be done by a simple air-blast spray pyrolysis apparatus using
synthetic air as a career gas. Figure 2.8 shows the microstructure of LZ coatings obtained from
spray pyrolysis method. Further heat treatment after deposition of the coating was necessary to
decompose the nitrate species into carbonates and finally into oxides. It was seen that vertical
cracks were developed at the latest stage of decomposition prosses.

(b
)

(a)

Figure 2.8 (a) Surface view and (b) cross-section view of the LZ coating deposited by spray
pyrolysis method [81].

In addition to doping, producing a composite, multi-layer or compositionally graded LZ coating is
another solution to further improve the thermal, mechanical and lifetime properties of LZ based
coatings [82,83].

2.3 Functionally graded coatings
Conventional coating systems usually face permanent failure due to delamination at their
interfaces when exposed to long-term thermal and mechanical loadings. In the functionally graded
coatings (FGC), there is a smooth spatial variation of the constituent materials by tailoring the
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multi-phase composites. In a FGC, the successive layers could be in the form of laminates with
gradients of metals, polymers and ceramics, could have variation in porosity, or could be just a
continuous layer at the microscopic level [84]. Design of these gradient coats enables smoothening
of stress distribution through the layers, minimizing the stress concentration at the interface, and
increasing the bonding strength. Therefore, the thermal expansion mismatch between the coating
layers and substrate will be reduced [84–87].
Compared to the double-layer coatings, made of two bonded ceramics of dissimilar thermal
expansion coefficients, functionally graded coatings (FGCs) offer a solution to address the residual
thermal stress issues and hence the delamination of TBC during frequent thermal cycling [88].
Vassen et al. [89] produced a double-ceramic layer (DCL) coating of LZ and YSZ with the purpose
of decreasing the thermal conductivity and increasing the phase stability. Chen et al. [90] designed
a six-layer YSZ/LZ bicomponent graded coating by APS. Their coating had a better thermal shock
resistance than that of a DCL YSZ/LZ coating, i.e., failure (measured as spallation of 5% of the
coating) occurred after 22 and 10 cycles for the graded and double-layered coatings, respectively,
with a weight loss of 3.75 and 3.82 mg/cm2. They also claimed that the thermal conductivity of
their graded coating was similar (~0.6 W/mK) to that of LZ and its CTE was close (7.8-10.2 ×106

K-1) to that of YSZ. S. Naga et al. [91] designed and produced an Al2O3/La2Zr2O7/YSZ FGC

suitable for service in extreme thermo-mechanical environments. The LZ powder was synthesized
by the sol-gel method.
In a compositionally graded coating, the composition of the coating layer varies continuously over
the thickness from 100% material A at the BC interface to 100% material B at the outer surface of
TBC. This type of coating has several advantages over the multi-layer coatings. It reduces the
stresses caused by thermal expansion mismatch in layers, while still providing the enhanced
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performance and stability of the two material systems [92]. Besides, it does not need the additional
processing step(s) like multi-layer coatings.
Many studies have been conducted on different types of FGCs and their role in reducing thermal
stresses, improving microhardness and bonding strength as well as microstructure and thermal
cycling resistance improvement [84–88,90,93]. Using atmospheric plasma spray to deposit
YSZ/NiCoCrAlY FGCs, Polat et al. [94] studied the influence of porosity on the thermal loadings
(i.e., the thermal stresses induced because of thermal shock in rapid heating and cooling) of the
coatings. In this research, the thickness of each cermet layer was 200 µm. Khor and Gu [95]
designed a five-layered compositionally graded coating and found that the CTE and thermal
diffusivity/conductivity varied gradually across the layers. The thermal cycling resistance of the
designed five-layered coating was compared with a double-layer one. The thermal diffusivity and
conductivity of the composite layers were directly proportional to the NiCoCrAlY content and to
the temperature (Fig. 2.9(a) and 2.9(b)). The authors concluded that for similar thicknesses, the
thermal cycling resistance of the FGC was five times higher than that of the double-layer coating.
Figure 2.9(c) presents the thermal conductivity and porosity of the FGC as a function of ZrO2
content.
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(a)

(b)

(c)

Figure 2.9 Thermal diffusivity (a) and conductivity (b) of each layer of the FGM coating, and (c)
relationship between porosity and thermal conductivity of the FGC with ZrO2 content at room
temperature [95].

2.4 Finely structured thermal barrier coatings
Plasma-sprayed finely (submicron or nano–structured) TBCs have been extensively studied by
different researchers [96–103]. Lima and Marple have performed detailed studies on such coatings
[10,104]. The TC layer of the TBCs was made of ceramics with low thermal conductivity (i.e.,
lower than 2 W/mK) which also possessed high chemical and mechanical stability at elevated
temperatures. TBCs were applied to protect the metallic components of hot sections (blades, vanes,
and combustion chambers) of gas turbine engines against the hot gas stream produced by fuel
combustion. Thus, these coatings could allow the turbine engines which are employed in aerospace
propulsion, power generation, and marine propulsion, to operate at higher combustion
temperatures and, thus, improve the engine efficiency [4,6].
The existence of sub-micro- or nanometer-sized porous zones can counteract the densification
effects caused by differential sintering of TBCs when they are exposed to high temperatures. This
can significantly reduce thermal conductivity and elastic modulus increase at high temperatures,
which is highly desired for TBC applications. Figure 2.10 illustrates the evolution of a) thermal

22

conductivity and b) elastic modulus values of as-sprayed and heat treated nanostructured and
conventional YSZ coatings at 1400 ºC for a specific study [105]. It has been shown that the growth
rate of thermal conductivity (Fig. 2.10(a)) and elastic modulus (Fig. 2.10(b)) values attributed to
the conventional YSZ TBCs at 1400 ºC are five times higher than those of the nanostructured YSZ
TBCs [62,63].

(a)

(b)

Figure 2.10 Variation of (a) thermal conductivity and (b) elastic modulus of as-sprayed and heattreated nanostructured and conventional YSZ coatings at 1400 ºC [105], copyright © ASM
International.

2.5 TBC processing methods
In order to deposit TBCs, a number of processing methods have evolved over the years. The usage
and further refinement of processing techniques are dictated by a few significant criteria, such as
favorable thermal and mechanical properties, process adaptability and affordability [59,107–109].
That is why atmospheric plasma spray (APS), and electron beam-physical vapor deposition (EBPVD) are still the most used deposition methods of TBCs. Other deposition techniques are used
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for specific applications as well. Figure 2.11 presents a broad classification of TBC processing
methods.

Figure 2.11 Broad classification of TBC coating processing methods [84].

2.5.1 Electron beam physical vapor deposition (EB-PVD)
EB-PVD is a commonly used processing technique for ceramic top coats, in which coatings are
fabricated by vapor condensation process. EB-PVD coatings have columnar microstructure in
which the grain boundaries and cracks are normal to the substrate-coating interface. During this
coating deposition process, the source material is heated by a beam of electrons and the evaporated
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atoms gradually condense on the substrate. Crystal nuclei form at favored sites and grow both
laterally and through the thickness, forming the individual columns with high amount of intercolumnar porosity [84]. The influence of processing parameters, such as deposition temperature,
vapor pressure and substrate conditions on the coatings’ microstructure has been studied [84].
Compared with the APS coatings with lamellar microstructures, EB-PVD coatings commonly
have columnar-type microstructures. Consequently, EB-PVD coatings demonstrate higher strain
tolerance and relatively higher thermal cycling life despite their higher thermal conductivity of
around 2 W/mK and higher cost [6–8]. The advantages and disadvantages of EB-PVD and the
characteristics of the resulting coatings are further discussed in Sections 2.5.2 and 2.6.

2.5.2 Atmospheric plasma spray (APS)
APS, the adaptable and economical coating deposition technique, has high deposition rate (in µm/s
scale) and is suitable for producing thick (from hundreds of micrometers up to a few millimeters)
coatings [110]. The very high (7000-20000 °C) temperature of the plasma jet is the outstanding
characteristic of APS, which allows melting of high-melting-point materials [84,110]. The Ar-He
or Ar-H2 hot plasma jet melts the ceramic or metallic feedstock powder and accelerates it toward
the substrate. Splats, the flattened particles that run parallel to the substrate surface, are formed by
the impact and quick solidification of the molten particles. Finally, coating is formed by stacking
of the splats on each other over the several torch passes [84]. The common characteristic of APS
coatings is the highly porous (up to 20-25 vol.%) flat and lamellar microstructure with fine pores
and cracks [84,111]. In APS process, three categories of parameters have been defined, which can
affect the desirability of the coatings: plasma spray, powder feedstock, and material injection. Gun
configuration, plasma gas, gas pressure, flow rate, voltage, current, and carrier gas, as well as the
number of passes, spray trajectory, spray distance (stand-off distance), traverse speed, tool fixture,
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and cooling system are among the plasma spray variables. The powder parameters include powder
chemistry and morphology, particle size distribution, and manufacturing method. Injection
variables are powder feed rate, carrier gas flow rate, number of injectors, and position and angle
of the injection [112,113].
The overall thermal efficiency and performance of these systems are strongly affected by the
morphology and microstructural features of TBCs. Currently, the most widely used TBC material
is 8 wt.% yttria- stabilized zirconia (8YSZ), which is normally deposited by EB-PVD technique
or APS. The conventional APS process results in the formation of coatings with lamellar
microstructures and relatively low thermal conductivity (0.8-1.7 W/mK) due to the presence of
globular pores [4,5]. Compared with the APS coatings with lamellar microstructures, EB-PVD
coatings commonly have columnar-type microstructures. Consequently, EB-PVD coatings
demonstrate higher strain tolerance and relatively higher thermal cycling life despite their higher
thermal conductivity of around 2 W/mK [6–8]. The presence of dense columns as well as high
inter-columnar spacing density (~12 cracks/mm) lead to higher thermal conductivity for coatings
with columnar microstructure [12,114,115]. Ideally, a TBC should have high strain tolerance to
improve coating’s lifetime, and sufficient amount (> 15 vol.%) of well-arranged, i.e., uniform and
parallel to the substrate, fine (submicron and nano-sized) porosity, to enhance coating’s thermal
insulation.

2.6 Liquid feedstock plasma spray
A further decrease of thermal conductivity of TBC could be achieved by tailoring its
microstructure to have fine (i.e., sub-micrometer or nanometer scale size range) structure with high
(> 15 vol.%) amount of total porosity. Generally, because of the large portion of the internal
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interfaces, fine-structured coatings have superior properties than the conventional micro-structured
coatings [116]. For instance, ceramic coatings with sub-micro- or nano-scale size range structures
exhibit increased dimensional stability, lower thermal diffusivity and hysteresis (because of
increased phonon scattering by boundary defects), higher hardness (not always) and toughness (all
the times) compared to the micro-structured coatings [117]. These properties result from small
grain sizes and better wear resistance which can be due to the higher hardness, grain-sliding
plasticity and the change in fracture and material removal mechanisms [4,118,119].
Thermal spray process is a promising technique to produce finely (submicron or nano-) structured
coatings because of the rapid rate of solidification during the process [120]. In order to produce
finely structured coatings with plasma spray, very fine particles are required to impact on the
substrate. However, there is a problem with injection of these fine particles (20 nm to 5 µm) into
the core of the high enthalpy plasma, as the particle injection force must be of the same order as
that inserted to them by the plasma flow [9]. Decreasing the particle average size to submicron or
nano-sized makes it essential to also significantly increase the cold carrier gas flow rate in order
to increase the particle injection momentum. This will disrupt the flow of the high enthalpy plasma
jet [4]. This necessitates using a liquid medium (instead of gas) to carry the sub-micrometer or
nano-sized particles in the plasma jet toward the substrate’s surface. In other words, for particles
in the size range of sub-micro- or nano-scale, gas can no longer be used as the carrier and the use
of a liquid carrier is mandatory [4]. Therefore, SPS and SPPS are two innovative coating
technologies that can produce finely- or nano-structured coatings [10,11]. In these techniques,
either the fine particles are injected into the plasma jet in form of a suspension or formed in-flight
from chemical precursors.
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Coatings deposited by SPS and SPPS exhibit interesting microstructural features in comparison to
conventional APS coatings, such as absence of lamellar boundaries and cracks, while having very
fine grains and porosity [22]. Besides, nanostructured TBCs deposited by SPS or SPPS have been
reported to have high segmentation crack densities which could survive them in the thermal cyclic
tests [4].
Figure 2.12 illustrates a comparison of common microstructures for YSZ TBCs which can be
produced by different deposition techniques. The APS coating (Fig. 2.12(a)) has a layered porous
microstructure, while a dense columnar microstructure is obtained with EB-PVD (Fig. 2.12(b)). A
vertically cracked, fine porous microstructure (Fig. 2.12(c)) can be produced by SPPS, and, when
ethanol is used as the solvent, SPS also has the potential to deposit fine, porous columnar
microstructures (Fig. 2.12(d)).

Figure 2.12 Cross-sectional SEM images of YSZ TBC microstructures obtained from (a) APS, (b)
EB-PVD, (c) SPPS and (d) SPS processes [14,121,122].
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SPS and SPPS were proposed at the end of the 1990s by scientists looking forward to making it
possible to spray thick coatings with submicron or nano-sized particles. Despite the considerable
progress in understanding of these processes their industrial use is still lagging [123]. This might
be due to the higher complexity of these techniques and relatively early stage of development, i.e.,
still in their second decade of R&D. The current APS technology has been achieved in more than
four decades of R&D [123]. The interest in SPS and SPPS techniques grows steadily: in 2014, 15
papers on these topics were published in the Journal of Thermal Spray Technology, while between
2008 and 2014 only ~7 papers/year were published [123].

2.6.1 Suspension plasma spray (SPS)
SPS allows direct injection of fine particles (a few microns, submicron, or nanometer in range)
into the plasma jet. This could lead to formation of coatings with the microstructure showing both
strain tolerance and desirable porosity features and, therefore, acceptable thermal and lifetime
properties [12,13]. The suspension solvent can be either water or alcohol, typically ethanol.
Ethanol-based SPS YSZ coatings can potentially have columnar-type microstructures, which
mimic the strain tolerant behavior of EB-PVD coatings [14]. Consequently, SPS can be considered
as a cost-effective alternative to EB-PVD by using an APS-based equipment [14]. The SPS–TBCs
usually have 15-20 vol.% of porosity, comparable to those produced by the conventional APS
method. Hence, the SPS coatings’ microstructural features and cost advantages make it a
promising technology for TBC production, particularly for the demanding gas turbine industry
[15].
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2.6.1.1 Coating formation in SPS process
Coating formation in SPS process includes a series of different stages, such as injection of the
suspension, atomization (liquid break up and droplet formation), evaporation of the solvent,
agglomeration and melting of the suspended particles, and, finally, deposition of the molten
droplets onto the BC. These stages are schematically presented in Fig. 2.13.

Figure 2.13 Schematic of the consequent events (stages) in SPS coating deposition [15].

During SPS, after fragmentation and evaporation of the liquid by the plasma, the entrapped
particles inside the droplets get heated, accelerated, and sprayed in the form of molten droplets
onto the substrate. Once impacted onto a metallic substrate, the first droplets form splats with
equivalent diameters ranging from 0.1 µm to 2 µm, and average thickness of 20 nm to 300 nm [4].
However, on the substrates with poor thermal diffusivity or on the first deposited layers of
materials with poor conductivity, in the presence of a high heat flux from the hot gases (up to 2040 MW/m2), the cooling might be delayed. As a result, granular structures can be observed in these
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coatings when surface tension drives the molten particles to recover their spherical shape before
solidification [4]. The stacking of splats leads to formation of fine granular structures in the
coatings [10,22]. Using SPS technique, it is also possible to have a suspension of molecularly
mixed amorphous powders as the feedstock [51]. SPS, reported by some authors, has been an ideal
process to deposit coatings of homogeneously distributed multicomponent ceramics [4].

2.6.2 Solution precursor plasma spray (SPPS)
SPPS is a low-cost process which uses the same plasma spray-based equipment like APS and does
not involve the powder synthesis (unlike APS) and stabilization steps (unlike SPS). SPPS can
deposit coatings with low thermal conductivity and superior durability [25]. The solution is a
homogeneous mixture of a solute (precursor material) and a solvent (water and/or alcohol) without
any solid particles inside it, unlike in a suspension. Solutions are typically made of salts or organometallics of the respective ceramic powders, such as nitrates, acetates, chlorides, isopropoxides,
and other combinations. SPPS is a recent development in liquid feedstock spraying, in which the
solution liquid is injected into the plasma. The salt decomposes and gets oxidized in-flight, at
which stage ultrafine oxide particles form. Under rapid heating in the plasma plume, the solution
droplets evaporate, the solid particles melt and impact (deposit) onto the substrate [22]. Thus, a
finely structured coating forms by deposition of fine particles (less than 5-10 µm). SPPS coatings
have the potential to exhibit high strain tolerance, because of the possibly created vertical cracks
and low thermal conductivity, reported in the range of 0.5-75 W/mK [124,125], due to the presence
of submicron and nano-sized interconnected porosity. These properties combine the advantages of
EB-PVD and APS processes [4].
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2.6.2.1 Coating formation in SPPS process
Similarly to SPS, when solutions of precursors of materials are used as feedstock in SPPS, the
liquid rapidly gets fragmented and vaporized after injection into the plasma jet. The following
steps are precipitation or gelation, particle pyrolysis, melting, and finally impacting of the molten
droplets (with average sizes ranging from a few tenths to a few micrometers) onto the substrate
[10,126]. These steps have been described in several modeling papers [126–129]. A sol-gel
colloidal solution has also been reported to be used as the feedstock in this coating method [130].
Figure 2.14 illustrates the in-flight steps involved in SPPS process.

Figure 2.14 Schematic of various in-flight stages of SPPS process, including (A) solvent
evaporation, droplet atomization, gelation, and precipitation, (B) precursors pyrolysis, and
particles sintering, (C) particles melting, and (D) crystallization [131].

2.7 Suspension/ Solution precursor plasma spray process characteristics
SPS or SPPS coating’s microstructure and, therefore, its properties directly result from the in-flight
particle interaction with the plasma jet. The in-flight characteristics are in turn affected by the
suspension or solution properties and the liquid injection method into the plasma stream. Like the
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control of powder characteristics in conventional APS, controlling the suspension or solution
properties plays a significant role in processing of SPS and SPPS coatings.
The microstructure and performance of SPS and SPPS coatings are affected by both
suspension/solution properties, such as surface tension, viscosity and density as well as spraying
parameters, including plasma power, enthalpy and spray distance [16,17]. There is also a growing
industrial demand to increase the coating deposition efficiency by feeding highly concentrated (>
20 wt.%) suspensions and solutions. In addition, replacing ethanol solvent with water reduce the
manufacturing costs and enhance the process safety. The suspension characteristics, especially
when water is used as the solvent, crucially influence the feasibility of formation of TBCs with
porous columnar microstructures. This is the consequence of the fact that the suspension optimized
rheological properties and stability affect the feedstock injection, increase its shelf life, and
improve the resulting coating’s microstructure.
While the exact mechanism for column formation is still unknown, Van Every et. al. proposed a
theory in this regard [20], which has been acknowledged by other researchers [16,132]. Based on
this theory (refer to Chapter 7, Section 7.4), column formation is affected by the
suspension/solution droplet formation after the suspension/solution atomization inside plasma.
This controls the formation of molten droplets of solute particles after solvent evaporation and
solid melting. It has been reported that the trajectory of fine droplets, in the range of 1μm to 5μm,
can be strongly affected by plasma jet flow because of their low momentum [15]. Therefore, these
fine droplets can impact the surface at very shallow angles, which, with subsequent torch passes,
will results in shadowing effect at the surface asperities and end in a columnar type coating
microstructure [15].
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It has been reported that the atomized droplet size depends on a balance between the
suspension/solution properties that help it resist the fragmentation and the plasma shear forces that
intend to break up the suspension/solution stream into fine droplets [15,16] (refer to Chapter 7,
Section 7.3). Suspension/solution surface tension and viscosity are the main characteristics of the
suspension/solution, which resist its break-up and droplet formation. The probability of pore
formation in the microstructure of SPS coatings increases as the viscosity and surface tension of
the utilized suspension decrease [16]. Suspension rheological properties are controlled mainly by
solvent type, solid content, dispersant type and concentration, pH and dispersants. Suspension
preparation plays a significant role in SPS process because when water is used as the solvent, it is
difficult to obtain a stable and well-dispersed suspension over time. Despite the intensive studies
on SPS during the past decade, more research is required to address suspension preparation and its
aging challenges to produce industrially scalable suspensions as SPS feedstocks. Due to the
significance of suspension stabilization in SPS, more detailed discussion on this subject is provided
in the next section.

2.7.1 Colloidal processing
Colloidal suspensions, consisting of a dispersion of solid particles with dimensions in the size
range of 1 to 1,000 nm in a liquid, are of particular interest in ceramics processing. When
manufacturing YSZ powder and products through processes such as milling, spray drying, slip
casting, tape casting, screen printing, injection molding, and extrusion, a well-dispersed highly
concentrated (typically >20 wt.%) suspension of YSZ powder should be prepared using water or
organic solvents. In this regard, the stability of colloidal suspensions has been a basic problem,
which needs to be addressed. Obviously, the particles should not experience rapid sedimentation
by gravity. Attractive force between the particles is the other influencing factor. The attractive van
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der Waals forces are always present between the particles regardless of any other forces that may
be involved [133]. If the attractive force is sufficiently large, the particles collide and stick together,
leading to flocculation or coagulation, resulting in rapid sedimentation of the particle clusters.
While in theory decrease in the attractive force can also be used, all the dispersion techniques rely
on the introduction of repulsive forces between the suspended particles [133]. The basic techniques
to prevent flocculation in colloidal suspensions include repulsion between electrostatic charges
(electrostatic stabilization), repulsion between polymer molecules (steric stabilization), and some
combination of the two (electrosteric stabilization).

2.7.1.1 Attractive surface forces
A) Van der Waals forces between atoms and molecules
The attractive surface forces, generally referred to as van der Waals forces, have been discussed
in detail by Isrealachvili [134]. The van der Waals forces between atoms and molecules are divided
into three types [135]:
1. Dipole-dipole forces (Keesom forces) between two polar molecules (e.g., HCl),
2. Dipole-induced dipole forces (Debye forces) between a polar molecule (e.g., HCl) and
an induced atom (e.g., Argon),
3. Dispersion forces (London forces) between two nonpolar atoms or molecules (e.g.,
Argon atoms).
The potential energy of an atom was calculated with a rigorous derivation by London (1930) using
quantum mechanics as [136]:
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where ε0 is the permittivity of free space (also called vacuum permittivity or the electric constant),
x is the distance along the axis of the dipole (much greater than the length of the dipole), α is the
polarizability of the atom, h is Planck’s constant, and vO is the frequency of the polarized orbital.
Hence, the attractive force between two atoms has a magnitude F [136]:
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where B is a constant. The Keesom and Debye forces are proportional to 1/x7 and cause a potential
energy proportional to 1/x6 [133]. For dispersion forces, the dependence of V on 1/x6 is strictly
limited to small (less than a few tens of nanometers) separation distances, where the interactions
between the dipoles can be considered as instantaneous [136].
B) Van der Waals forces between macroscopic bodies
In order to calculate the van der Waals forces between two macroscopic bodies (e.g., two particles),
the interaction between a molecule and a macroscopic body is simply assumed as the sum of
interactions with all the molecules in the body, i.e., additivity of the van der Waals forces while
ignoring the effect of the intervening molecules on the induced fields [136]. According to Hamaker
computations, individual atoms are considered as a smeared-out uniform density of matter. The
total attractive potential is calculated as the sum of the interactions between infinitesimally small
elements in the two bodies [136]:
𝐶

𝑉𝐴 = ∫ − 16 𝜌1 𝜌2 𝑑𝑣1 𝑑𝑣2
𝑥

36

(2.3)

where C1 is a constant and ρ1 and ρ2 are the numbers of molecules per unit volume in the two
bodies. Hamaker expressed the above equation as [136]:

𝑉𝐴 = −

𝐴

∫
𝜋2

𝑑𝑣1 𝑑𝑣2
𝑥6

(2.4)

where A, called the Hamaker constant, is equal to 𝐶𝜋 2 𝜌1 𝜌2 , a material-specific constant. The
potential energy between two spherical bodies with radius a that are separated by a distance h, for
small separations where ℎ ≪ 𝑎, is given by [136]:

𝑉𝐴 = −

𝐴𝑎
12ℎ

(2.5)

Which shows that VA is proportional to h-1. In the case of large separations (ℎ ≫ 𝑎), the potential
energy is [136]:

𝑉𝐴 = −

16𝐴𝑎6
9ℎ6

(2.6)

Showing that VA is proportional to h-6. The Hamaker constant for identical interacting systems is
𝐴 = 𝐶𝜋 2 𝜌2 . For a large number of solids, A has values in a fairly narrow range between 10-20 and
10-19 J (~2.5–25 kT, where k is the Boltzmann constant and T is the absolute temperature in degrees
Kelvin) [133]. Several different methods have been used to calculate the Hamaker constant for
various ceramic material [137,138]. The Hamaker constant for tetragonal 8YSZ has been reported
as 20.3×10-20 J and 7.23×10-20 J for vacuum and water intervening media, respectively [138].
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2.7.1.2 Stabilization of colloidal suspensions
In a colloidal suspension, the particles undergo Brownian motion and finally collide. The attraction
potential energy VA between two particles with radius a, and separation distance of h is given by
Eq. (2.5). Assuming that this equation is valid down to contact between the particles, we can
consider h≈ 0.3 nm [133], and while A≈ 10-20 J for particles with a = 0.2 µm, VA is calculated to
be ~5×10-19 J. Thermal energy of the particles is equal to kT, in which k is the Boltzmann constant
and T is the absolute temperature. Therefore, at room temperature (~300 K), thermal energy is of
the order of 4×10-21 J which is much smaller than VA for the particles in contact [133]. In
consequence, the particles will stick together on collision because of the insufficient thermal
energy to overcome the attractive potential energy. In other words, flocculation will occur unless
producing a sufficiently strong repulsion force between the particles to overcome the attractive
force. The most common stabilization techniques are:
1. Electrostatic stabilization: The repulsion is introduced between the particles by
electrostatic charges on the particles.
2. Steric stabilization: The repulsion is produced by the uncharged polymer chains adsorbed
on the particle surfaces.
3. Electrosteric stabilization: The stability is achieved by adsorption of charged polymers
(polyelectrolytes) on the particle surfaces, i.e., a combination of electrostatic and steric
repulsions.
A) Electrostatic stabilization
In this method, an electrical double layer is formed around each particle and the interaction of
double layers provides the repulsion between the particles. Suspended particles in a liquid can
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obtain surface charge by 1) preferential adsorption of ions, 2) dissociation of surface groups, 3)
isomorphic substitution, or 4) adsorption of charged polymers (polyelectrolytes). For oxide
particles dispersed in water, preferential adsorption of ions from solution is the most common
process [133]. In electrostatic stabilization, the adsorption of polyelectrolytes on the surface is the
main process for developing surface charge on the suspended particles [133].
When an electrolyte such as an acid, a base, or a metal salt is added to an aqueous liquid, the
preferential adsorption of ions from the solution occurs, i.e., ions preferentially adsorb on the
particles surface and result in a charge on each particle surface. Most oxide surfaces are hydrated,
i.e., MOH groups are on the surface of a metal M oxide particle. This is because the local negative
charges at the surface oxygen anions attract H3O+ cations from water to form an oxide surface with
zero local charge. For example, by dispersing YSZ particles in water, the negatively charged
particle surfaces adsorb H+ ions to form hydroxide [139]. While adsorption of H+ ions (or
hydronium ions, H3O+) develops a positively charged surface in acidic solutions, adsorption of
OH- ions (or the dissociation of H+ ions) results in a negatively charged surface in basic solutions:

In acidic environment:

𝑀𝑂𝐻 + 𝐻 + ⇌ 𝑀𝑂𝐻2+

In basic environment:

𝑀𝑂𝐻 + 𝑂𝐻 − ⇌ 𝑀𝑂− + 𝐻2 𝑂

Hence, oxide surfaces are positively charged at low pH and negatively charged at high pH values
[133,139,140]. This phenomenon is more evident in case of oxide particles with fine (submicron
or nano) sizes due to their high specific surface area. At an intermediate pH, the adsorption of H+
ions will balance that of OH– ions, and the particle surface has a net charge of zero. This pH,
denoted as pH0, is called point of zero charge (PZC) and is used to characterize the acid-base
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properties of oxide surfaces. In other words, the more acidic oxides have a low PZC while the
more basic ones have a high PZC. Potentiometric acid-base titration is used to measure the PZC
of oxides [141]. However, it is usually more convenient to measure the zeta potential (Z) of the
particles, i.e., the electrostatic potential at a short distance from the particle surface (at the surface
of the Stern layer) [133]. The pH for which Z= 0 is defined as iso-electric point (IEP), a
characteristic value for oxides dispersed in water. For acidic oxides, IEP lies in acidic pH range,
and for basic oxides in the basic range. For oxide particles, commonly PZC is equal to IEP [133].
However, PZC may differ from IEP when zeta potential is measured in the presence of surface
active species, like charged dispersants and multivalent ions [133]. The IEP for aqueous
suspension of the YSZ powder used in this study was measured as 6.1, which is close to the other
IEPs that have been reported for various zirconia powders [15,16,19,20]. Addition of various
dispersants to this YSZ suspension made considerable shifts in the IEP values, which are all
reported in Chapter 5, Section 5.3.1.
In electrostatically stabilized colloidal suspensions, the charges include a surface charge on the
particles as well as an equal and opposite countercharge in the solution, which forms a diffuse
double layer (the counterions are spread out in the liquid). The surface charge and a diffused layer
of adsorbed ions of the opposite charge around a particle result in an electrical potential that
decreases exponentially with distance x from the particle surface [133]:

𝜙 = ∅0 exp (−𝐾𝑥)

(2.7)

where ∅0 is the potential at the surface of the particle (at x = 0), x is the distance from particle’s
surface, and K is a constant that 1/K has the dimensions of length. The 1/K is referred as the Debye
length and may be considered as the thickness of the double layer. The surface potential ∅0 (mV)
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is a function of surface charge density σ0 (C/m2) and Debye length (1/K, with unit m). For surface
potentials lower than ~25 mV, it can be approximated as (Debye-Huckel approximation) [133]:

∅0 = 𝜎0 ⁄𝜀𝐷 𝐾

(2.8)

where 𝜀𝐷 is the dielectric constant of solvent for water at 20 °C (𝜀𝐷 = 80𝜀0 , where 𝜀0 is dielectric
constant (permittivity) of vacuum, i.e., 8.85×10-12 C/Vm).
The interaction between two colloidal particles starts as soon as their double layers overlap. By
decreasing the distance h between the particles, the overlap of their double layers leads to potential
increase, which produces a repulsive force that tends to oppose further approach [133]. The DLVO
theory [146] (after Derjaguin, Landau, Verwey, and Overbeek) is the general theory of the
interactions between electrical double layers, which is beyond the scope of this dissertation and
will not be discussed in further detail. However, to analyze the interaction between the colloidal
particles, a repulsive potential energy, i.e., the necessary work to bring the particles from infinite
distance to the desired distance apart) can be calculated. For two spherical particles with radius a,
at a separation distance h, where the double layer around each particle is very extensive (𝐾𝑎<5),
the repulsive potential energy VR is given by [147]:

𝑉𝑅 ≈ 2𝜋𝑎𝜀𝜀0 ∅20 exp (−𝐾ℎ)

(2.9)

The above equation is valid for low surface potential ∅0 and for constant potential or constant
charge. For large values of 𝐾𝑎 (>10), VR is given by:

𝑉𝑅 = 2𝜋𝑎𝜀𝜀0 ∅20 ln [1 + exp(−𝐾ℎ)]
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(2.10)

where 𝜀 is the dielectric constant of the liquid medium, 𝜀0 is the permittivity of vacuum, ∅0 is the
surface potential, and 1/K is the Debye length.
According to the DLVO theory, the total interaction potential energy VT between two colloidal
particles in a suspension is due to the combination of the attraction van der Waals, VA, and the
repulsion VR potential energies [147]:

𝑉𝑇 = 𝑉𝐴 + 𝑉𝑅

(2.11)

Figure 2.15 presents an example of the plots of VA for the van der Waals attraction and VR for the
double layer repulsion, and the resulting VT curve with two minimums and a maximum in between.
While the first deep minimum (M1) corresponds to the particles contact, at the second minimum
(M2) the thermal energy (kT) of the particles is small relative to the depth of M2; therefore, the
particles cannot escape from each other and flocculation occurs, which results in sediment of
loosely packed particles [133]. This aggregation (i.e., separation distance at the level of the second
minimum) is reversible and the re-stabilization of the colloid is possible by heating (increasing
kT), changing the electrolyte concentration (increasing the double layers repulsion), or a
combination of both.
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Figure 2.15 Potential energy–distance curve described by the classical DLVO theory for colloidal
suspensions stabilization.

For any colloidal suspension, the resultant VT curve depends on the relative magnitudes of VA and
VR. In a given system, VA is almost constant whereas VR can be manipulated significantly by
altering the concentration and the valence of the ions in the medium. These are the two effective
parameters in controlling the stability of a suspension.
Kinetics of flocculation is a significant characteristic for a colloidal suspension. Smoluchowski
(1917) defined rapid flocculation and slow flocculation, and introduced a theory based on the rate
of collision between the particles [147]. In rapid flocculation, there is no energy barrier considered,
and it is limited merely by the diffusion rate of the particles. The flocculation time, defined as the
time 𝑡1/2 required to have the number of particles reduced by ½, is given by:

𝑡1/2 =

3𝜂
4𝑘𝑇𝑛0
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(2.12)

where η is the liquid’s viscosity, k is the Boltzmann constant, T is the absolute temperature, and
𝑛0 is the particle concentration (number per unit volume). For slow flocculation in the presence of
a potential barrier, the flocculation rate is given by:

𝑅𝑠 =

𝑅𝑓

(2.13)

𝑊

where Rs and Rf are the rates of slow and rapid flocculation, respectively, and W is a factor known
as the stability ratio. For a repulsive potential barrier with a maximum Vmax, the stability ratio is
given by:

𝑊=

1
𝐾𝑎

𝑉𝑚𝑎𝑥

exp (

𝑘𝑇

)

(2.14)

implying that stability ratio depends exponentially on Vmax and linearly on the normalized double
layer thickness (Ka)-1 [133].
B) Steric stabilization
In practice, it is difficult to achieve suspension stability through using only the electrostatic
stabilization mechanism [148]. Steric stabilization of the colloidal particles is achieved by the
interaction between uncharged polymer chains adsorbed on the particle surfaces. These
interactions are controlled by the configurational entropy of the chains and are different from the
interactions between the charged ions in electrostatic stabilization [149]. Steric stabilization has
been studied in detail by Napper [150]. To have an effective steric stabilization, the polymer chains
should be well adsorbed and anchored to the particle surface, to avoid desorption, and the adsorbed
layer must be sufficiently thick, to impose efficient repulsion between the particles [133,151].
Polymer chains existing freely in the solution tend to gain an open, random coil structure. The
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diameter of the coil can be estimated as the root-mean-square (rms) end-to-end distance 〈𝑟 2 〉1/2 of
the polymer chain, given by [133]:

〈𝑟 2 〉1/2 = 𝑙𝑚 √𝑁

(2.15)

where lm is the length of a monomer unit, and N is the number of units in the chain (i.e., the degree
of polymerization).
Homopolymers, which consist of a single type of monomer in the polymer chain, adsorb physically
on the surfaces of particles by weak van der Waals forces. In this case, irreversible adsorption may
happen due to the probability of contact between a large number of segments with particle surface,
while the sticking energy of each chain is still much greater than its thermal energy (≈kT, where k
is the Boltzmann constant and T is the absolute temperature) [133]. When the polymer
concentration is lower than a critical value, each single chain can get simultaneously adsorbed on
two (or more) particle surfaces contributing to bridging flocculation, which is an attractive
interaction [133].
Graft or block copolymers can act more effectively in improving the suspension’s stability. These
copolymers consist of an insoluble part, which anchors chemically or physically onto the particle
surface, and a soluble part, which extends into the liquid [152]. When a single polar group is
included at the end of the polymer chain, it helps to strengthen the anchoring to the particle surface
by forming hydrogen bonds (in aqueous solvents) or coordinate bonds (in aqueous or nonaqueous
solvents) [133]. For instance, an acidic functional group attaches to basic functional sites on the
particle surface, whereas a basic functional group sticks to acidic sites. Based on Lewis acid-base
concept [153], “a Lewis acid is defined as a substance capable of accepting a pair of electrons from
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another species, while a Lewis base is a substance capable of donating a pair of electrons”. Another
method to strengthen the polymer anchoring is chemical attachment of the polymer chain on the
particle surface by reaction of its functional groups with specific sites on the particle surface [154].
When the separation distance h of two particles covered with polymer molecules is equal to 2L (L
is the thickness of the adsorbed polymer layer), the polymer chains will start to interact. For a long
homopolymer chain, 𝐿 ≈ 〈𝑟 2 〉1/2 . By getting closer ( 𝐿 < ℎ < 2𝐿 ), the polymer chains may
interpenetrate and the polymer concentration will increase in the interpenetration region. In certain
solvents, this can end in repulsion as a result of a mixing (or rather a remixing) effect, as the
polymer chains tend to avoid each other in the interpenetration region of increased concentration
[133]. Osmotic pressure due to the increased concentration in the interpenetration region can also
be the cause of repulsion. In a number of solvents, polymer coils interpenetration can cause an
attraction, which in turn contributes to flocculation.
By further approach of the particles to ℎ < 𝐿, while interpenetration occurs, the polymer chain on
one particle might get compressed by the rigid surface of the other one. Hence, an elastic
contribution to the repulsion is generated, which always opposes flocculation. This elastic
contribution to the stabilization is sometimes referred to an entropic effect or a volume restriction
effect [133]. There is less accessible space for a given polymer chain in these separation distances
and, therefore, the limited conformations lead to loss of configurational entropy, calculated by
Boltzmann equation:

∆𝑆 = 𝑘 𝑙𝑛Ω
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(2.16)

where k is the Boltzmann constant and Ω is the loss in the number of configurations of the polymer
chain. The change in free energy because of the entropy loss will be:

∆𝐺𝑒𝑛 = −𝑇∆𝑆

(2.17)

where T is the absolute temperature. Since ∆𝑆 is negative, the term ∆𝐺𝑒𝑛 is always positive which
corresponds to a repulsion.
In summary, the interactions between adsorbed polymer molecules may be divided into two types:
(1) a mixing effect (osmotic effect), which produces either repulsion or attraction, and (2) an elastic
effect (entropic effect or volume restriction effect) that is always repulsive. Hence, the free-energy
change of polymeric interactions is:

∆𝐺𝑠𝑡𝑒𝑟𝑖𝑐 = ∆𝐺𝑚𝑖𝑥 + ∆𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐

(2.18)

where ∆𝐺𝑚𝑖𝑥 and ∆𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 are the free energy change due to the mixing and elastic effects,
respectively.
To analyze the stability of sterically stabilized suspensions, the total energy of interaction VT must
be calculated as the sum of steric interaction ∆𝐺𝑠𝑡𝑒𝑟𝑖𝑐 and the van der Waals energy of interaction
VA, as follow [133]:

𝑉𝑇 = ∆𝐺𝑠𝑡𝑒𝑟𝑖𝑐 + 𝑉𝐴

(2.19)

C) Electrosteric stabilization
As mentioned above, it is possible to stabilize the colloidal suspensions by electrosteric repulsion,
which is a combination of electrostatic repulsion and steric repulsion. This needs the presence of
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adsorbed polymer chains as well as a considerable double layer repulsion. This type of stabilization
is common in aqueous suspensions, but several studies have used it in non-aqueous suspensions
as well [155]. Polyelectrolytes, i.e., polymers containing at least one type of ionizable group (e.g.,
carboxylic or sulfonic acid group) which dissociates to produce charged polymers, are usually used
in this stabilization technique [148,156]. The polyelectrolytes can be homopolymers, grafted
copolymers, or block copolymers.
Dissociation of the polymers with ionizable groups in aqueous solvents produces electrostatic
charges. The dissociation and adsorption of the polymers significantly depend on the solvent
properties and the particle surface properties [157,158]. Carboxylic acid (COOH) functional
groups, present in common polyelectrolytes such as PBTCA, PAA and PMAA, can exist as COOH
or dissociated to COO–. The general dissociation reaction would be:

𝐴 − 𝐶𝑂𝑂𝐻 + 𝐻2 𝑂 ⇌ 𝐴 − 𝐶𝑂𝑂− + 𝐻3 𝑂+

(2.20)

PAA and PMAA are examples of anionic polyelectrolytes which dissociate to give negatively
charged species. Cationic polyelectrolytes are positively charged on dissociation. The fraction of
the functional groups dissociated (i.e., COO–) and the ones not dissociated (i.e., COOH) depends
on the pH and the ionic concentration of the solution [133]. Increasing the fraction of dissociated
groups from 0 to 1 causes the charge on the particle change from neutral to highly negative.
The adsorption of polyelectrolyte on the particle surface is dominated by electrostatic interactions
and is enhanced if the particle surface and the polyelectrolyte possess opposite charges. Depending
on the pH of suspension, the dispersed particles in aqueous solvents can have different surface
charges. At low concentrations of adsorbed polyelectrolytes, flocculation can happen as a
consequence of the oppositely charged polyelectrolyte and particle surface neutralizing each other,
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which limits the interparticle repulsion. Bridging flocculation is also possible to occur when a
charged homopolymer adsorbs on a particle and its neighboring one. However, by increasing the
concentration of adsorbed polyelectrolyte the stability enhances as a result of the long-range
repulsion developed by electrostatic and steric interactions [159]. While at short particle
separations the steric repulsion dominates, the electrostatic repulsion amplifies at longer distances.

2.7.2 Injection of SPS/SPPS feedstock
Proper injection of the suspension/solution feedstock into the plasma plume is as important as the
other process parameters to produce coatings with desired microstructures. This could be because
in SPS and SPPS, droplet formation is a critical factor affecting the coating’s microstructure. The
important factors in liquid feedstock injection are listed below:
1) Injector type and injector size
a. Mechanical injectors
b. Atomizing injectors
2) Injection type
a. Radial injection
b. Axial injection
In a mechanical (stream) injector, a stream of suspension/solution is injected into the plasma jet
and the plasma flow itself breaks up the liquid stream into droplets. In an atomizing type of
injector, the suspension/solution stream is first atomized (broken up) inside the injector and then
injected into the plasma plume. In addition to the injector type, the orifice (size or opening) of the
injector has a great influence on the droplet formation. Fine droplets with high exit velocities can
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be formed by a narrow injector orifice, which is highly desired to obtain fine columnar coatings
microstructures.

2.7.2.1 Axial injection versus radial injection
In radial injection, the feedstock material is fed perpendicular to the plasma flow. Hence, droplets
with different sizes may follow different trajectories and get different thermal treatments as they
get different momentum values after entering the plasma stream. For instance, too small droplets
may not be able to penetrate into the plasma at all or may pass only through the periphery.
Optimum sized droplets may penetrate and reach the core of the plasma plume and so get fully
treated. Large droplets, however, may completely pass through the plasma and impact the substrate
as un-molten particles because of insufficient thermal treatment. Consequently, heterogeneous
coatings’ microstructures will be obtained in radial injection due to the droplets taking different
trajectories and thermal treatments as well as different dwell times (the total time a droplet spends
inside the plasma stream) inside the plasma (Fig. 2.16(a)).
Axial injection, on the other hand, moves the feedstock material in the same direction as the plasma
flow. The advantage of this injection over the radial one is that there are less issues of diverted
droplet trajectory due to the parallel injection of feedstock to the spray direction. Therefore, instead
of an individual droplet trajectory, a distribution of droplets undergoes a uniform in-flight
treatment in the plasma stream. This is schematically explained in Fig. 2.16(b).
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Figure 2.16 Radial injection (a) and axial injection schematics in liquid feedstock plasma spray
[160].

51

Chapter 3 : Research gaps and objectives
The literature review shows that in the past decade there has been a growing tendency toward
studying SPS and SPPS as the two novel techniques to produce TBCs with fine microstructure and
improved thermal and lifetime properties. However, liquid injection makes the plasma spray
process more complex than the conventional APS [22] and a large number of parameters have to
be considered as they contribute to the final microstructure and, hence, properties of the coatings.
Hence, more research is still required.
One of the major challenges of SPS is preparation of industrially scalable suspensions that must
be well-dispersed and stable, i.e., without particle agglomeration or sedimentation within the
reasonable time-length, from the suspension preparation time to coating deposition time.
Moreover, it is best to have suspensions with viscosities as close as possible to that of their
solvents’. For injection of water-based suspensions into Mettech Axial III plasma torch, this would
require viscosities in the range of 1-4 cP. This is to prevent nozzle clogging that occurs when the
suspension viscosity is too high, generally above about 4-6 cP.
In recent years, we also faced growing industrial demand to replace organic solvents, e.g., ethanol,
with water, due to the safety and economical aspects of SPS/SPPS. Unlike organic solvents,
especially ethanol, there has been less research on water-based YSZ suspension plasma spray; the
process is more difficult to optimize and control because of water’s higher vaporization enthalpy
(i.e., 2260 kJ/kg for water versus 841 kJ/kg for ethanol) and surface tension (~72 mN/m for water
versus ~22 mN/m for ethanol at 25 °C) [16,19–21]. Suspension stabilization gets more difficult
when water is used as solvent [161]. Results of the limited studies on water-based SPS showed
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that generating a water-based SPS coating with desirable microstructural features of TBC has been
elusive. At the same time, very limited studies have reported data on water-based suspension’s
stability and rheological properties prior to SPS and their effect on the coatings’ microstructure
[92,162].
Lanthanum zirconate (LZ) has shown to be a promising candidate to replace or be combined with
yttria stabilized zirconia (YSZ) in the next generation of TBCs. To our knowledge, there are only
a couple of studies [163,164] published to-date regarding LZ coatings deposited by SPPS, and the
coatings microstructural analysis was not reported yet. Besides, there is a lack of fundamental
studies on the relationship between the solution properties (chemistry, concentration, surface
tension and viscosity), atomized droplet size distribution and SPPS–LZ coating’s morphology. No
literature data was found on producing SPPS–LZ coatings for TBC with strain-tolerant
microstructure, i.e., with columnar morphology, or vertically micro-cracked, with 15-25 vol.%
porosity. There is a lack of systematic studies on functionally graded coatings of YSZ and LZ
components. No report has been found on producing functionally graded coatings of YSZ and LZ
components by SPS and SPPS integration.
To address the research gaps outlined above, the general objective of this project was to advance
the processing knowledge of the functionally graded YSZ–LZ thermal barrier coatings in the
system integrating water-based SPS and SPPS. This was divided into the three specific objectives:
1.

To understand and quantify the relationships between the key suspension parameters and

the suspension rheology and stability characteristics, in efforts to facilitate the SPS injection
process and determine their influence on the microstructure of the YSZ–SPS coatings.
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This objective involved achieving stable water-based YSZ suspension systems with high solids
loading (> 20 wt.%), suitable for high-deposition-efficiency SPS TBC. Modification of the
suspensions were done by adjusting the solids loading, dispersant type and concentration, and pH,
based on the rheology and stability results, as well as the microstructure of the obtained SPS
coatings. Moreover, the aging behavior of the optimized suspensions was studied.
2.

To link the chemistry and physical properties of LZ precursors solutions for SPPS, in

efforts to find the key parameters contributing to the desired strain-tolerant microstructure of TBC.
In this objective, concentrated LZ solution precursors were achieved, which resulted in LZ cubic
phase after heat treatment, and are suitable for LZ–SPPS deposition of TBC. The optimized
aqueous solution precursor composition and concentration of LZ were selected based on
rheological analysis of the solution. The SPPS deposited coatings were characterized in order to
investigate their microstructure and phase composition.
3.

To design SPS–SPPS process and characterize functionally graded TBCs using the

optimized and sprayable “YSZ suspension” and “LZ solution”.
In this objective, the optimized aqueous YSZ suspension (modified with the appropriate dispersant
and pH adjustment) and the optimized aqueous LZ solution (with the appropriate chemistry and
concentration) were used as the two components to produce YSZ–LZ FGC. The graded coating is
made up of five consecutive layers with compositions changing gradually from 100% YSZ to
100% LZ through the thickness. A desirable, i.e., columnar microstructure, was expected to be
achieved by adjusting the injection and plasma spray parameters.
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Chapter 4 : Research methods
This chapter outlines the research methods applied to achieve the objectives listed previously. The
research mainly aimed at advancing knowledge and process of SPS and SPPS of YSZ and LZ,
respectively. Finally, an FGC made of SPS–YSZ and SPPS–LZ was designed based on the
obtained knowledge from the previous YSZ suspension and LZ solution modification/optimization
steps. The experimental procedure of this project is divided into three phases which are listed in
Fig. 4.1:

Figure 4.1 Schematic of the three experimental phases in this project.
All the coatings were deposited by Axial III™ Spray System at Northwest Mettech Corp., Surrey,
BC, Canada. Liquid injection makes SPS and SPPS more complex than the conventional plasma
spray (APS) technique in which powder particles in tens of micrometer range are injected into the
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plasma [123]. There are many parameters that can affect the final SPS or SPPS coating’s
microstructure and hence its thermal and lifetime properties. A number of major process
parameters in liquid injection techniques (SPS and SPPS) are listed in Fig. 4.2. In this study, only
the circled parameters were studied to find their effects on the coatings’ microstructure and
properties. The optimized plasma spray parameters were selected based on literature review,
Mettech’s experience and the coating characterization results after each coating session at Mettech.

Figure 4.2 Major processing parameters in liquid injection plasma spray (SPS and SPPS)
techniques.
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4.1 Raw materials and suspension/solution preparation
4.1.1 PHASE ONE: YSZ suspension optimization and coating characterization
In the first phase, yttria stabilized zirconia (CrystalArc 8YSZ, Northwest Mettech Cop., Surrey,
BC, Canada) with D50 of 0.67 µm and chemical composition of ZrO2+HfO2= 91.68 wt.% and
Y2O3= 7.95 wt.% was used as the suspending powder. Particle size distribution was analyzed for
the raw YSZ powder using MASTERSIZER 2000 (Malvern Instruments Ltd., Malvern,
Worcestershire, UK). Aqueous suspensions of the powder with 0.002 vol.% were prepared and
analysis was done after 30 s and 60 s of ultrasound treatment. Figure 4.3 presents the particle size
distribution of YSZ powder.

Figure 4.3 Particle size distribution of YSZ raw material (a) after 30 s and (b) after 60 s ultrasonic
treatment.

After 30 s of ultrasonic treatment, YSZ powder had a D50 agglomerate size of 1.12 µm, with sizes
ranging from 0.46 µm to 11.33 µm. Its specific surface area was 6.28 m2/g. After 60 s of
ultrasonication, the average particle size (D50) was 1.04 µm, size ranging from 0.43 µm to 10.18
µm, and a specific surface area of 6.69 m2/g resulted. Hence, as it is expected in aqueous
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suspensions, agglomeration has happened because of the unavoidable hydration reactions and Van
der Waals attractive forces between YSZ suspended particles.
The suspension media (solvents) used in this phase included deionized water, absolute ethanol and
their mixture (50:50 vol.%). YSZ suspensions with different solids loadings were prepared and
studied. Three different types of dispersing agents were used to study their effects on the rheology,
stability and surface tension of water-based concentrated (30 wt.%, which is equal to 9.4 vol.%)
YSZ suspensions:
a) Polyethyleneimine solution (PEI, Sigma Aldrich, St. Louis, MO, USA)
b) 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTCA, TCI America, Portland, OR, USA)
c) Alpha-Terpineol, 96% (α-Terpineol, Thermo Fisher Scientific Chemicals Inc., Tewksbury,
MA, USA)
PEI has a positive charge in acidic aqueous solutions due to the amine groups present in the
molecule [165]. The high molecular weight and branched nature of the polymer may allow PEI to
serve both as an electrostatic and a steric dispersant material. PBTCA has been commonly used in
water treatment as a scale and corrosion inhibitor, but was also reported to possess anionic
dispersing abilities [140]. Its molecule contains three carboxylic acid groups and one phosphonyl
group acting as bonding agents, i.e., effective exchanging groups for the surface hydroxyl groups
of the metal ions on the suspended particles surface. It was shown that the phosphonyl groups
possess a higher affinity compared to carboxylate groups for metal oxides like zirconia, alumina
and iron oxide [92]. Alpha-Terpineol is one of the four isomers of Terpineol, which is a
monoterpene alcohol isolated from different sources, such as cajuput oil, pine oil and petitgrain
oil. It can also be used as an effective steric dispersant for ceramic suspensions and can be
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competitive in comparison to the conventional ones. Table 4.1 summarizes several properties of
these dispersants.

Table 4.1 Dispersant properties [2–5].
Average
molecular
weight
(g/mol)

Anionic
or
cationic

pH

Method of
stabilizing

PEI

50000

Cationic

11.0

Electrostatic
and steric

PBTCA

270

Anionic

2.0

Electrostatic
and steric

α-Terpineol

154.25

____

7.7

Steric

Dispersant

Molecular structure

In order to find the optimum amount of dispersant, the concentrated (30 wt.%) slurries were made
with 0.01, 0.05, 0.1 and 0.2 wt.% addition of the dispersants. In a continuous stirring, the dispersant
was first dissolved in deionized water and then YSZ solid powder was added gradually. The
reported weight percent of dispersant is the weight of dispersant used divided by the total weight
of solids in the suspension. All the suspensions were continuously mixed with magnetic stirrer for
24 h prior to the characterization tests. The pH adjustment of the suspensions was done using 0.1
N hydrochloric acid (HCl) solution and 0.1 N sodium hydroxide (NaOH) solution. In this study,
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all the tests were performed on the suspensions, with and without dispersant addition, after 24 h
of mixing.
Table 4.2 represents the designated symbols for all the suspension samples prepared and studied
in this dissertation. The solvent type, dispersant type, and the adjusted pH for each sample are
written as superscript. When pH is not changed (native pH), no pH value is shown in the
superscript.

Table 4.2 Characteristics and nomenclature of the suspension samples.
Dispersant
type

Dispersant
concentration
(wt.%)

Native
pH

Adjusted
pH

Water
WaterEthanol
(50:50 vol.%)
Ethanol

---

---

7.4

---

---

---

7.3

---

---

---

7.3

---

YSZ
YSZH- PB
YSZH- AT / YSZH- αT
YSZH- 2.5

Water
Water
Water
Water

PEI
PBTCA
α-Terpineol
---

0.1
0.05
0.1
---

9.1
5.1
7.7
7.4

------2.5

YSZH- PE- 2.5

Water

PEI

0.1

9.1

2.5

H- PB- 10.5

Water

PBTCA

0.05

5.1

10.5

Water

α-Terpineol

0.1

7.7

2.5

Suspension name

Solvent type

YSZH
YSZH- Et
YSZEt
H- PE

YSZ

H- AT- 2.5

YSZ

H- αT- 2.5

/ YSZ

4.1.2 PHASE TWO: LZ solution precursor optimization and coating characterization
La precursors with different counter-cations (nitrate and chloride) were utilized in this study.
Lanthanum nitrate hexahydrate, denoted as LaNT, (La(NO3)3.6H2O, Sigma-Aldrich Corp., USA),
lanthanum chloride heptahydrate, denoted as LaCL, (LaCl3.7H2O, Sigma- Aldrich Corp., USA)
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and zirconium acetate, denoted as ZrAC, (Zr(CH3CO2)4, 15-16% in dilute acetate acid, SigmaAldrich Corp., USA), were used as the reactants. The solvents were deionized water, absolute
ethanol, and their mixture (50:50 vol.%).
To prepare the mixtures, stoichiometric amounts of lanthanum and zirconium precursors were
dissolved in the solvent at room temperature. Two aqueous mixtures (0.5 mol/L) of lanthanum and
zirconium precursors with different chemical compositions were studied to investigate their effects
on lanthanum zirconate (La2Zr2O7) synthesis by SPPS:
•

Solution A (LaNT–ZrAC): LaNT precursor combined with ZrAC in 1:1 molar ratio,

•

Solution B (LaCL–ZrAC): LaCL precursor combined with ZrAC in 1:1 molar ratio.

The mixtures were dried in oven at 120 °C for 21 h and then calcined in the furnace at 1000 °C for
2 h to go under thermal analysis and phase identification tests.
In the next phase, LaNT–ZrAC precursor mixture was selected to study the effects of solution
concentration and solvent type on the solution as well as on the SPPS coatings’ properties. LaNT–
ZrAC precursor mixture was prepared in two different concentrations (0.125 and 0.5 mol/L) in
water. Then, 0.5 mol/L solution was prepared with three solvents: water, ethanol and 50:50 vol.%
mixture of water with ethanol. Surface tension and rheology of the precursors were studied to
reveal the influence of the precursor concentration and solvent type on the solution properties
which in turn affect the SPPS coatings’ microstructures.
The solution samples were named with the designated symbols presented in Table 4.3, which
provides the chemical composition of all the solutions studied in this dissertation.
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Table 4.3 Chemical compositions of the precursor solutions.
Solution name
LaCL–ZrACH

LaNT–ZrACH
LaNT–ZrACH
(0.125)
LaNT–ZrACEt

LaNT–ZrACH-Et

Precursor mixture
composition
LaCl3.7H2O
+
Zr(CH3CO2)4
La(NO3)3.6H2O
+
Zr(CH3CO2)4
La(NO3)3.6H2O
+
Zr(CH3CO2)4
La(NO3)3.6H2O
+
Zr(CH3CO2)4
La(NO3)3.6H2O
+
Zr(CH3CO2)4

Solvent

Concentration
(M)

Water

0.5

Water

0.5

Water

0.125

Ethanol

0.5

50:50
vol.%water–
ethanol
mixture

0.5

4.1.3 PHASE THREE: YSZ–LZ compositionally graded coating design and characterization
Based on the findings obtained in the two previous phases, in phase three of the project, focus was
on combining the optimized suspensions and solutions by developing a functionally graded YSZ–
LZ coating deposited by SPS and SPPS. Hence, the raw materials were the ones used in the two
previous steps.
In a compositionally graded coating, the composition of the coating layer varies continuously over
the thickness, from 100% material A at the BC interface to 100% material B at the outer surface
of TBC. This coating has several advantages over the multi-layer coatings. It reduces the stresses
caused by thermal expansion mismatch in layers, while still providing the enhanced performance
and stability of the two material systems. Besides, it does not need the additional processing step(s)
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of multi-layer coatings. Figure 4.4 is a schematic picture of the functionally graded TBC produced
and studied in this work, with 100% YSZ at the BC to 100% LZ at the outer surface of the TBC.

Figure 4.4 The schematic design of YSZ–LZ functionally graded coating. YSZ and LZ are
deposited by SPS and SPPS, respectively.

With specific mixing ratios, YSZ suspension was added to the solution of LaNT–ZrAC precursors
and mixed for 24 h. Prior to coating deposition of the FGC coating, the injectability of all the
prepared YSZ suspension–LZ solutions with different mixing ratios were investigated through
rheology, surface tension and droplet size distribution tests. The analysis of these results is not
provided in this dissertation as it was not among the objectives of this project.

4.2 YSZ suspension characterization
The characterization methods in the first phase of this project involved suspension rheology and
stability (zeta potential, turbidity, destabilization kinetics and sedimentation rate), agglomerate
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size, surface tension and droplet size measurements, which are described in detail in the following
sections.

4.2.1 Rheological properties
The rheological properties of aqueous YSZ suspensions with 10, 15, 20 and 30 wt.% (equal to 2.6,
4.0, 5.8 and 9.4 vol.%, respectively) solids loadings were investigated using MCR 502 rheometer
(Anton Paar, Graz, Austria), with either parallel plate 50 mm or cup and bob geometry, at room
temperature (Fig. 4.5). Afterwards, the most concentrated (30 wt.%) YSZ suspension was selected
to investigate the effects of pH and dispersant on its properties and stability. Viscosity
measurements involved the same preparation conditions for all samples, i.e., after 24 h of
dispersion by magnetic stirrer.

Figure 4.5 (a) MCR 502 rheometer with (b) Cup and Bob, and (c) Parallel Plates geometry.
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4.2.2 Zeta potential
Surface chemical properties and electrophoretic mobility of an aqueous suspension can
significantly affect its stability. Measuring the electrostatic repulsion between the colloidal
particles provides a good understanding of the stability of dispersions. Zeta potential measurement
is an effective method to characterize the surface chemical properties of YSZ particles. A relatively
high value of zeta potential (> 40 mV) is an indication of sufficiently high surface charge density,
which can cause a sufficiently strong repulsive electrostatic force to prevent agglomeration [139].
NanoBrook Omni Zeta Potential Analyzer (Brookhaven, NY, USA) was used to analyze the
suspensions’ zeta potential based on doppler velocimetry (electrophoretic light scattering, ELS) as
well as Phase Analysis Light Scattering (PALS) for very low mobility samples [167]. Diluted (0.1
mg/ml) samples with different pH values were prepared (with and without the three dispersants)
and after 15 min of ultrasonication, to break down the loosely held agglomerates, poured into
disposable cuvettes, and placed in the instrument. Titration was done using 0.1 N solutions of HCl
and NaOH.

4.2.3 Turbidity stability
The nephelometric turbidity unit (NTU) of water-based suspensions were measured by 2100AN
Turbidimeter (HACH, Loveland, CO, USA). Turbidity meter measures the loss of intensity of
transmitted light due to the scattering effect of suspended particles. Greater NTU indicates higher
concentration of suspended particles, which in turn means a more stable colloidal system. Diluted
(0.1 mg/ml) samples were first put in an ultrasonic bath for 10 min prior to the first turbidity
reading in the instruments. The subsequent readings were done after 1, 2, 4, 6, 8 and 24 h aging.
pH adjustment was done using 0.1 N solutions of HCl and NaOH.
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4.2.4 Turbiscan stability
Turbiscan LAB Expert (Formulaction S.A., France) was used to measure the stability and
sedimentation kinetics of water-based suspensions. This instrument works with a laser at 880 nm
wavelength and has two detectors: a transmission detector placed opposite to the beam and a
backscatter one positioned at 45°; it measures the variation of backscattered and transmitted light
with time through a glass cell containing the suspension. All the measurements were carried in
controlled temperature to ensure little variation in sample viscosity. The advantage of this
Turbiscan technique is its ability to measure the sedimentation kinetics of slurries without the need
to dilute them. This makes the conditions similar to the real interactions in highly concentrated
slurries for ceramic processing or suspension plasma spray.
Two initial scans were made to get a background, and then subsequent scans were taken in 1, 2, 4
and 24 h for each untouched sample. More details about the equipment and measurement
procedure are provided in Appendix A. To determine the overall stability of the suspension, all the
destabilization phenomena should be considered. Using the raw data obtained from the
measurements, the Turbiscan Stability Index (TSI) values were calculated. The TSI is a specific
mathematical parameter developed to compare and characterize the physical stability of various
formulations with the ease of a single click in TurbiSoft LAB software (TLAB 1.3, Formulaction
S.A., France). For more details, refer to Appendix A. Figure 4.6 illustrates photographs of all the
equipment used for analyzing the suspensions’ stability in our study.
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Figure 4.6 Photographs of the equipment used to analyze the suspensions’ stability: (a) NanoBrook
Omni Zeta Potential Analyzer, (b) 2100AN Turbidimeter, and (c) Turbiscan LAB Expert.

4.2.5 Agglomerate size
Agglomerate size values of different suspensions were estimated using MASTERSIZER 2000
(Malvern Instruments Ltd., Malvern, Worcestershire, UK). Similar pre-treatment as that of zeta
potential measurement experiments was used in order to measure agglomerate sizes of different
suspensions. The reported values are the average agglomerate size attributed to each type of
suspension. For the details of the measurement procedures, refer to Section 4.1.1.

4.2.6 Surface tension
Surface tension values of the suspensions were measured using a Force Tensiometer (KRÜSSK100 GmbH, Hamburg, Germany) device (Fig. 4.7). All the measurements were made using Du
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Nouy Ring (Radius: 9.545 mm & Wire Diameter: 0.37 mm) lamella tear-off method. The accuracy
and repeatability of the measurements were determined by measuring the surface tension of HPLC
grade hexane solution in triplicates. For all the samples, the surface tension was measured four
times and average value was reported with the standard deviation.

Figure 4.7 KRÜSS Force Tensiometer device used for surface tension measurement of the
suspensions and solutions.

4.2.7 Droplet size distribution
Droplet size distribution measurements were conducted in the University of Toronto, Centre for
Advanced Coating Technologies. To conduct a comparative study of droplet sizes for different
suspensions/ solutions, the setup shown schematically in Fig. 4.8 was used.
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Figure 4.8 A schematic of the setup used for determination of droplet size distribution in different
suspensions and solutions.

The suspension/ solution droplets were produced by an airbrush (Paasche H-Set Single Action
Siphon Feed Airbrush Set) with 96 kPa pressure. A home-made Dropsizer (DMCH001) was used
to capture the images of droplets and, by using ImageJ software (ImageJ– version 1.52a, National
Institutes of Health, Maryland, USA), droplet size distributions were analyzed and compared. In
fact, this is a high-speed camera using shadowgraphy technology to capture the very small and
rapidly moving droplets. The laser is used for illumination, otherwise the droplets cannot be seen.
For each sample, over 20 images were captured in four to five tests. In all, several thousands of
droplets were recorded to assure accuracy of the analysis. As the depth of field of the camera is
very small (0.23 mm) and as the mist of atomized droplets is a cone, there are always many blurred
droplets on the images. Therefore, because of the non-symmetric distributions, the median was
calculated and reported rather than the average of the distributions, to have a better estimate of the
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droplet size for each atomized suspension/ solution. All the measurements were done under the
same atomization condition for different samples.

4.3 LZ solution characterization
The precursor screening was done on two different types of lanthanum and zirconium precursor
solutions; based on thermal analysis and phase identification results, the optimum precursors
mixture was selected to produce pure LZ coatings by SPPS. Afterwards, the effects of solvent type
and precursor concentration on the solution properties and coating microstructure were
investigated. The solution viscosity, surface tension, sprayed droplet size values were determined,
and coating microstructure, phase content and porosity characterized. The main focus of this part
of the study was to achieve pure LZ coatings with desired microstructures (columnar or vertically
cracked) for TBC applications, by tailoring the solution characteristics.

4.3.1 Thermal analysis of the precursor mixtures
To study the thermal characteristics of the precursors, 2 ml of each precursor solution was
evaluated by a Simultaneous Thermal Analyzer (STA) 6000 (PerkinElmer, Waltham, MA, USA).
The thermal analyses were performed in the flowing nitrogen with a flow rate of 20 ml/min by
heating each sample to 1000 °C at a rate of 10 °C/min. The test procedure remained the same for
all the samples. The thermogravimetric, Thermal Gravimetric Analysis (TGA) curve, and
calorimetric, Differential Scanning Calorimetry (DSC) curve, data was obtained simultaneously
from the same sample.
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4.3.2 Phase analysis of precursor mixtures
Phase analysis of the dried and calcined powder was conducted using an X-ray diffractometer
(Rigaku, Multiflex XRD) with Cu Kα radiation scanning from 3° to 90° with 0.02° angular steps.
The XRD operation voltage and current were 40 kV and 40 mA, respectively.

4.3.3 Rheological properties
For LZ solutions, rheological characteristics were studied using MCR 502 rheometer (Anton Paar,
Graz, Austria) with cup and bob geometry at room temperature. All the solution samples were
tested under the same sample preparation and test procedure conditions, as already discussed in
Section 4.2.1.

4.3.4 Surface tension
Similar to suspensions, a Force Tensiometer (KRÜSS-K100 GmbH, Hamburg, Germany) device
was used to study the surface tension values of precursor solutions. The measurement procedure
is explained in Section 4.2.6.

4.3.3 Droplet size distribution
To study and compare the droplet size distribution of different solutions, the same setup as that for
suspensions was used. The detailed measurement procedure is described in Section 4.2.7. All the
measurements were done under the same atomization conditions for different samples. Based on
the solutions’ characterization results, the optimized solutions of LaNT–ZrACH precursor mixture
were used as the feedstock materials for SPPS.
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4.4 Reproducibility of the measurements experimental results
In most of the measurement processes in this work, to evaluate the reproducibility of the
experimental results, the same experiment was conducted in four replicates (𝑛 = 4). Therefore,
the samples’ mean (𝑋𝑚 ) and standard deviation (𝑠𝑑) values were calculated and, finally, the
confidence intervals (𝐶𝐼) at 95% and 99% confidence level were calculated as 𝐶𝐼 = 𝑋𝑚 ± 𝑘 × 𝑢,
in which 𝑘, the coverage factor, was assumed 𝑘 = 2 for confidence level of 95% and 𝑘 = 3 for
confidence level of 99%. The “Standard Uncertainty (Error) of the mean” was calculated as
𝑢 = 𝑠𝑑⁄√𝑛. This is the random uncertainty. It should be noted that the systematic uncertainties,
including the measurement instrument, item being measured, operator skill, and environment, also
affect the confidence interval. However, these uncertainties were quite small. Moreover, some of
them were unquantifiable due to limited access to data and/or resources. The above calculations
are valid if normal distribution could be reasonably assumed for the measurement distributions,
which was assessed in all the cases.
Table 4.4 provides the detailed data of the four repeated measurements in surface tension test for
the suspension samples: YSZH- 2.5, YSZH- PE- 2.5, YSZH- PB- 10.5, and YSZH- AT- 2.5. The results are
illustrated in Chapter 6, Figure 6.5, at confidence level of 99%.
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Table 4.4 An example of the data and calculations used to assess the reproducibility of surface
tension (mN/m) measurements.
Sample
Trial 1
Trial 2
Trial 3
Trial 4
Mean (Xm)
Standard deviation (sd)
Standard uncertainty (u)
Expanded standard
uncertainty (𝑼 = 𝒌 × 𝒖)

Confidence interval
(𝑪𝑰 = 𝑿𝒎 ± 𝑼)

YSZH- 2.5
72.9
73.1
73.03
73.18
73.05
0.119
0.059
U (95%) =
0.118
U (99%) =
0.177
CI (95%) =
73.05± 0.118
CI (99%) =
73.05± 0.177

YSZH- PE- 2.5
41.25
39.9
40.3
40.55
40.50
0.567
0.283
U (95%) =
0.566
U (99%) =
0.849
CI (95%) =
40.50± 0.566
CI (99%) =
40.50± 0.849

YSZH- PB- 10.5
36.66
37.69
37.4
37.21
37.24
0.434
0.217
U (95%) =
0.434
U (99%) =
0.651
CI (95%) =
37.24± 0.434
CI (99%) =
37.24± 0.651

YSZH- AT- 2.5
21.9
22.65
22.23
22.16
22.23
0.311
0.155
U (95%) =
0.310
U (99%) =
0.465
CI (95%) =
22.23± 0.310
CI (99%) =
22.23± 0.465

4.5 Coating deposition and characterization
4.5.1 Bond coat deposition
The primary coatings were deposited onto stainless steel 304 coupons which were only sand
blasted, without BC applied. The stainless-steel coupons had 0.5” × 1” dimensions and were held
on with specially designed specimen holders. Figure 4.9 shows schematic design of the stainlesssteel substrate, the specimen stand and a picture of ceramic coated specimen.
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Figure 4.9 Schematic design of (a) specimen stand, (b) specimen and (c) coated specimen for
stainless steel substrates.

In all the three phases of this work, Inconel 718 sheet (2 mm thickness, cut into 0.6” × 0.6” square
coupons) was used as the substrate material. Specially designed specimen stands and fixtures were
made to hold the coupons during plasma spray. CoNiCrAlY powder (CO-210-24, Praxair Surface
Technologies, Indianapolis, IN 46222, USA) was sprayed on the sand blasted coupons by Mettech
Axial III (Northwest Mettech Corp., Surrey, Canada) APS system, as the BC, according to the
experimental conditions presented in Table 4.5.

Table 4.5 Atmospheric plasma spray (APS) parameters utilized for bond coat deposition.
Powder
feed rate
(g/min)

Current
(A)

Spray
distance
(mm)

Total plasma
gas flow rate
(SLM)

Plasma gas
composition
(Ar%/N2%/H2%)

Nozzle internal
diameter (mm)

90

230

200

250

70/10/20

11
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SLM stands for the standard liter per minute, which is a unit of volumetric flow rate of a gas at
standard conditions for temperature (0 °C) and pressure (1 atm).
The schematic design of the specimen stand, the specimen, as well as a picture of the coated
specimen for Inconel substrates, are illustrated in Fig. 4.10.

Figure 4.10 Schematic design of (a) specimen stand, (b) specimen and (c) coated specimen for
Inconel substrates.

4.5.2 Top coat deposition
In the preliminary experiments, the effects of the spray distance and substrate surface roughness
on the coatings’ microstructure and thickness were investigated to determine the optimum values
of these parameters (i.e., the parameters leading to columnar microstructure in the obtained
coatings). The ceramic top coats were deposited using optimized suspensions, solutions or
mixtures of suspension–solution using the same Mettech Axial III high power plasma torch, but

75

additionally equipped with a continuous stream suspension injector system (LP-BT100-2J
Peristaltic pump, including a YZII15 pump head with three rollers). The SPS parameters are
summarized in Table 4.6, while Table 4.7 provides the plasma parameters for SPPS and SPS–
SPPS (used for functionally graded coatings) processes. All the plasma parameters were
determined based on literature review, Mettech’s a

Table 4.6 Suspension plasma spray (SPS) parameters utilized for top coat deposition. The (E)
and (W) symbols indicate ethanol-based suspensions and water-based suspensions, respectively.
Suspension
Current
feed rate
(A)
(mL/min)
45 (E)
30 (W)

200 (E)
230 (W)

Spray
distance
(mm)

Total
plasma gas
flow rate
(SLM)

Plasma gas
composition
(Ar%/N2%/H2%)

Atomizing
gas flow
rate
(SLM)

Nozzle
internal
diameter
(mm)

50
75
100

245 (E)
180 (W)

75/10/15 (E)
40/40/20 (W)

20 (E)
25 (W)

9

Table 4.7 Solution precursor plasma spray (SPPS) and SPS–SPPS parameters utilized for top
coat deposition in either SPPS coatings or SPS–SPPS functionally graded coatings.
Solution
feed rate
(mL/min)

Current
(A)

Spray
distance
(mm)

30

230

45
60
85

Total
plasma
gas flow
rate
(SLM)

Plasma gas
composition
(Ar%/N2%/H2%)

Atomizing
gas flow
rate (SLM)

Nozzle
internal
diameter
(mm)

180

40/40/20

25

9

Axial III torch consists of three parallel plasma jets, produced by separated cathodes and anodes,
which converge in an interchangeable extension nozzle to produce a plasma jet which flows out
the nozzle and expands in the atmosphere [4]. Figure 4.11 illustrates schematic of the setup used
for liquid injection and plasma spray by Mettech Axial III plasma system (Fig. 4.11(a)) and a
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picture of the injection and plasma spray system used in our work at Northwest Mettech
Corporation (Fig. 4.11(b)).

(a)

(b)

Figure 4.11 (a) Schematic illustration, and (b) a picture of the axial injection setup used in this
work with Axial III plasma spray system at Northwest Mettech Corporation (with their
permission).

77

4.5.3 Coating characterization
Phase/composition evaluation of all the coatings deposited in the three phases was performed using
an X-ray diffractometer (Rigaku, Multiflex XRD) with Cu Kα radiation. The XRD patterns were
collected in a 2θ range from 3° to 90°, with 0.02° angular steps. The XRD operation voltage and
current were maintained at 40 kV and 40 mA, respectively. The coated coupons were mounted in
a low viscosity epoxy resin after vacuum infiltration, then, ground and polished according to
standard metallography procedures for TBCs. Morphology and microstructure of the coatings were
investigated by Zeiss Sigma standard Field Emission Scanning Electron Microscope (FE-SEM).
Energy-dispersive X-ray spectroscopy (EDS) was used for elemental analysis of the functionally
graded coatings.
Porosity values in the microstructure of the resulting coatings were evaluated by analyzing the
respective SEM micrographs using image analyzer software (ImageJ– version 1.52a, National
Institutes of Health, Maryland, USA). Due to the wide range of porosity length scale in the coatings
(micron, submicron and nano pores), two different image magnifications were used for analyses:
×1000 (×1K) and ×10,000 (×10K). Features like inter-columnar spacing, big vertical cracks, and
micro-sized pores can be identified in the low magnification images, while features like submicron
and nano-sized pores can be identified in the high magnification images. To evaluate the relative
porosity values of the coatings, a total of 20 SEM micrographs were captured across each coating’s
cross-section at both magnifications. All the images were threshold adjusted and converted into
binary (black and white) images to calculate the porosity. Surface roughness of the coatings and
the coatings’ 3D surface topography maps were analyzed using Bruker XT Dektak profilometer.
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Chapter 5 : The rheological and stability characteristics of
concentrated aqueous YSZ suspensions
5.1 Introduction
Highly concentrated YSZ aqueous suspensions with improved rheology and stability
characteristics are desired in several fields of modern ceramic engineering such as SPS coatings.
In the ceramic coating industry, YSZ suspensions have been a focus of interest in recent years to
produce SPS coatings with submicron or nano-sized microstructures and improved physical and
mechanical properties in comparison to the conventional atmospheric plasma sprayed (APS)
coatings [4,168]. In SPS deposition technique, fine particles (typically 100 nm to 5 μm) are carried
within a liquid medium (organic solvent or water) in the form of a suspension to be injected into
the plasma. Liquid injection makes the plasma spray process more complex than the conventional
APS [22]. One of the major challenges of SPS is the preparation of industrially scalable
suspensions, which must be well-dispersed and stable, i.e., without significant particle
agglomeration or sedimentation within the coating processing timeframe. Suspensions with
viscosities as close as possible to that of their solvents are preferable. For water-based suspensions,
this would require viscosities in the range of 1 cP to 4 cP for the Mettech Axial III plasma spray
system used in our work. This is to prevent nozzle clogging that occurs when the suspension
viscosity is too high, generally above about 4-6 cP. On the other hand, increasing the deposition
efficiency by injection of higher solids loaded feedstock is desirable in industry [4,5]. Replacing
organic solvents with water is another industrial demand since it offers a more economical and
safer process [161]. Suspension stabilization gets much more difficult when water is used as
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solvent [161]. Hence, suspension’s rheological and colloidal behavior characterization and
optimization are key factors in process development for aqueous-based SPS coatings.
In this chapter, the effects of pH, dispersant type and concentration on the dispersion and
rheological characteristics of the aqueous suspensions of YSZ with 30 wt.% solids loading were
studied. The purpose of this part of the work was to prepare an optimized water-based highly
concentrated YSZ suspension for SPS. An ideal SPS suspension should have the following target
characteristics: no agglomeration, long-term stability (typically NTUs higher than 2500-3000) and
low viscosity (typically lower than 4-6 cP) with high solids content (preferably above 25-30 wt.%,
equal to 7.4-9.4 vol.%) [161]. As listed in Table 4, the suspension samples studied in this chapter
are named as YSZH, YSZH- PE, YSZH- PB, and YSZH- AT. Based on the particle size distributions
(Fig. 4.3) of the original (not-modified) YSZ suspensions, agglomeration was clearly observed as
expected in aqueous suspensions of submicron or nano-sized ceramic particles (refer to Section
4.1.1). Three dispersants, i.e., PEI, PBTCA and α-Terpineol, with different molecular structure
features, were used to compare their ability to produce stable low-viscosity suspensions along with
pH adjustment. Careful investigations of the suspensions were conducted through viscosity, zeta
potential, turbidity, destabilization kinetics, and sedimentation rate measurements. The
suspensions’ stability was evaluated to identify both the electrostatic and steric effects of the
dispersants. The results showed that dispersant addition, when combined with proper pH
adjustment, could significantly decrease the suspensions’ viscosity values and improve their
stabilities. Optimum viscosity and stability conditions, defined as viscosities lower than 4 cP and
NTU higher than 3000, were obtained with adding 0.1 wt.% PEI at pH value of 2.5, 0.05 wt.%
PBTCA at pH value of 10.5 and 0.1 wt.% α-Terpineol at pH value of 2.5.
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5.2 Rheological properties of suspensions
The effect of dispersant concentration (i.e., the ratio of the dispersant’s weight to the total weight
of solids in the suspension) on the suspension’s viscosity for 30 wt.% YSZ suspensions is
illustrated in Fig. 5.1(a). Viscosity measurement was performed at a constant shear rate of 200 s-1,
from which the viscosity was no longer dependent on the shear rate for most of the suspensions
(as can be seen in Fig. 5.2). The results showed that adding 0.1 wt.% PEI, 0.05 wt.% PBTCA and
0.1 wt.% α-Terpineol provided minimum viscosities of the water-based YSZ suspensions (i.e.,
YSZH- PE, YSZH- PB, and YSZH- AT, respectively). These amounts were thus considered as the
optimum dispersant concentrations for further experiments. Minimum viscosity can indicate a
good stability of the suspension, which provides easy flow of the suspended particles and allows
high solids loadings, the key characteristics necessary for successful SPS [170].
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(cP)
Figure 5.1 Effect of dispersant type and concentration on (a) viscosity (at 200 s-1 shear rate) and
(b) pH of 30 wt.% YSZ water-based suspensions.

The viscosity of aqueous suspensions was strongly affected by the dispersion degree of the
suspended particles. At low concentrations of a polyelectrolyte dispersant, the suspension’s
viscosity was high, due to the low surface charge density and the particles bridging due to the
incomplete adsorption [170]. Surface charge density is the quantity/ amount of electric charge per
unit area, measured in coulombs per square meter (C.m−2). As a small amount (typically less than
0.01-0.05 wt.% of the suspension) of ionic dispersant was adsorbed, the absolute zeta potential of
the particles was still low (< 20 mV). Besides, bridging occurred at low adsorption densities and
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presence of long molecular chain lengths [171]. Consequently, severe flocculation was observed
where small amount (< 0.01-0.05 wt.%) of dispersant was added to the suspension. By increasing
the polymer dispersant addition, viscosity of the suspension decreased to a minimum (9.5 cP for
PEI, 9.7 cP for PBTCA, and 9.6 cP for α-Terpineol suspensions in this study) as a result of both
increased electrostatic repulsion and the steric hindrance between the particles, i.e., an electrosteric
mechanism.
It has been reported that excess polyelectrolyte addition increases viscosity of suspension because
of the increased amount of counterions in the medium and the polymer bridging effect [10–12].
For PBTCA system, viscosity showed a minimum at 0.05 wt.% dispersant concentration. This
indicated that a complete monolayer coverage of PBTCA molecules on the surface of YSZ
particles was formed at this concentration, which reduced the overall resistance against suspension
flow by decreasing the interparticle friction forces and breaking up the attractive particulate
network present in the YSZ suspension. It can be seen from Fig. 5.1(a) that an excessive amount
of PBTCA dispersant (> 0.05 wt.%) increased the viscosity because of depletion forces resulting
in flocculation. The same happened for PEI and α-Terpineol containing suspensions beyond their
optimum concentrations (0.1 wt.%).
Figure 5.1(b) shows the effect of dispersant addition on the native pH value of the suspensions.
PEI addition increased pH of YSZ suspension from 7.4 (with no dispersant) to 9.1 (with 0.1 wt.%
dispersant concentration). This was because of the strong basic nature of PEI (pH=11), as
mentioned in Table 4.1. For PBTCA, which is a strong acid (pH=2), the suspension pH decreased
from 7.4 to 5.1 with 0.05 wt.% dispersant addition. α-Terpineol, on the other hand, did not have a
significant influence on the suspension pH, as it does not have an ionic nature and only makes
steric stabilization in the suspensions [166]. The α-Terpineol’s pH was ~7.7 (Table 4.1).
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Figure 5.2 shows the variation of viscosity versus shear rate for the YSZ suspensions at different
pH values and dispersant types. The native pH of YSZ suspensions (YSZH, reference samples
without adding any dispersant and pH adjustment) was around 7.4. As it is seen in Fig. 5.2(a),
pH=6.5 (the closest to the native pH of suspensions) resulted in the highest viscosity values (10 cP
to 19 cP). However, both acidic and basic pH decreased the viscosity (~7 cP) at different shear
rates and the two samples with pH values adjusted at 2.5 (i.e., YSZH-

2.5

) and 10.5 showed

Newtonian behavior, i.e., the apparent viscosity was independent of shear rate.

Figure 5.2 Variation of viscosity versus shear rate for 30 wt.% YSZ water-based suspensions at
different pH values (a) without dispersant (YSZH), with optimized concentration of (b) PEI (YSZHPE
), (c) PBTCA (YSZH- PB) and (d) α-Terpineol (YSZH- AT) dispersants.
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Suspension with PEI (0.1 wt.%), i.e., YSZH- PE, had a native pH value of 9.1. Figure 5.2(b) shows
that PEI added suspension at pH=10.5 (close to the native pH of PEI containing samples), had a
non-Newtonian (shear thinning) behavior with relatively high viscosities (> 9.2 cP). Hence, it
appears that PEI addition without adjusting the pH of suspension was not sufficient to improve the
suspension’s rheology. However, as it can be clearly seen in Fig. 5.2(b), decreasing pH towards
acidic values significantly decreased the viscosity of PEI added suspensions while having
Newtonian fluid behaviors. A combination of PEI dispersant with pH of 2.5 (i.e., YSZH- PE- 2.5)
resulted in low (~3.1 cP) viscosities, significantly lower than the viscosities of YSZ suspensions
with only pH adjustments, either acidic or basic (7 cP to 11 cP).
YSZ suspensions with 0.05 wt.% PBTCA (i.e., YSZH- PB) had a native pH value of 5.1. In Fig.
5.2(c), the sample with pH of 6.5 showed a shear thinning behavior with greater (> 10 cP at shear
rates below 300 s-1) viscosity values compared to the other two samples with adjusted pH values.
However, PBTCA accompanied by basic pH adjustment, i.e., pH=10.5 (YSZH-

PB- 10.5

),

considerably decreased the viscosity to ~2.8 cP, which was even lower than the viscosity of the
optimized PEI sample (i.e., YSZH- PE- 2.5).
Figure 5.2(d) illustrates the significant decrease of viscosity due to the addition of α-Terpineol into
the water-based 30 wt.% YSZ suspensions, i.e., YSZH- AT. Very acidic (pH=2.5) and very basic
(pH=10.5) suspensions for this system showed Newtonian fluid behavior with the lowest viscosity
values (~2.7 cP and ~1.3 cP, respectively) in comparison to the PEI and PBTCA systems. Without
pH adjustment of the suspensions, i.e., at their own native pH values, for all the three different
dispersants (YSZH- PE, YSZH- PB, and YSZH- AT) the difference in the viscosity between the systems
with dispersant addition and the reference sample without dispersant addition was relatively small.
However, pH adjustment could significantly help the dispersants to decrease the viscosity of the
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suspensions and hence improve their rheological properties. This is because of the enhancement
in dispersant adsorption on the zirconia particles surfaces and increased stability of the
suspensions.
As it can be deduced from Fig. 5.2, at highly acidic pH values (i.e., pH=2.5), low viscosities (< 8
cP) were obtained for suspensions (except for the PBTCA added suspension), and the suspensions
behaved as Newtonian fluids. The Newtonian-like behavior was again observed for the very basic
suspensions (i.e., pH=10.5). It is expected that the pseudoplasticity of a fluid to be affected by
particle orientation as well as particle flocculation [175]. However, for PEI added suspensions with
pH=10.5, the fluid showed a shear thinning (pseudoplastic) behavior for higher viscosities, shown
in Fig. 5.3. This can be related to the high (10.1) value of this suspension’s isoelectric point (IEP),
i.e., pH at which the net charge on the particle surface is zero and particles can easily agglomerate
and therefore the suspension becomes unstable.
The dependence of suspension viscosity on pH at the constant shear rate of 200 s-1 is illustrated in
Fig. 5.3. Viscosity was low at acidic pH values, as described above. This excluded the PBTCA
added suspension (YSZH- PB). By increasing pH, suspensions became more viscous. The viscosity
was maximum at pH values close to the IEP of each suspension (indicated in Fig. 5.4), which is
close to the natural pH of that suspension. This is because at IEP, the dominant van der Waals
attractive forces cause particles agglomeration. Away from the IEP, the repulsive forces prevent
the particles getting close to each other and agglomerate, which reduces viscosity. For all the
suspensions (except for the one containing PEI), beyond the maximum point, viscosity decreased
as the pH further increased. As mentioned before, for PEI suspension (YSZH- PE), the continuous
increase in viscosity stemmed from the high (10.1) value of its IEP and the lack of data for higher
pH values.
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Figure 5.3 Effect of pH value on viscosity of 30 wt.% YSZ water-based suspensions (at 200 s-1
shear rate) without dispersant (YSZH) and with optimized concentration of dispersants (YSZH- PE,
YSZH- PB, and YSZH- AT).

In summary, YSZ suspensions with α-Terpineol (YSZH- AT) had the lowest viscosities. In addition,
for the two electrostatically dispersed suspensions (YSZH- PB- 10.5 and YSZH- PE- 2.5), considerably
low viscosities (< 4 cP) were obtained with accompanied pH adjustment. As discussed in Section
5.1, suspensions with viscosity values below 6 cP were found to be most desired for Mettech Axial
III plasma spray system in order to avoid nozzle clogging and obtain coatings with homogeneous
microstructures. Based on the rheology test results, acidic PEI-containing suspensions, basic
PBTCA-containing suspensions, and α-Terpineol-containing suspensions with either acidic or
basic pH values showed desirable rheological properties, close to the target of 4 cP, for SPS with
our coating system. Stability tests were also performed to narrow down the optimum suspension
choices for our system. These results are presented in the following sections. Although suspension
characteristics are specific (unique) for each system, there has not been such a comprehensive
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characterization on the suspensions prior to SPS process. A series of suspension stability tests was
selected to analyze the dispersion of aqueous suspensions before and after modification.

5.3 Stability of suspensions
In order to compare stability of different concentrated (30 wt.%) YSZ water-based suspensions,
zeta potential, NTU, Turbiscan destabilization kinetics and sedimentation measurements were
conducted. The methods of measurements were reported in Chapter 4, Sections 4.2.2, 4.2.3, and
4.2.4 (and in Appendix A); the results are provided in the following sections.

5.3.1 Zeta potential measurements
Zeta potentials of four suspensions (YSZH, YSZH- PE, YSZH- PB, and YSZH- AT), all with 30 wt.%
(equal to 9.4 vol.%) solids loading, as a function of pH are depicted in Fig. 5.4. The natural pH of
the reference suspension (i.e., without dispersant or pH adjustment) was around 7.4. Based on Fig.
5.4, the pH region(s) for optimum dispersion of the suspensions could be estimated. However, in
our study, other stability measurements were also carried out to validate the well-dispersion pH
region(s) for each system.
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Figure 5.4 Zeta potential measurements of 30 wt.% YSZ water-based suspensions without
dispersant (YSZH) and with optimized concentration of dispersants (i.e., YSZH- PE, YSZH- PB, and
YSZH- AT) at different pH values.

YSZ suspension without any dispersant, i.e., YSZH, had an isoelectric point (IEP) of 6.1, which is
close to the other IEPs reported for various zirconia powders [15,16,19,20]. IEP is a characteristic
value for oxide powder dispersed in water and can vary for different powders with the same
chemical composition depending on the powder fabrication process, which leads to different
properties (such as solubility and stability). Without dispersant addition, only strongly acidic (pH
smaller than 3.5) or strongly basic (pH above 9.5) suspensions had sufficiently high zeta potential
values (i.e., higher than 40 mV), suitable for good dispersion.
Dispersants could significantly affect the surface charge of YSZ particles in water and hence
change their zeta potential. With 0.1 wt.% PEI added to the suspension (YSZH- PE), the IEP shifted
to basic pH value of 10.1 and a wide pH range of stable zeta potential values, higher than 40 mV,
was achieved for pH < 8.5. The IEP shift toward a basic pH value was indicating that PEI is more
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effective in the acidic region as it is a cationic polyelectrolyte. Addition of acid (HCl) neutralizes
the −𝑁𝐻 − basic amine groups in PEI and then creates a positive charge on the polymer skeleton,
according to reaction (5.1) [176]:
−(𝐶𝐻2 − 𝐶𝐻2 − 𝑁𝐻−)𝑛 + 𝐻3 𝑂+ → −(𝐶𝐻2 − 𝐶𝐻2 − 𝑁𝐻2+ −)𝑛 + 𝐻2 𝑂

(5.1)

Therefore, the positively charged PEI molecules absorbed on YSZ particles increased the zeta
potential and displaced the IEP, which agrees well with a secondary amine’s pKa of 10.4 [177].
This means more OH– ions were required to neutralize the positive surface charge and therefore
the IEP shifted to a more alkaline pH.
After PBTCA addition, the IEP of the suspension (YSZH- PB) shifted to an acidic pH value of 2.6.
This was due to the anionic nature of PBTCA polyelectrolyte and has been observed for other
anionic agents dispersing zirconia and alumina suspensions [23–25]. The adsorption of anionic
molecules of PBTCA on the YSZ particles surfaces caused an increase in the net negative surface
charge of the powder and shifted IEP to lower pH values. Adsorption of PBTCA onto YSZ
particles was affected by pH value as the particle surface charge as well as the electrolyte
dissociation were both dependent on pH of the suspension. It has been shown that the dissociation
degree of PBTCA increases with increasing pH [26,27]. At pH < 2.6, i.e., lower than the IEP, the
adsorption of negatively charged dispersant on the positively charged powder was favored by the
electrostatic attraction forces. By increasing pH of suspensions to values higher than the IEP, the
electrostatic repulsion forces between both the negatively charged ceramic powders and dispersant
molecules were dominant. Organic acids prefer to adsorb in the pH range of the pKa values of the
dissociable protons [183]. For PBTCA, the pKa values at the ionic strength of 0.5 are 3.74, 4.23,
5.14, 6.80 and 9.05 [181]. Hence, PBTCA has high adsorption potential in a wide pH range due to
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the combination of functional groups (carboxylate and phosphonyl groups) with different pKa
values.
In the presence of α-Terpineol (YSZH- AT), no significant change in IEP was observed, suggesting
that its adsorption was mainly of a steric (non-electrostatic) type. A slight shielding of surface
charges happened since α -Terpineol is a non-ionic dispersant. Besides, similar to the YSZ
suspensions without dispersant (YSZH) addition, for α-Terpineol added systems (YSZH- AT) the
stable suspension pH region was compressed to a narrow pH range, indicating that the interaction
between dispersant-YSZ particles was mainly of a non-electrostatic nature. The small difference
between the zeta potential curves of YSZH- AT suspension and YSZH might be due to either the
presence of impurities from the manufacturing process or the possibility of disturbing the charge
equilibrium of YSZ particle surfaces by the surrounding α-Terpineol layer.
In summary, based on the zeta potential measurements, PEI and PBTCA proved to be very
effective electrostatic dispersants. By 0.1 wt.% PEI addition to YSZ suspension, the IEP shifted to
10.1 and, therefore, stable suspensions were achievable in pH range of < 8.5. For PBTCA
dispersant, 0.05 wt.% addition could shift the IEP to 2.6 and stability range was pH > 3.5.

5.3.2 Turbidity of YSZ suspensions
As zeta potential measurement is only indicator of the electrostatic repulsive forces, turbidity
analysis of the suspensions can be an indirect way of assessing the steric stabilization characteristic
of dispersants. NTU was used to measure and compare the turbidity results of different water-based
YSZ suspensions with 30 wt.% solids loading (refer to Chapter 4, Section 4.2.3 for details of the
turbidity characterization method). Greater turbidity corresponds to higher concentration of
suspended particles, which indicates more stable colloidal system. In Fig. 5.5, NTU values are
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plotted versus time (up to 24 h) for 30 wt.% YSZ water-based suspensions without dispersant
(YSZH) and with the three dispersants (YSZH- PE, YSZH- PB, and YSZH- AT) at different pH values.

Figure 5.5 Turbidity (NTU) versus time for 30 wt.% YSZ suspension (a) without dispersant
(YSZH), with (b) 0.1 wt.% PEI (YSZH- PE), (c) 0.05 wt.% PBTCA (YSZH- PB) and (d) 0.1 wt.% αTerpineol (YSZH- AT) dispersants at different pH values.
The turbidity of untreated YSZ suspension (YSZH) was smaller than that of both the pH (very
acidic or very basic) adjusted suspensions and the dispersant added ones at the effective pH values.
Figure 5.5(b) implies that PEI suspensions (YSZH- PE) with pH=2.5 and 4.5 were well dispersed,
which is in a good agreement with the zeta potential and rheology results. As PEI is a cationic
polyelectrolyte, its stabilization effect improves with decreasing pH of the system as a result of the
positive charges increase [184].
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While YSZ suspension with PBTCA dispersant (YSZH-

PB

) had the highest NTU values for

pH=10.5, its stabilizing ability reduced with decreasing pH. Generally for anionic dispersants, their
adsorption mechanism at pH values higher than their IEP is defined by the combination of
interactions between the active groups of dispersant and the suspended particles, along with the
electrostatic repulsion between the negatively charged suspended particles surfaces and the
strongly negatively charged dispersant molecules [140].
Figure 5.5(d) illustrates the NTU variation of α-Terpineol containing suspensions (YSZH- AT) over
time. Despite having a similar trend to the YSZ reference suspensions, α-Terpineol considerably
increased the NTU values, which implies well-dispersed suspensions, since α-Terpineol molecules
could stabilize the YSZ suspension with steric effect [166].

5.3.3 Destabilization kinetics
To determine the overall stability of the suspension over time, the destabilization phenomena
should be considered. Therefore, the Turbiscan Stability Index (TSI) of the suspensions were
calculated using TurbiSoft LAB software (TLAB 1.3, Formulaction S.A., France), by Eq. (A.1).
For more details on the specifications, measurement procedures of Turbiscan LAB Expert
(Formulaction, France), and TSI calculation method, refer to Appendix A.
The greater the TSI, the more unstable the suspension is. Destabilization kinetics of 30 wt.% YSZ
water-based suspensions (YSZH) are shown in Fig. 5.6(a), as the variation of TSI with time at
different pH values. Suspensions with pH values of 2.5, 4.5 and 10.5 were the most stable ones.
The destabilization kinetics of 30 wt.% YSZ water-based suspensions with PEI (YSZH-

PE

),

PBTCA (YSZH- PB) and α-Terpineol (YSZH- AT) dispersants are plotted in Fig. 5.6(b), 5.6(c) and
5.6(d), respectively. It can be inferred that suspensions with PEI at pH=2.5 (YSZH- PE- 2.5), PBTCA
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at pH=10.5 (YSZH-

PB- 10.5

), and α-Terpineol at pH=2.5 (YSZH-

AT- 2.5

) were the most stable

suspensions, i.e., they had the lowest TSI values. The results are in a good agreement with turbidity
and zeta potential data.

Figure 5.6 Destabilization Kinetics (TSI) of 30 wt.% YSZ water-based suspensions (a) without
dispersant (YSZH), with (b) 0.1 wt.% PEI (YSZH- PE), (c) 0.05 wt.% PBTCA (YSZH- PB), and (d)
0.1 wt.% α-Terpineol (YSZH- AT) at different pH values.

5.3.4 Sedimentation rate
Using the “Advanced Calculation” feature of TurbiSoft LAB software (TLAB 1.3, Formulaction
S.A., France), “peak thickness” can be calculated to characterize the thickness of the separated
phases, either in top or bottom of the sample. The complementary data on this feature of TurbiSoft
LAB software and the computation process is provided in Appendix A. The delta backscattering
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peak thickness, which resembles the height of sediment layer, (Fig A.3) was plotted versus time
for the bottom part of the vial. The slope of these variations (thickness increase of the sediment
phase over time) was calculated as the sedimentation rate for each suspension (refer to Appendix
A and Fig. A.4). It should be noted that calculating the sedimentation (migration) rate using
TurbiSoft LAB software is more accurate than the visual measurements. The sedimentation rates
of 30 wt.% YSZ water-based suspensions at different pH values without and with dispersants are
compared in Fig. 5.7. The sedimentation rate graphs proved that combinations of 0.1 wt.% PEI
dispersant with pH=2.5, 0.05 wt.% PBTCA dispersant with pH=10.5 and 0.1 wt.% α-Terpineol
dispersant with pH=2.5 stabilized the 30 wt.% YSZ water-based suspensions. The TSI and
sedimentation rate experiments also validated the previous results of turbidity and electrophoretic
(Zeta potential) measurements.
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Figure 5.7 Sedimentation rate of 30 wt.% YSZ water-based suspensions (a) without dispersant
(YSZH), with (b) 0.1 wt.% PEI (YSZH- PE), (c) 0.05 wt.% PBTCA (YSZH- PB), and (d) 0.1 wt.% αTerpineol (YSZH- AT) after 24 hours at different pH values.

In summary, PEI and PBTCA dispersants could act as electrosteric dispersants to improve the
dispersion of YSZ submicron particles in water. For these dispersants, further pH adjustment was
necessary to obtain the highest stabilities. PEI and PBTCA were the most effective dispersing
agents at pH values of 2.5 and 10.5, respectively. As α-Terpineol is a neutral molecule and acts
only as a steric dispersant, turbidity, destabilization kinetics, and sedimentation rate measurements
were helpful to prove its stabilizing ability. Alpha-Terpineol had the greatest effect in decreasing
the viscosity of YSZ suspensions.
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5.4 Summary
In this chapter, highly concentrated (30 wt.%) YSZ water-based suspensions were produced and
characterized, for application in SPS. Detailed investigations were performed to determine the
correlation between the rheology and stability of the suspensions by varying dispersant type,
dispersant concentration, and pH parameters. PEI, PBTCA and α -Terpineol were used as
dispersant agents. To assess the stability (both the electrostatic and steric effects) of aqueous
suspensions, zeta potential, turbidity, destabilization kinetics, and sedimentation rate
measurements were conducted.
The results revealed that viscosity of these aqueous suspensions was strongly affected by the
dispersion status of the suspended particles. PEI and PBTCA had electrosteric dispersing ability,
while α-Terpineol showed steric effect on the aqueous YSZ suspensions. Adding 0.1 wt.% PEI,
0.05 wt.% PBTCA and 0.1 wt.% 𝛼-Terpineol resulted in minimum viscosities of the water-based
YSZ suspensions. At low concentrations of a polyelectrolyte dispersant, the suspension’s viscosity
was high due to the low surface charge density and the particles bridging because of incomplete
adsorption. By increasing the polymer dispersant addition, viscosity of the suspension decreased
to a minimum amount (9.5 cP for PEI, 9.7 cP for PBTCA, and 9.6 cP for α-Terpineol suspensions
in this study), expected to be a result of both increased electrostatic repulsion and the steric
hindrance between the particles. The excessive amount of dispersant, i.e., beyond its optimum
concentration, increased the viscosity because of depletion forces resulting in flocculation.
At the optimum dispersant concentrations, a proper combination of pH adjustment with dispersant
addition resulted in minimum viscosity and maximum stability behavior in each system. This is
because of the enhancement in dispersant adsorption on the zirconia particles surfaces and

97

increased stability of the suspensions. While the native pH of YSZH- PE was 9.1, combination of
PEI dispersant with pH of 2.5 (i.e., YSZH- PE- 2.5) resulted in low (~3.1 cP) viscosities. As the native
pH of YSZH- PB was 5.1, pH adjusting to 10.5 (YSZH- PB- 10.5), considerably decreased the viscosity
to ~2.8 cP. Very acidic (pH=2.5) and very basic (pH=10.5) suspensions for YSZH- AT system
showed Newtonian fluid behavior, with the lowest viscosity values (~2.7 cP and ~1.3 cP,
respectively).
The results of the colloidal stability measurements revealed that PEI and PBTCA proved to be
very effective electrostatic dispersants. By 0.1 wt.% PEI addition to YSZ suspension, the IEP
shifted to 10.1 and, therefore, stable suspensions were achievable in pH range of < 8.5. Hence, PEI
was more effective in the acidic region, as it is a cationic polyelectrolyte. For PBTCA, 0.05 wt.%
addition could shift the IEP to 2.6 due to the anionic nature of PBTCA polyelectrolyte, and stability
range was for pH > 3.5. In the presence of α-Terpineol (YSZH- AT), no significant change in IEP
was observed, suggesting that its adsorption was mainly of steric (i.e., non-electrostatic) type.
In conclusion, PEI (as a cationic dispersant) and PBTCA (as an anionic dispersant) effectively
improved the rheology and stability of the aqueous concentrated YSZ suspensions when pH was
adjusted at 2.5 and 10.5, respectively. Turbidity and destabilization studies showed that α Terpineol (a steric dispersant with a neutral molecule), when accompanied with pH=2.5, not only
effectively reduced the viscosity of the aqueous YSZ suspensions to 2.7 cP, but also provided
considerable (> 3000 NTU) suspension stability.
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Chapter 6 : Aging behavior of water-based YSZ suspensions for
plasma spray of thermal barrier coatings
6.1 Introduction
Suspension stability is a key parameter that should be considered in any coating process utilizing
a suspension as the main feedstock. The microstructure and performance of SPS coatings are
affected by both the suspension properties, such as surface tension, viscosity and density, as well
as the spraying parameters, including plasma power, enthalpy, and spray distance [16,17]. There
is also a growing industrial demand to increase the coating deposition efficiency by feeding highly
concentrated suspensions. In addition, replacing ethanol solvent with water reduces the
manufacturing costs and enhances the process safety. The suspension characteristics, especially
when water is used as the solvent, crucially influence the feasibility of formation of TBCs with
porous columnar microstructures. This is the consequence of the fact that the suspension optimized
rheological properties and stability affect the feedstock injection, increase its shelf life and improve
the resulting coating’s microstructure. Suspension rheological properties are controlled mainly by
solvent type, solids content, dispersant type and concentration, pH and dispersants. Suspension
preparation plays a significant role in SPS process because when water is used as the solvent, it is
difficult to obtain a stable and well-dispersed suspension over time.
In the previous chapter, we reported on extensive studies of YSZ water-based suspensions for SPS.
These studies resulted in a better understanding of the system, as well as identification of optimized
chemical compositions of water-based YSZ suspensions, including solids content, pH, dispersant
type (PEI, PBTCA, and α -Terpineol) and its concentration in producing stable, highly
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concentrated (30 wt.%, which is equal to 9.4 vol.%) water-based YSZ suspensions, Table 6.1.
These samples were further studied in this chapter.

Table 6.1 Chemical composition of the aqueous 30 wt.% YSZ suspensions studied in this chapter
(extracted from Table 4.2).
Suspension name
YSZH- 2.5
YSZH- PE- 2.5
YSZH- PB- 10.5
YSZH- AT- 2.5

Dispersant
Solvent Dispersant
Native
concentration
type
type
pH
(wt.%)
Water
----7.4
Water
PEI
0.1
9.1
Water
PBTCA
0.05
5.1
αWater
0.1
7.7
Terpineol

Adjusted
pH
2.5
2.5
10.5
2.5

The functional stability of such highly concentrated (> 20 wt.%) aqueous YSZ suspensions and
their ability to produce TBCs with porous columnar microstructure have not been thoroughly
investigated yet. The term “functional stability” refers to the ability of a suspension to resist change
in its rheological properties over aging time; it differs from “suspension stability”, which relates
to suspension resistance against particle agglomeration and subsequent sedimentation in a
relatively narrow period of time, typically 1-4 h. The logistics of industrial application of the
suspensions in SPS requires significantly longer stability. Therefore, the aim of the work was to
assess aging behavior of the optimized water-based YSZ suspensions with 3 different types of
dispersants (PEI, PBTCA and α-Terpineol), and to investigate the microstructural characteristics
of the resulting SPS coatings, which is detailed in Chapter 7. The changes in the suspensions’ zeta
potential, pH, viscosity, and TSI were monitored over their aging time of 1–7 days. As no
significant changes were observed in the suspensions’ properties beyond aging time of 7 days, the
practical aging time of up to one week (including one day intervals) was selected to assess the
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aging behavior of differently prepared suspensions. The results showed that α-Terpineol is the
most effective dispersant to produce functionally stable suspensions with low viscosity and surface
tension values.

6.2 Effect of aging on zeta potential and pH of aqueous YSZ suspensions
Figures 6.1(a) and 6.1(c) illustrate the variations in absolute zeta potential and pH values of the
four different suspensions, listed in Table 6.1, as a function of aging time. The particles in blank
suspension (YSZH- 2.5, as-prepared with only pH adjustment, undoped), and those containing PEI
(YSZH- PE- 2.5) and α-Terpineol (YSZH- AT- 2.5) dispersants, exhibited positive zeta potential values,
while those in suspension containing PBTCA dispersant (YSZH- PB- 10.5) showed negative zeta
potential values under such experimental conditions.
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(a)

(b)
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(c)

Figure 6.1 Variations in (a) zeta potential versus aging time, (b) zeta potential versus pH and (c)
pH values as a function of aging time for different types of suspensions (YSZH- 2.5, YSZH- PE- 2.5,
YSZH- PB- 10.5, and YSZH- AT- 2.5).

At fixed dispersant concentration, the main factor that influences the zeta potential (i.e., making
its absolute value high or low) is pH, in terms of the deviation from isoelectric point (IEP). Based
on the data presented in Fig. 6.1(b), addition of α-Terpineol dispersant to blank suspension resulted
in a change in the value of IEP, demonstrating that steric dispersants also cause change in zeta
potential. The zeta potential of the suspensions containing α-Terpineol dispersant (YSZH- AT- 2.5)
did not change significantly in pH of acidic region (pH < 4). The high zeta potential of such
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suspensions could be attributed to their adjusted pH value (~2.5), which significantly deviated
from their IEP=7.3.
As seen in Fig. 6.1, zeta potential decreased with the suspension aging time (Fig. 6.1(a)), and the
suspension pH approached the native pH values of the respective suspensions (Fig. 6.1(c) and
Table 6.1). The native pH is that observed immediately after suspension preparation and prior to
any further modifications. The change in zeta potential over aging time was related to YSZ
dissolution, which in turn changed the characteristics of the liquid medium and the double layer
formed at the surface of suspended particles. Dissolution behavior of YSZ particles has already
been studied [185–188]. Based on thermochemical data, it was claimed that Y2O3-ZrO2 solid
solution is more soluble than pure ZrO2 because the incorporation of yttria introduces defects into
the structure of zirconia [189–191]. Time dependency of zeta potential change due to the
interaction between the solvent and the solid has been reported previously for different suspension
systems [192]. The blank suspension (YSZH- 2.5) was the most unstable one, i.e., having the highest
percentage change in zeta potential value (62%) over 7 day aging time (Fig. 6.1(c)), which could
be related to the enhanced solubility of YSZ in acidic medium, as reported previously
[187,188,191].
Based on the data presented above, application of dispersants led to the formation of suspensions
that were more functionally stable, i.e., exhibited less change in zeta potential values during aging.
Although the pH change for the suspension with α-Terpineol dispersant (YSZH-

AT- 2.5

) was

comparable to that of the blank YSZH- 2.5 (30% and 34% for YSZH- AT- 2.5 and YSZH- 2.5 suspensions,
respectively), the zeta potential of the former did not change as significantly as in the case of the
latter one (percentage change in zeta potential was about 11% in the case of YSZH-

AT- 2.5

suspension which was aged for 7 days). This indicates that α-Terpineol dispersant largely
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prevented changes in the suspension zeta potential as a result of changes in the suspension pH
values. The stabilization mechanism for PEI and PBTCA dispersants included both steric and
electrostatic mechanisms, while that of α -Terpineol was pure steric. In the case of blank
suspension (YSZH- 2.5), the stabilization mechanism was purely electrostatic, which was sensitive
to the ionic strength of the background liquid phase due to the screening effect on the repulsion
forces between particles, i.e., the more ionic strength of the liquid phase, the less repulsive
electrostatic forces between the charged particles would be [193]. The increase in ionic strength
was the result of yttria leaching over the aging time, which in turn led to enhanced agglomeration
in suspensions that were stabilized based on repulsive electrostatic forces, as will be discussed
later.

6.3 Effect of aging on Turbiscan Stability Index (TSI) of aqueous YSZ suspensions
The variation in TSI values (refer to Appendix A) of different suspensions as a function of aging
time is presented in Fig. 6.2. The blank suspension (YSZH- 2.5) was considered as the most unstable
one, showing the highest TSI values. Increasing the aging time led to an increase in TSI, especially
in the case of blank suspensions, indicating enhanced instability at longer aging times.
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Figure 6.2 TSI values as a function of aging time for different types of suspensions (YSZH- 2.5,
YSZH- PE- 2.5, YSZH- PB- 10.5, and YSZH- AT- 2.5).

Based on data shown in Fig. 6.1(a) and Fig. 6.2, PEI dispersant was the most efficient one to
produce stable suspensions (i.e., ability to create the largest surface charge and as a result the least
corresponding suspension TSI value). This is related to its polycationic nature preventing particle
agglomeration by simultaneous electrostatic and steric effects [165]. The greater ability of PEI to
produce stable suspensions (with respect to the two other dispersants) was also related to its higher
molecular weight providing effective steric repulsion forces in longer inter-particle distances. On
the other hand, among different suspension systems studied here, the suspension containing αTerpineol dispersant (YSZH- AT- 2.5) presented the least percentage change in the TSI value (32%),
indicating its ability to provide more functionally stable suspensions than the other types of
dispersants. The average TSI of YSZH- PE- 2.5 and YSZH- AT- 2.5 suspensions were 8.3 and 10.3,
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respectively (i.e., ~25% difference between their TSI values). However, the respective percentage
changes in TSI values over the aging time were 57% and 32%, in the case of YSZH- PE- 2.5 and
YSZH-

AT- 2.5

suspensions, respectively. In this regard, although YSZH-

considered more stable than YSZH-

AT- 2.5

PE- 2.5

suspension was

suspension (by the factor of ~25%), it was less

functionally stable than YSZH- AT- 2.5 due to ~100% difference between their TSI values over the
aging time. Such behavior was related to the steric stabilization nature of α-Terpineol dispersant
that made the resulting suspension characteristics less sensitive to pH changes (or change in liquid
phase ionic strength) during the aging process [194].
Particle sedimentation is affected by different factors, e.g., suspension viscosity and particles
agglomeration. In a viscous liquid with laminar flow, when a spherical particle settles, it soon
reaches a constant velocity, referred to as terminal (or settling) velocity, in which the effective
weight of the particle is in balance with the frictional force (also known as Stokes’ drag) exerted
on it by the liquid. The force Fd exerted on the particle is given by Stokes law [133]:

𝐹𝑑 = 6𝜋𝜂𝑅𝑝 𝑣

(6.1)

where η is the viscosity of the liquid, Rp is the radius of the particle, and v is the particle’s velocity.
At terminal velocity, equating F to the effective weight of the particle gives [133]:

𝑣=

(𝜌𝑠 −𝜌𝑙 )
18𝜂

𝑔𝐷2

(6.2)

where D is the diameter of the particle, g is the gravitational acceleration, and ρs and ρl are the
densities of the particle and liquid, respectively. Therefore, by measuring the sedimentation rate
of the suspension, the spherical particle diameter can be calculated using Eq. (6.2), known as

107

Stokes equation. When the suspended particles are not of spherical shape, the measured particle
size is referred to as the Stokes diameter DSTK, or the equivalent spherical diameter. According to
Eq. (6.2), particles with a larger size will settle first, followed by successively smaller particles.
The viscosity changes of the four different suspensions were approximately the same (varying in
the range of 1.4 cP to 1.7 cP, refer to Section 6.4 below). Therefore, the viscosity effect on
sedimentation was not significant here and particle agglomeration was considered as the effective
factor that may influence both the viscosity and sedimentation properties. Comparing the results
showing the changes in TSI and viscosity values over the aging time (Fig. 6.2 and Fig. 6.3(b))
reveals that suspension aging led to particle agglomeration, which in turn resulted in suspensions
with higher viscosity and less resistance to sedimentation, as further discussed in Section 6.4 and
illustrated in Fig. 6.4.

6.4 Effect of aging on viscosity and surface tension of aqueous YSZ suspensions
While the exact mechanism for column formation in SPS is still unknown, Van Every et. al.
proposed a theory in this regard [20], which has been acknowledged by other researchers [16,132].
Based on this theory, column formation in SPS is affected by the suspension droplet formation
after atomization inside plasma. This controls the formation of molten droplets of the solute
particles after solvent evaporation and solids melting. The trajectory of the fine droplets of the
molten solute, in the range of 1 μm to 5 μm, is strongly affected by the plasma jet flow because of
their relatively small momentum [15]. Therefore, these fine droplets can impact the surface at very
shallow angles (refer to Fig. 7.5) which, with subsequent torch passes, will results in the shadowing
effect at the surface asperities, thus providing a columnar-type coating microstructure [15]. The
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suspension atomization and significance of droplet trajectory inside the plasma in governing the
microstructure of SPS coatings are thoroughly discussed in Chapter 7, Sections 7.3 and 7.4.
It has been reported that the atomized droplet size depends on a balance between the suspension
properties that help it resist the fragmentation and the plasma shear forces that intend to break up
the suspension stream into fine droplets [15,16]. Suspension surface tension and viscosity are the
main characteristics of the suspension, which resist its break-up and droplet formation (Eq. 7.3).
The probability of pore formation in the microstructure of SPS coatings increases as the viscosity
and surface tension of the suspension decrease [16].
Figure 6.3(a) shows typical variation in suspensions’ (YSZH- 2.5, YSZH- PE- 2.5, YSZH- PB- 10.5, and
YSZH- AT- 2.5) viscosities as a function of shear rate. For all the suspensions, viscosity values
remained almost constant at shear rates above 200 s-1. The variations in suspensions’ viscosity
values (at shear rate of 200 s-1) as a function of time are presented in Fig. 6.3(b). The blank
suspension (YSZH-

2.5

) had the highest viscosity, while adding the dispersants resulted in

considerable decrease in suspension viscosities, to less than 50% of that of the blank suspension.
Addition of PEI, PBTCA and α-Terpineol resulted in the formation of suspensions with viscosity
decreasing in the same order. The suspensions that were stabilized by α-Terpineol dispersant
(YSZH- AT- 2.5) possessed the smallest viscosities of 2.7 cP to 3.1 cP over 7 days of aging.
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Viscosity (cP)

(a)

Viscosity (cP)

(b)

Figure 6.3 (a) Typical suspensions’ viscosity as a function of shear rate curves and (b) the
suspensions viscosity (at shear rate of 200 s-1) as a function of aging time for different types of
suspensions (YSZH- 2.5, YSZH- PE- 2.5, YSZH- PB- 10.5, and YSZH- AT- 2.5).
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As can be seen in Fig. 6.4, α-Terpineol dispersant was more likely to produce stable suspensions
(i.e., with smaller agglomerate sizes) than PEI and PBTCA dispersants, even after aging time of 7
days.

Figure 6.4 The average agglomerate size in different types of suspensions (YSZH- 2.5, YSZH- PE- 2.5,
YSZH- PB- 10.5, and YSZH- AT- 2.5) as a function of aging time.

It also indicates that for water-based YSZ suspensions, viscosity was directly affected by the
colloidal agglomerate size: the more any given dispersant was able to reduce the agglomerate size,
the less the suspension viscosity would be. The dependence of suspension viscosity on the
agglomerate size has been also reported previously for other types of suspension systems
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[195,196]. Another conclusion from Fig. 6.3 is that the suspension viscosity increased as the aging
time increased. The same trend was observed by Tarasi et al. in their study on viscosity variation
of aged YSZ suspensions [195]. The increase in suspension viscosity was related to the reagglomeration of suspended particles over time, as confirmed by Fig. 6.4 data. Again, α-Terpineol
was the most effective dispersant to produce functionally stable suspensions with the least
percentage change in viscosity (~10%) in 7 days aging, likely due to its steric stabilization
mechanism discussed above.
Surface tension values attributed to different suspensions (YSZH- 2.5, YSZH- PE- 2.5, YSZH- PB- 10.5,
and YSZH- AT- 2.5) are provided in Fig. 6.5. Application of α-Terpineol dispersant resulted in the
formation of a suspension with the least surface tension of ~22 mN/m, as compared to that of the
dispersant-free suspension (~73 mN/m).

112

Figure 6.5 Surface tension for different types of suspensions (YSZH- 2.5, YSZH- PE- 2.5, YSZH- PB- 10.5,
and YSZH- AT- 2.5) as a function of aging time.

The significant difference between surface tension of the suspensions containing different types of
dispersants can be explained based on Gibbs adsorption isotherm, i.e., a thermodynamic
relationship between the surface or interfacial tension γ and the surface excess Γ (material
adsorption per unit area). At constant temperature, in the presence of adsorption, the Gibbs
adsorption equation is [197]:

dσ = − ∑ Γi dμi
where Γi =

(6.3)

𝑛𝑖
⁄𝐴 is the number of moles of component i adsorbed per unit area, and μi is the

chemical potential of the dispersant solution. Equation 6.3 illustrates the dependence of surface
tension on the concentration of a component in contact with the surface, which contributes to
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change in surface energy. For a single dispersant component, the Gibbs adsorption isotherm is
[197]:

dσ⁄dlog𝐶𝐷 = −2.303 Γ 𝑅𝑇

(6.4)

where CD is the dispersant concentration, R is the gas constant, and T is the absolute temperature.
The surface excess Γ is the amount of dispersant adsorption (mole m–2). Based on Eq. 6.3, addition
of dispersants which are less soluble in water (i.e., having higher surface excess) results in the
formation of solutions with smaller surface tension. In this regard, the lower values of surface
tension attributed to suspensions containing α-Terpineol dispersant (YSZH- AT- 2.5) were related to
its higher surface excess in comparison with PEI and PBTCA dispersants (based on pure steric
nature of the former that makes it less soluble in water than the latter ones which have ionic
character and are more soluble in water). Only slight increase (~0.31%) in surface tension of the
YSZH- AT- 2.5 was observed as the suspensions were aged for 7 days. The most important factors
that influence the suspension surface tension are solids content, particle interaction forces and
surface tension of solvent liquid phase [198]. Increase in solids content and inter-particle
interaction results in increasing the suspension surface tension values. As a result, since the solids
contents of all the suspensions (YSZH- 2.5, YSZH- PE- 2.5, YSZH- PB- 10.5, and YSZH- AT- 2.5) were equal,
the slight increase in surface tension values was related to pronounced inter-particle interactions
over the aging time of the suspensions.

6.6 Summary
In this chapter, functional stability, i.e., the ability of water-based 30 wt.% (equal to 9.4 vol.%)
YSZ suspensions containing three types of dispersants (PEI, PBTCA and α-Terpineol) to resist
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change in their rheological properties over aging time was investigated. Selection of the four
suspensions (i.e., their chemical composition and pH) was done based on the results obtained from
the studies reported in Chapter 5. While the stability (short-term) of these suspensions was fully
investigated in Chapter 5, the effect of aging on their rheology and stability was studied in this
Chapter 6. This is due to the significance of aging phenomenon in aqueous YSZ suspensions,
which is necessary to be considered to produce industrially scalable, ready-to-use suspensions for
SPS. The practical aging time of up to one week (including one day intervals) was selected to
assess the aging behavior of the suspensions.
The results showed that both pH and zeta potential values attributed to different suspensions varied
with aging time because of YSZ powder dissolution over the time. These variations led to increase
in particle agglomeration and subsequent changes in suspensions rheological properties. In
general, the absolute zeta potential of suspensions decreased with the suspension aging time, while
the suspensions pH approached the native pH. It was proved that addition of dispersants produced
more functionally stable suspensions, i.e., exhibiting less change in zeta potential values during
aging. In the case of α-Terpineol dispersant, the YSZH- AT- 2.5 showed only 11% change in its zeta
potential after 7 days, resulting from the steric nature of this polymer, which makes the stability
less sensitive to the increased ionic strength of the suspension with aging.
Aging increased the TSI of suspensions, which was more obvious in the case of blank suspensions,
indicating enhanced instability at longer aging times. While PEI dispersant was the most efficient
one to produce stable suspensions (i.e., ability to create the largest surface charge and, as a result,
the least corresponding suspension TSI value), the suspension containing α-Terpineol dispersant
(YSZH- AT- 2.5) had the least percentage change in the TSI value (32%), indicating its ability to
provide more functionally stable suspensions than the other types of dispersants. The greater
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ability of PEI to produce stable suspensions (with respect to the two other dispersants) was because
of its polycationic nature and electrosteric stabilization mechanism, as well as its higher molecular
weight, providing effective steric repulsion forces in longer inter-particle distances. The α Terpineol dispersant, on the other hand, had steric stabilization mechanism that made the resulting
suspension characteristics less sensitive to pH changes (or change in liquid phase ionic strength)
during the aging process.
Accordingly, suspension aging led to particle agglomeration, which in turn increased the viscosity
and sedimentation rate of the suspensions. Application of dispersants resulted in considerable
decrease in viscosities of the suspensions (to less than 50% of that of the blank suspension). The
suspensions that were stabilized by α-Terpineol dispersant (YSZH- AT- 2.5) exhibited the smallest
viscosities (2.7 cP to 3.1 cP), the least agglomerate sizes (0.7 to 0.75 µm), and the least surface
tension (~22 mN/m) over the 7 days of aging.
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Chapter 7 : Process development of suspension plasma sprayed YSZ
coatings
7.1 Introduction
Despite the intensive interest and research on SPS process in the recent years, there are still several
big challenges with this coating deposition technique. One of them is the technique to prepare
appropriate feedstock suspensions that could be industrially scalable [161]. Ideally, water is
preferred as the suspension solvent instead of ethanol, due to economical and safety aspects.
However, preparing well-dispersed water-based suspensions, which are stable over time (i.e., resist
agglomeration, sedimentation, viscosity increase), is a big challenge for the industry. The
suspension viscosity has a maximum limit for each specific feedstock injection system to properly
flow through the tubes and the injector [161]. However, the highest possible suspensions solids
loading, targeting 30 to 40 wt.%, has always been preferred in order to get improved deposition
efficiency [116,169]. For these reasons, colloidal behavior characterization of the suspended
particles, as well as rheological optimization of highly concentrated (30 wt.%, equal to 9.4 vol.%)
water-based feedstock suspensions were addressed in Chapter 5.
Aging of water-based suspensions is a significant phenomenon occurring in storing and handling
of feedstock materials, which has not been sufficiently investigated for the purpose of producing
commercial “ready-to-use” aqueous suspension feedstocks for SPS, in particular for TBC industry.
Ceramic suspensions often show aging and change in their rheological behavior with time, which
is more pronounced in concentrated ones [139,151,200–205,156,165,166,172,177,179,180,199].
The necessity of using the suspension feedstock immediately after its preparation can be
considered as a main problem at industrial scale. In Chapter 6, functional stability of the optimized
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suspensions (formulated based on the results presented in Chapter 5) was studied in terms of the
suspensions’ aging behavior and the resulting coatings obtained by SPS of theses suspensions are
characterized in this chapter. Based on the results, the 30 wt.% aqueous YSZ suspension containing
0.1 wt.% α-Terpineol, at pH of 2.5 (YSZH- AT- 2.5), was selected as the most successfully modified
water-based suspension in our study. Plasma spray of such stable suspensions could result in the
formation of TBCs with columnar morphology, having porosity in the range of 17 to 18 vol.%.
In this Chapter, applicability of the modified water-based YSZ suspensions to produce plasma
sprayed TBC coatings with “columnar microstructure”, desired for high strain tolerance
[13,15,16,20,206], was investigated. The effects of different processing parameters, including
addition of ethanol to the suspension liquid phase, change of the substrate roughness and spray
distance on the resulting coatings morphologies were investigated. The results showed that
increasing ethanol concentration, increasing substrate surface roughness and increasing the spray
distance promote formation of coatings with columnar structure. In terms of costs, application of
the modified water-based YSZ suspensions containing α-Terpineol dispersant (YSZH- AT- 2.5) is
promising in order to deposit columnar coatings without the need for altering other processing
parameters (as mentioned above), which may cause additional cost for the deposition process.
Moreover, coating complex substrates in industrial settings (e.g., coating of TBC on turbine
blades) inherently involves variability of the spray distance. Thus, SPS suspensions producing the
desired columnar microstructure in a wide range of the spray distances are preferable.

7.2 Effects of substrate’s surface roughness and solvent type on SPS coatings
microstructure
YSZ suspensions with three different solvents (water, mixture of 50:50 vol.% water–ethanol, and
ethanol, denoted as YSZH, YSZH- Et, and YSZEt, respectively) as well as a modified aqueous YSZ
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suspension (containing 0.1 wt.% α-Terpineol dispersant and pH adjusted to 2.5, denoted as YSZHAT- 2.5

) were studied in this chapter. These suspensions are listed in Table 7.1. Suspensions YSZH

and YSZH- Et had “native” (not adjusted after preparation) pH of 7.4 and 7.3, respectively.

Table 7.1 The four different YSZ suspensions (derived from Table 4.2).
Suspension
number
YSZH

YSZEt

Water
50:50 vol.% Water–
Ethanol
Ethanol

YSZH- AT- 2.5

Water

YSZH- Et

Dispersant type and
Concentration (wt.%)
---

Solvent type

pH
7.4

---

7.3

--α-Terpineol
0.1

7.3
2.5 (adjusted)

The stainless-steel substrates were sand blasted to three different surface roughness (Rq) values of
2.40, 2.53 and 5.80 µm. For all the surface roughness measurements, the root mean square
deviation (Rq) was measured and reported as the surface roughness parameter, considering z as the
height of microscopic peaks and valleys. Rq for a roughness profile is calculated along the sampling
length (lr) using Eq. (7.1) [207]:

1

𝑙

𝑅𝑞 = √ ∫0 𝑟 𝑧 2 (𝑥)𝑑𝑥
𝑙

(7.1)

𝑟

Cross-sectional SEM images in Fig. 7.1 show the effect of substrate’s surface roughness on the
coatings’ microstructure for the different suspensions. The results revealed that higher substrate
surface roughness and ethanol concentration (in the solvent phase) resulted in coatings with more
pronounced columnar morphology.
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Figure 7.1 Cross-sectional SEM micrographs of the coatings that were deposited from YSZH,
YSZH- Et, and YSZEt suspensions on substrates with different surface roughness values: 2.40, 2.53
and 5.80 µm. In all cases, spray distance was set to 75 mm.

The higher substrate surface roughness (Rq) means higher absolute difference in height between
the peaks and valleys attributed to surface asperity condition. The peaks at the substrate surface
profile act as initiation sites for the formation of individual columns in the microstructure of the
growing SPS coatings. Therefore, the more the difference between peaks’ heights and valleys’
depths at the surface, the higher the chance of formation of individual columns [208].
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The ethanol-based suspensions (YSZEt) yielded coatings with more pronounced columnar
microstructures, whereas both the water-based (YSZH) and mixed water–ethanol (YSZH- Et)
suspensions coatings exhibited lamellar microstructures, Fig. 7.1. These results were expected due
to the dependence of coating’s microstructure on the size and momentum of the atomized
suspension droplets (this aspect will be further discussed in the following Sections 7.3 and 7.4).
According to Table 7.3, the median suspension droplet size of water-based (YSZH) and mixed
water–ethanol-based (YSZH- Et) suspensions were 21.7 and 18.7 µm, respectively, which were
higher than the ethanol-based (YSZEt) median droplet size (i.e., 12.4 µm). This could be directly
responsible for not obtaining columnar microstructures using the water-based (YSZH) and mixed
water–ethanol-based (YSZH- Et) suspensions.
The high-magnification cross-sectional SEM images of SPS coatings, deposited at 75 mm spray
distance from suspensions with different solvents, are presented in Fig. 7.2. All the coatings
possessed a two-zone (also called bi-modal) type of microstructure, which is common in SPS
coatings [5–10]. This two-zone microstructure is made up of partially melted (marked PM in Fig.
7.2) zones surrounded by a fully melted (marked FM in Fig. 7.2) dense matrix. The reason of this
microstructure formation is that a relatively large portion of the plasma power is consumed to
evaporate the liquid solvent in SPS. Thus, some particles or agglomerates get just partially melted
and then embedded into the fully melted solid [214]. As seen in Fig. 7.2, increasing the water
content in the suspension led to increase in the PM zones and porosity in the coatings’
microstructure. This was due to the higher evaporation enthalpy of water (2260 kJ/kg) compared
to that of ethanol (841 kJ/kg) [12,13], which consumed more energy and gave rise to incomplete
melting of the particles. Moreover, less solids melting contributed to coatings with higher amount
of porosity and, therefore, expected to have lower thermal conductivity. The higher surface tension

121

of water, which resulted in larger atomized droplet sizes, could also make the heat transfer more
difficult and favor the increased PM zones in the coating’s microstructure [161].

Figure 7.2 High-magnification cross-sectional SEM images of SPS coatings, deposited at 75 mm
spray distance from suspensions with different solvents: (a) YSZH, (b) YSZH- Et, and (c) YSZEt.

7.3 Suspension atomization in SPS
The sequence of events (stages) in SPS coating formation was described previously in Chapter 2,
Section 2.6.1.1 and Fig. 2.11. Suspension atomization or droplet formation is a critical step in SPS
coating formation because the subsequent in-flight events (i.e., heat up, acceleration and trajectory
which in turn influence the final coating microstructure) are affected by the suspension droplet
size and, hence, its momentum [24]. Atomization (break-up) of the suspension occurs in two steps:
primary atomization and secondary atomization. The former one is caused by the atomizing gas
right next to the injector exit, and the secondary atomization of the suspensions occurs inside the
plasma plume as a result of the plasma drag. Therefore, both the primary and secondary
atomization steps are effective in determining the final droplet size [217]. However, in high power
axial injection systems like Mettech Axial III plasma torch, which is used in our work, the primary
atomization effect is not as significant as the secondary one and can be neglected. This is because
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unlike the radial injection in conventional plasma sprays, the plasma plume of Mettech Axial III
torch forms in close vicinity of the injector exit [160]. As a consequence, we assume that the
primary atomization can be neglected and will focus on the secondary atomization from now
onwards.
Curry et al. concluded that in SPS, final suspension droplet size is determined by the balance
between the plasma shear forces that tend to break up the suspension stream and the suspension
properties, which resist fragmentation [16]. Among suspension properties, viscosity and surface
tension are the main ones that can resist suspension atomization [17]. Currently, there is no reliable
equation in the literature to calculate the final droplet size in SPS process [15]. However, the
relation between plasma drag force, suspension’s surface tension and the final droplet size was
proposed by Fazilleau et al. [218] as:

𝐷=

8𝜎
𝐶𝑑 𝜌𝑝 𝑢2

(7.2)

where D (m) is the atomized suspension droplet diameter; 𝜎 (N/m) is suspension’s surface tension;
𝐶𝑑 (unitless) is the plasma drag coefficient; and 𝜌𝑝 (kg/m3) and 𝑢 (m/s) are the density and stream
velocity of plasma, respectively. It can be inferred from Eq. (7.2) that a lower surface tension and
a higher plasma drag force, which depends on plasma density and velocity, are required to obtain
smaller droplets after atomization. It should be noted that the viscosity of suspension also has effect
on its atomization, which has not been considered in Eq. (7.2); lower viscosity leads to smaller
droplets [17]. Curry et al. [16] proposed a more complete formula for SPS droplet size analysis
based on calculations that were originally developed for atomization of fuel in a high-speed gas
environment [219], as shown in Eq. (7.3) below:
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1

2 𝜌 ⁄2 𝑢4
𝜌𝑝
𝑠

1⁄
3

)

(7.3)

where D (m) is the final droplet size after second atomization inside plasma, η (Pa.s) and σ (N/m)
are the suspension’s viscosity and surface tension, respectively, d (m) is the initial droplet size
after primary atomization (can be assumed equal to the diameter of the suspension stream if the
primary atomization effect is neglected), u (m/s) is the plasma stream’s velocity, and ρp (kg/m3)
and ρs (kg/m3) are densities of the plasma and suspension, respectively. This equation, although
may not be accurate in modeling the suspension atomization inside the plasma in SPS, can reflect
the relative significance of the key suspension characteristics (mainly the suspension’s surface
tension and viscosity) in determining the final droplet size [16], if all the other factors are constant.
Viscosity data of the modified water-based YSZ suspensions was reported in Chapter 5, Section
5.3 and Chapter 6, Section 6.4. The results showed that in addition to the dispersant type, pH
adjustment played a significant role in decreasing the suspension’s viscosity and improving its
stability; dispersant addition was much more effective with pH adjustment. According to Fig. 5.3,
the minimum viscosities for YSZ suspension without dispersant (YSZH) was 7 cP at pH=2.5. The
same trend was observed for PEI-doped suspension (YSZH- PE) with minimum viscosity, 3.4 cP at
pH=2.5. For PBTCA and α-Terpineol added suspensions (YSZH-

PB

, YSZH-

AT

, respectively),

minimum viscosities (2.5 cP and 1.3 cP, respectively) were obtained at pH=10.5. Thus, YSZ
suspensions with α-Terpineol (YSZH-

AT

) had the lowest viscosity among the other studied

suspensions in our work.
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Figure 7.3 shows that surface tensions of the four suspensions (i.e., YSZH, YSZH- Et, YSZEt, and
YSZH- AT- 2.5) decreased by increasing the ethanol content. Besides, the YSZH- AT- 2.5 had surface
tension of 22.2 mN/m, very close to that of YSZEt (ethanol-based suspension).

Figure 7.3 Surface tension of different suspensions (YSZH, YSZH- Et, YSZEt, and YSZH- AT- 2.5).

Table 7.2 summarizes the surface tension values of the modified water-based YSZ suspensions
(extracted from Fig. 6.5). The YSZ suspension without dispersant (YSZH- 2.5) had an average
surface tension value of 72.3 mN/m, which was close to that of deionized water (73.3 mN/m [220]).
As can be seen in Table 7.2, addition of PEI and PBTCA dispersants to this suspension did not
significantly alter (decrease) their surface tensions, as they (YSZH- PE- 2.5 and YSZH- PB- 10.5) had 40.6
and 37.8 mN/m surface tensions, respectively. However, α-Terpineol dispersant reduced surface
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tension of water-based 30 wt.% YSZ suspension from 72.3 to 22.2 mN/m, which was comparable
to that of ethanol (21.8 mN/m). As discussed in Section 6.4 of Chapter 6, the significant difference
between surface tension of the suspensions containing different types of dispersants can be
explained based on Gibbs adsorption isotherm, Eq. (6.1).

Table 7.2 Surface tension values of different aqueous 30 wt.% YSZ suspensions.
Surface tension
(mN/m)
72.3
40.6
37.8
22.2

Suspension
YSZH- 2.5
YSZH- PE- 2.5
YSZH- PB- 10.5
YSZH- AT- 2.5

The decrease in suspension surface tension as a result of increase in ethanol concentration (Fig.
7.3) led to the formation of smaller droplets in atomized suspension (Fig. 7.4), based on Eq. (7.3).
To minimize the error of outlier values, the median value of the droplet size distributions was
calculated, which might be more reliable than the mean value, to make a comparison of droplet
sizes atomized from different suspensions. However, in this study, either mean or median value
worked well for the purpose of comparison between the atomized droplet size of different
suspensions. The median droplet size in atomized suspension decreased from 21.7 to 12.4 µm
(Table 7.3) as the ethanol concentration increased from 0 to 100 vol.%. Such smaller droplets
might easily follow the plasma gas flow parallel to the substrate surface, promoting the shadowing
effect (refer to Section 7.4 and Fig. 7.5 below), which in turn led to the formation of columnarmicrostructure coatings, Fig. 7.1.
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Figure 7.4 Droplet size distributions of atomized suspensions (YSZH, YSZH- Et, YSZEt, and YSZHAT- 2.5
).
Table 7.3 The mean and median droplet size values for atomized YSZH, YSZH- Et, YSZEt, and
YSZH- AT- 2.5 suspensions.
Suspension/Liquid

Mean droplet size
(µm)

Median droplet size
(µm)

YSZH
YSZH- Et
YSZEt
YSZH- AT- 2.5

31.9
27.6
15.3
15.4

21.7
18.7
12.4
12.2

The mean and median values of droplet size distributions for the modified aqueous YSZ
suspensions are summarized in Table 7.4. The YSZ suspension without dispersant (YSZH- 2.5) was
atomized to the largest droplet sizes (19.9 µm). This was due to the highest surface tension value
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(72.3 mN/m) and viscosity (~8 cP) that this suspension had. Dispersants decreased the atomized
droplet sizes since they were able to reduce the suspension’s viscosity and surface tension. As
expected, PEI and PBTCA were not as effective as α-Terpineol in reducing the suspension’s
surface tension, viscosity and, therefore, the droplet size. α-Terpineol added suspension (YSZHAT- 2.5

) was atomized into droplets with median value of 12.2 µm, which was very close to the

median droplet size (12.4 µm) atomized from the ethanol-based suspension (YSZEt).

Table 7.4 The mean and median droplet size values calculated for different modified aqueous 30
wt.% YSZ suspensions.
Suspension/Liquid
YSZH- 2.5
YSZH- PE- 2.5
YSZH- PB- 10.5
YSZH- AT- 2.5

Mean droplet size
(µm)
30.8
28.9
29.1
15.4

Median droplet size
(µm)
19.9
18.0
18.8
12.2

7.4 Significance of droplet formation and trajectory in governing SPS coating’s
microstructure
Coating build up mechanism for SPS is different compared to that in conventional APS, and is
found to be affected by the generation of suspension droplets due to atomization inside the plasma
plume, which in turn results in in-flight particles after solvent evaporation [221]. The reason for
the distinct differences in microstructures obtained by SPS of different suspensions in this study
stems from the expected different trajectories of the atomized suspension droplets inside the
plasma stream and the resulting molten YSZ particles before impacting the substrate.
After atomization, the suspension droplets undergo rapid heat up and solvent evaporation. The fine
solute particles, depending on the size of the particles, tend to agglomerate or sinter/fuse into larger
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particles afterwards [15]. As a consequence, by complete vaporization of the solvent, agglomerated
fine solid particles get directly exposed to plasma, heat up and melt to form molten/ semi-molten
droplets. The molten droplets are typically larger and heavier as compared to the initial powder
particle size in the suspension, which governs the splat size and other features of the coatings’
microstructure [15]. Impact of the molten or semi-molten agglomerated particles onto the substrate
generates fine splats, and the coating forms by consecutive deposition of the splats. A direct
relationship between the suspension droplet size and the molten particle droplet size can therefore
be expected. The suspension droplet size distributions, presented in the previous section, can
therefore give us an insight into the droplet size of the resulting molten agglomerated particles,
although they are not the same. Moreover, the atomized suspension droplet sizes measured in this
work belong to the suspensions fragmented by an airbrush (refer to Chapter 4, Section 4.2.7),
which would result in droplet sizes different from the ones fragmented inside and by the plasma
flow. However, the obtained data were only used to have a comparative atomization study of the
different suspensions in this work.
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Shallow angles

Figure 7.5 Schematic illustration of the shadowing of different-size droplets impacting on substrate
asperities [160].

The molten particles droplets follow different trajectories, depending on their droplet size and,
therefore, momentum. Trajectory of droplets smaller than 5 µm, because of their low momentum,
is strongly influenced by the plasma stream drag in the boundary layer close to the substrate and
they deposit at shallow angles on surface asperities, resulting in shadowing effect [221]. The
particle shadowing effect, proposed by VanEvery et al. [20], is shown schematically in Fig. 7.5.
Based on their findings, three major types of coating microstructures are possible for SPS coatings.
Shadowing effect is largest when the sizes of droplets are extremely small (< 1 µm), when
columnar type microstructure typically forms. Droplets of 1 to 5 µm are still small enough to be
affected by the plasma flow, thus can make a feathery columnar structure, which contains porosity
bands within the columns. Finally, the relatively large (> 5 µm) molten droplets are less affected
by the plasma drag and typically have a direct (straight) impact on the substrate, forming a lamellar
(like in the conventional APS method) or vertically cracked structure. The mechanism of vertical
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cracks formation in APS coatings has been reported to be the result of cooling and shrinkage of
the deposited splats, providing high tensile stresses leading to intra-splat cracking [222]. The buildup and overlap of the splats finally lead to the vertical cracks in the coatings. This mechanism can
be found in SPS coatings as well, i.e., increased tensile stresses in SPS coatings can be relieved by
the formation of vertical cracks [222].

7.5 Effect of spray distance on SPS coatings microstructure
Spray distance (also called stand-off distance) is typically shorter (50 to 90 mm) in SPS and SPPS
as compared to that (90 to 120 mm) of APS process [23,24]. This is due to the very fine (< 1 µm)
size of the powder particles involved in these liquid feedstock plasma spray techniques, which
need less time to be melted. The fine particles cool and decelerate faster; thus, shorter spray
distance is required to avoid re-solidification of the molten droplets before impacting the substrate,
which can result in round spherical particles in the coating’s microstructure [160]. Spray distance
can significantly affect the SPS coating deposition and microstructure.
Similar to the substrate’s surface roughness and ethanol concentration parameters, the same
desirable effect (i.e., contribution to form columnar morphology) was observed by increasing the
substrate-to-nozzle (stand-off) distance, Fig. 7.6. This can be related to the trajectory of the molten
particle droplets in plasma flow parallel to the substrate surface at longer spray distances,
increasing the shadowing effect during coating deposition. The velocity and temperature of
suspension droplets decrease over longer spray distances, and plasma drag can affect their
trajectory more easily due to their smaller momentum. Therefore, it can be concluded that for a
given solids loading in the suspension, the columnar (also referred to as “cauliflower-like” [224])
structures became more evident in SPS coatings as the spray distance increased. These findings
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agreed with those reported previously by other researchers in the light of the shadowing effect
theory [12,201,214]. In short spray distances, the particles arrived at the substrate with higher
velocities, favoring planar deposition, with lower probability of columns formation. It should be
noted that the round spherical particles (marked as RS in Fig. 7.7) observed in the microstructure
of SPS coatings were re-solidified molten droplets. The re-solidification phenomenon became
more pronounced by increasing the spray distance [161,225].
The results also showed that increasing the spray distance led to thinner coatings, all other factors
remaining the same. For example, in the case of YSZH and YSZH- Et coatings, doubling the spray
distance from 50 to 100 mm resulted in thickness reductions of 66% and 73%, respectively. This
trend was not seen in the case of the ethanol-based (YSZEt) suspension plasma sprayed coatings.
This could be due to the larger porosity of the columnar coatings; so, the coating mass decreased
with the spray distance. Although coatings with columnar morphologies were produced at longer
spray distances, the decrease in the final coating thickness could be an issue that needs to be
addressed by controlling other processing parameters. As reported by Marchand and Mauer et al.
[27–29], the suspension droplets reach their maximum velocities and temperatures roughly 40-50
mm downstream of the plasma torch’s X-axis. Afterwards, their velocities and temperatures
rapidly decrease. Consequently, the deposition rate and density of coatings decreased as the spray
distance increased. This was also claimed by Cotler et al. in case of SPS deposition of titania,
alumina, and YSZ [229], as well as by other researchers [14,18].
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Figure 7.6 Cross-sectional SEM micrographs from the coatings that were deposited from YSZH,
YSZH- Et, and YSZEt suspensions at different spray distances: 50, 75 and 100 mm. In all cases,
substrate surface roughness value was about Rq=2.5 µm.

High-magnification SEM images of water-based (YSZH) coatings’ cross-sections, deposited at
different spray distances, are presented in Fig. 7.7. The amount of round resolidified (marked as
RS) particles as well as porosity increased by increasing the spray distance. There were less round
cooled (in-flight solidified) particles in the coatings deposited at shorter spray distances. Again, as
discussed above, with longer spray distances, the cooling time for the in-flight particles increased
and solidification of the molten particles before impacting the substrate was more probable. This
resulted in increased porosity in the coatings.
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Figure 7.7 High-magnification cross-sectional SEM images of water-based (YSZH) SPS coatings,
deposited at different spray distances: (a) 50, (b) 75, and (c) 100 mm.

Based on the above observations, one may conclude that producing SPS coating with columnar
morphology is possible by increasing substrate’s surface roughness and using higher ethanol
concentration as the solvent in the suspension. Both routes cause additional costs and safety
hazards. One practical remedy would be preparation of cost-effective water-based YSZ
suspensions with optimized characteristics (i.e., highly concentrated stable suspensions having low
surface tension and viscosity values). That can be achieved by addition of appropriate dispersants
and concentration along with pH adjustment of the water-based suspensions, which were
thoroughly studied in Chapters 5 and 6.
According to the overall results obtained from the two previous chapters, the aqueous 30 wt.%
YSZ suspension with 0.1 wt.% α-Terpineol dispersant and pH adjusted at 2.5 (YSZH- AT- 2.5) was
the best optimized suspension based on the following criteria: i) high stability, ii) low surface
tension, and iii) low viscosity. Such suspension could be atomized to droplets in the size range of
11.9 to 12.5 µm, comparable to those of ethanol-based suspension (YSZEt), Fig. 7.4 and Table 7.3,
which indicates its capability to produce columnar coatings. Cross-sectional morphology of the
SPS coatings that were deposited from the optimized water-based YSZ suspensions (YSZH- AT- 2.5)
is illustrated in Fig. 7.8(b). At fixed spray distance, coatings with feathery columnar morphologies
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were deposited, similar to the microstructure of coatings deposited from ethanol-based suspensions
(YSZEt), Fig. 7.8(a).

Figure 7.8 Cross-sectional SEM micrographs and their relevant surface profiles attributed to the
coatings that were deposited from (a) YSZEt and (b) YSZH- AT- 2.5 suspensions.

7.6 Effect of aging on aqueous SPS coatings’ microstructure
Figure 7.9 illustrates the SEM micrographs from the cross-sections of YSZ coatings deposited by
SPS from the four different types of modified aqueous suspensions (i.e., YSZH- 2.5, YSZH- PE- 2.5,
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YSZH- PB- 10.5, and YSZH- AT- 2.5) aged for (a) 1 day and (b) 7 days. All the coatings were deposited
by Axial III Mettech plasma spray torch, with the spray parameters listed in Table 4.6, on the
already APS deposited BC layer (Table 4.5). Although some vertical cracks, which can increase
the strain tolerance of TBC coatings, could be seen in the YSZH- 2.5 SPS coatings, porosity of these
coatings was less than 4 vol.%, which cannot provide enough thermal insulation for TBC
applications [231]. The coatings deposited from both the YSZH- PE- 2.5 and YSZH- PB- 10.5 suspensions
showed lamellar microstructures with 6-10 vol.% and 8-14 vol.% porosities, respectively.
Columnar microstructure was observed for the coatings deposited from suspensions containing αTerpineol dispersant (YSZH- AT- 2.5). It has been reported that the atomized droplet size significantly
affects the final microstructure of the coatings. More specifically, the chance for the formation of
columnar microstructure is higher with smaller droplets, due to the so-called “shadowing effect”
mechanism [15]. At constant SPS deposition processing parameters, the two factors that resist
suspension breakup and droplet formation are the viscosity and the surface tension of the
suspension, in such a way that suspensions with lower viscosity and surface tension values will be
atomized to smaller droplets [16,17]. The columnar structure in the morphology of coatings
deposited from suspensions with α-Terpineol dispersant (YSZH- AT- 2.5) was, therefore, related to
the lower viscosity and lower surface tension of such suspensions in comparison with the others
(Fig. 6.3 and Fig. 6.5).
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(a)

YSZH- AT - 2.5

YSZH- PB- 10.5

YSZH- PE- 2.5

YSZH- 2.5

(b)

Figure 7.9 Cross-section SEM images of coatings deposited from different types of suspensions
(YSZH- 2.5, YSZH- PE- 2.5, YSZH- PB- 10.5, and YSZH- AT- 2.5) aged for (a) 1 day, and (b) 7 days.

Porosity of the coatings deposited from different types of suspensions (YSZH- 2.5, YSZH- PE- 2.5,
YSZH- PB- 10.5, and YSZH- AT- 2.5) is presented in Fig. 7.10. The coatings’ porosity decreased as they
were deposited from suspensions containing α-Terpineol, PBTCA and PEI dispersants,
respectively. The effect of dispersants on the formation of individual droplets during SPS was
previously discussed in Section 7.3 and Table 7.4. Smaller droplets cool faster than the larger ones
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and have higher chance of presence in the cooler plasma periphery region since they may
experience more influence from plasma drag at the substrate surface [221]. Therefore, the chance
of molten droplet re-solidification (before impact to the substrate) increased as the droplet size
decreased. The deposition of semi-molten droplets during SPS coating process has been also
reported previously [16]. Therefore, the most porous microstructure of the coatings deposited from
the suspensions containing α-Terpineol dispersant (YSZH- AT- 2.5) resulted from the formation of
smallest droplet sizes (12.2 µm), due to their least viscosity and surface tension values, during the
SPS process.

Figure 7.10 Porosity values of the TBCs deposited from different suspensions (YSZH- 2.5, YSZHPE- 2.5
, YSZH- PB- 10.5, and YSZH- AT- 2.5) as a function of aging time.
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As can be seen in Fig. 7.9 and 7.10, aging of different suspensions resulted in the formation of less
porous coatings for suspensions (YSZH- 2.5, YSZH- PE- 2.5, YSZH- PB- 10.5, and YSZH- AT- 2.5), and
decreased the chance of columnar structure formation, as in the case of suspension YSZH- AT- 2.5.
The coatings deposited from aged YSZH- AT- 2.5 suspensions had lower column densities (i.e., the
column width was calculated as 114± 8.1 µm) compared to the coatings deposited from fresh
YSZH- AT- 2.5 suspensions, with column width of 24.4± 6.9 µm. Accordingly, the aged YSZH- AT- 2.5
SPS coatings were expected to have higher thermal conductivities and less strain tolerance than
the fresh YSZH- AT- 2.5 SPS coatings. As can be seen in Fig. 7.9(b) for aged YSZH- AT- 2.5 coatings,
the columns were well spaced and it has been reported that the excessive width of inter-columnar
spacings allows the easy ingress of hot gases, which can result in increase of the overall thermal
diffusivity and thermal conductivity of the coatings [13,232]. Regardless of the type of dispersant,
aging of the suspensions led to increase in suspensions TSI and viscosity, Figures 6.2 and 6.3.
Thus, aged suspensions got atomized to larger droplets in the plasma plume, as compared to asprepared suspensions. Trajectory of these larger droplets was less affected by the plasma drag and
they stroke the substrate/ BC surface in close-to-normal angles, unlike the smaller ones. This
caused large splat formation at the point of droplet impact, which in turn led to the formation of
dense lamellar coatings with less columnar character of their morphologies. In spite of the fact that
suspension aging has led to the formation of less porous coatings (due to the increase in viscosity
as a result of aging), the coatings deposited from suspensions containing α-Terpineol dispersant
(YSZH- AT- 2.5) were still the ones with highest porosity values of 13.0 to 13.5 vol.%.

7.7 Summary
In this chapter, the relationship between YSZ suspension parameters, processing parameters, the
suspension atomization behavior and the resulting SPS coatings’ microstructures was investigated.
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Considering the results provided in Chapters 5 and 6, the applicability of modified water-based
YSZ suspensions to produce plasma sprayed TBCs with porous columnar microstructure, desired
for thermal insulation and high strain tolerance, was investigated.
It was observed that the probability of formation of coatings with columnar morphologies
increased as the ethanol concentration in the suspension increased. Columnar microstructures were
observed for the ethanol-based suspension (YSZEt) coatings. However, both the water-based
(YSZH) and mixed water–ethanol (YSZH-

Et

) suspensions coatings exhibited lamellar

microstructures. This is due to the dependence of the plasma sprayed coating’s microstructure on
the size and momentum of the atomized suspension droplets. The YSZEt atomized droplets were
smaller (12.4 µm) than the droplets of YSZH- Et and YSZH (18.7 and 21.7 µm, respectively).
Therefore, according to the shadowing effect theory, they were influenced more strongly by the
plasma stream drag in the boundary layer close to the substrate and deposited at shallow angles on
surface asperities, resulting in columns formation. While all the SPS coatings deposited in this
study showed two-zone (also called “bi-modal”) microstructures made up of partially melted zones
surrounded by fully melted dense matrices, it was found that increasing water content in the
suspension led to increase in the PM zones and porosity in the coatings’ microstructure.
Coatings with more pronounced columnar structures were obtained from deposition on substrates
with higher surface roughness, at longer spray distances. On a rough surface, there is a larger
difference between the height of peaks and valleys of the surface asperities and the peaks act as
initiation sites for the individual column formation during the SPS coating deposition; hence, there
is higher chance of formation of individual columns. The velocity and temperature of suspension
droplets decreased more over longer spray distances, and plasma drag could affect their trajectory
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more easily due to their smaller momentum. This increased the chance of shadowing effect and
columns formation.
Ethanol could be replaced with water if appropriate dispersant (like α-Terpineol) and pH
adjustment was selected, to produce SPS coatings with columnar morphology, without altering
other processing parameters. The coatings that were deposited from α-Terpineol-containing
suspensions (YSZH- AT-2.5) exhibited columnar morphologies with higher porosity (17- 18 vol.%)
than the other coatings’ (< 14 vol.%), even after aging. Such coating morphologies were most
likely related to the smallest viscosity and surface tension of the suspensions containing αTerpineol (YSZH- AT- 2.5), thus creating smaller droplets in the plasma plume. The α-Terpineol
added suspension (YSZH- AT- 2.5) was atomized into droplets with 12.2 µm diameter, which was
very close to that (12.4 µm) of droplets atomized from the ethanol-based suspension (YSZEt).
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Chapter 8 : Process development for solution precursor plasma
sprayed lanthanum zirconate coatings
8.1 Introduction
Lanthanum zirconate, La2Zr2O7 (LZ), is a promising top coat material for the next generation of
TBC [65,84]. This ceramic material, with a pyrochlore structure, has shown superior thermophysical properties compared to the other traditional TBC systems. As discussed in Chapter 2,
8YSZ (zirconia with 7-8 wt.% yttria addition) is currently the most common standard ceramic top
coat material for TBCs. However, its use is limited to ~1200 C because of the degradation
mechanisms related to phase transformations and the resulting volume change, as well as high
diffusivity of oxygen leading to BC oxidation and the relatively fast sintering of YSZ [61,66]. LZ,
on the other hand, has phase stability (no phase transformation from room temperature to its
melting point, i.e., 2295 ºC), low thermal conductivity (1.55-2.15 W.m-1.K-1 at ~1000 ºC for dense
bulk and 0.68-0.87 W.m-1.K-1 at ~1000 ºC for 15-30 vol.% porous bulk), no “oxygen transparency”
(i.e., relatively low diffusivity of oxygen) and thus sintering rates significantly lower than YSZ
[65].
The microstructure and performance of SPPS coatings are affected by both solution properties,
such as surface tension, viscosity and density, as well as spraying parameters, e.g. plasma power,
enthalpy and spray distance [128,129]. There is industrial demand to increase the SPPS coating
deposition rate by feeding high concentrations of solutions. However, due to the saturation limit
of the precursor solution, injection challenges caused by viscosity increase and increased density
of the coating microstructure, solution concentrations are limited [25]. As previously discussed in
detail in Chapter 2, to our knowledge, there are only a couple of studies published to-date regarding
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LZ coatings deposited by SPPS, and the coatings microstructural analysis has not been reported
yet. Besides, there is a lack of fundamental study on the relationship between the solution
properties (chemistry, concentration, surface tension and viscosity), atomized droplet size
distribution and SPPS-LZ coating’s morphology. No literature data was found on producing SPPSLZ coatings for TBC with strain-tolerant microstructure, i.e., columnar morphology, or vertically
cracked, with 15-25 vol.% porosity.
In the study reported in this chapter, two types of precursor solutions, lanthanum nitrate and
lanthanum chloride with zirconium acetate, were used to produce lanthanum zirconate coatings by
SPPS. Thermal behavior of the precursor solutions, their rheological properties and atomization
pattern were investigated by TGA-DSC, viscosity, surface tension and droplet size measurements.
Based on the results of thermal analysis and solutions’ phase compositions, the optimum
precursors mixture was selected with the aim to produce single-phase LZ coatings. Coating
microstructure was studied by SEM, phase composition by XRD and porosity by image analysis
method. The main focus of this study was to achieve and characterize pure LZ coatings with
desired columnar microstructure for strain tolerant TBCs.

8.2 Thermal behavior of precursor solutions
La2O3 precursors with two different counter-cations (i.e., nitrate and chloride), denoted as LaNT
and LaCL, in combination with zirconium acetate (ZrAC) were utilized in this study. Detailed
experimental procedures for solutions preparation and their thermal analysis were provided in
Chapter 4, Sections 4.1.2 and 4.3.1, respectively. Table 8.1 presents the chemical compositions of
all the different precursor solutions studied in this chapter.
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Table 8.1 Chemical compositions and nomenclature of the precursor solutions.
Solution name
LaCL–ZrACH

LaNT–ZrACH
LaNT–ZrACH
(0.125)
LaNT–ZrACEt

H-Et

LaNT–ZrAC

Precursor mixture
composition
LaCl3.7H2O
+
Zr(CH3CO2)4
La(NO3)3.6H2O
+
Zr(CH3CO2)4
La(NO3)3.6H2O
+
Zr(CH3CO2)4
La(NO3)3.6H2O
+
Zr(CH3CO2)4
La(NO3)3.6H2O
+
Zr(CH3CO2)4

Solvent

Concentration
(M)

Water

0.5

Water

0.5

Water

0.125

Ethanol

0.5

50:50 vol.%water–ethanol
mixture

0.5

First, two 0.5 mol/L aqueous mixtures of lanthanum and zirconium precursors with different
chemical compositions were studied to investigate their effects on lanthanum zirconate (La2Zr2O7)
synthesis by SPPS:
•

Solution A (LaNT–ZrACH): LaNT precursor combined with ZrAC in 1:1 molar ratio,

•

Solution B (LaCL–ZrACH): LaCL precursor combined with ZrAC in 1:1 molar ratio.

The mixtures were dried at 120 °C for 21 h and calcined in a furnace at 1000 °C for 2 h, followed
by thermal analysis and phase identification. TGA-DSC analysis results attributed to the precursor
solutions A (LaNT–ZrACH) and B (LaCL–ZrACH) are presented in Fig. 8.1. Two distinct
successive mass loss regions were present for both samples; the first was attributed to solvent
(water) evaporation, starting from room temperature to around 100 °C, which was consistent with
the broad endothermic peak in the same temperature range. For precursor solution containing
lanthanum chloride (LaCL–ZrACH), the exothermic peak was observed at around 450 °C (Fig.
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8.1(b)), related to the formation of LaOCl compound as reported previously [233]. The exothermic
peak at 340 °C for LaNT–ZrACH solution (Fig. 8.1(a)) indicated the pyrolysis of zirconium acetate
and lanthanum nitrate [164,233]. Most of the weight loss occurred for both solutions before
temperature of 500 °C, due to solvent evaporation and precursors decomposition. However, DSC
curve for solution A (LaNT–ZrACH) indicated continuous exothermic reaction, while no
comparable heat flow in sample B (LaCL–ZrACH) could be observed above 500 °C. Such heat
flow pattern was related to the formation of lanthanum zirconate compound.
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Figure 8.1 TGA-DSC analysis results attributed to the (a) precursor solution A (LaNT–ZrACH)
and (b) precursor solution B (LaCL–ZrACH).

8.3 Phase composition of the precursor mixtures
The X-ray diffraction patterns for the dried powders of A (LaNT–ZrAC) and B (LaCL–ZrAC),
calcined at 1000 °C for 2 h, are shown in Fig. 8.2. The diffraction peaks attributed to LaOCl
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compound were present for powders B; pure lanthanum zirconate pyrochlore peaks were seen for
powders A. It appears that formation of LaOCl hindered formation of lanthanum zirconate; this
was in accordance with DSC results (Fig. 8.1), indicating insignificant heat flow to precursor
solution B at high temperatures. Weber et al. compared TGA for lanthanum nitrate and lanthanum
acetate precursors and claimed that the acetate precursor decomposes faster compared to the nitrate
precursor [81]. Accordingly, the precursor solution A (LaNT–ZrAC) was selected for further
investigations.

Figure 8.2 X-ray diffraction patterns for the powders calcined at 1000 °C for 2 h: (a) precursor
solution A (LaNT–ZrACH), and (b) precursor solution B (LaCL–ZrACH).

8.4 Properties of LZ precursor solutions
8.4.1 Rheology of precursor solutions
The LaNT–ZrAC precursor mixture was prepared in two different concentrations (i.e., 0.125 and
0.5 mol/L) in water. Then, 0.5 mol/L solution was prepared with three different solvents: water
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solution (LaNT–ZrACH), ethanol solution (LaNT–ZrACEt), and 50:50 vol.% mixture of water with
ethanol solution (LaNT–ZrACH-Et). The effects of salt concentration and type of solvent on the
resulting precursor solutions’ viscosity, at different shear rates, are shown in Fig. 8.3 (the shear

Viscosity (cP)

rates typically experienced by the solution in our SPPS injection system were ~200 to 400 s-1).

Figure 8.3 Viscosity as a function of shear rate for: (a) water-based solution of 0.125 M LaNT–
ZrACH, (b) water-based solution of 0.5 M LaNT–ZrACH, (c) ethanol-based solution of 0.5 M
LaNT–ZrACEt and (d) 50:50 vol.%-water–ethanol-based solution of 0.5 M LaNT–ZrACH-Et.

Water-based solutions had lower viscosity (1.2 cP and 3.2 cP for 0.125 and 0.5 M concentrations,
respectively) in comparison with those containing ethanol (4.8 cP and 6.2 cP for ethanol-based
and mixed water–ethanol-based 0.5 M solutions, respectively). The maximum viscosity was
measured for the solution with 50:50 vol.%-water–ethanol mixture (LaNT–ZrACH-Et). The
addition of ethanol to water leading to increase in viscosity has been attributed to the enhanced
water–ethanol molecular interactions [234]. Furthermore, increasing salt concentration in waterbased solutions from 0.125 M to 0.5 M increased solution viscosity, as predicted by Jones-Dole
expression, Eq. (8.1):
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𝜂
𝜂0

= 1 + 𝑋√𝐶 + 𝑌𝐶

(8.1)

where 𝜂 is the solution viscosity, 𝜂0 is the solvent viscosity, X and Y are constants, and C is the
salt concentration [235]. It has been reported that formation of “kosmotropic” ions (i.e., structureformers), because of salt dissociation in aqueous solutions, leads to increase in viscosity since such
ions order the hydrogen bonding network in water. In contrast, formation of structure-breaker ions
(“chaotropes”) in water decreases the viscosity by weakening the hydrogen network bonding
[234,235]. In this regard, precursor salts, such as lanthanum nitrate and zirconium acetate, would
be classified as those that produce kosmotropic ions since increasing their concentration in the
solution resulted in larger viscosity. Such observations have been also reported previously in the
case of preparation of other precursor solutions with different salt concentrations [236–238].

8.4.2 Surface tension of precursor solutions
Figure 8.4 illustrates variation in precursor solutions surface tension as a function of chemical
compositions. A decrease in surface tension from 62.7± 0.8 to 24.3± 0.2 mN/m was observed when
the solvent was changed from water to ethanol at fixed salt concentration of 0.5 M. Surface tension
values of 73.3, 22.8 and 33.2 mN/m were measured for pure water, pure ethanol, and 50:50 vol.%
mixture of water–ethanol, respectively, in agreement with the literature data [220,239].
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(a)

(b)

(c)

(d)

Figure 8.4 Precursor solution surface tension for: (a) water-based solution of 0.125 M LaNT–
ZrACH, (b) water-based solution of 0.5 M LaNT–ZrACH, (c) ethanol-based solution of 0.5 M
LaNT–ZrACEt and (d) 50:50 vol.%-water–ethanol-based solution of 0.5 M LaNT–ZrACH-Et. The
dashed lines indicate surface tension of pure solvents.

The surface tension values of the aqueous precursor mixtures (67.1± 0.9 and 62.7± 0.8 mN/m for
LaNT–ZrACH with 0.125 and 0.5 M concentrations, respectively) were lower than that of the
solvent’s (73.3 mN/m). Surface tension of 0.5 M LaNTH, at 72.4 mN/m, was close to that of water
because nitrate (NO3− ) ion can be solvated and water has surface tension value similar to that of
nitric acid (72.6 mN/m). Surface tension of 0.5 M ZrACH, on the other hand, was 59.7 mN/m,
lower than that of water solvent. The acetate ion (CH3COO–) is amphiphilic, i.e., contains both
hydrophilic (COO–) and hydrophobic (CH3) groups, thus acts as a surfactant decreasing surface
tension. The acetate ion cannot solvate in aqueous media and it converts to acetic acid, which has
a surface tension of 27.1 mN/m [220,239]; consequently, surface tension of ZrACH is determined
by both water and acetic acid. It can be concluded that the effect of the acetate ion was more
dominant than that of the nitrate ion in LaNT–ZrACH and LaNT–ZrACH-Et solutions. Finally,
surface tension of alcoholic LaNT–ZrACEt solution (24.3± 0.2 mN/m) was close to that of the
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ethanol solvent (22.8 mN/m). Such observations proved that nature of the precursor counter-cation
controlled the interactions with the solvent and, therefore, also the surface tension of the solution,
at a constant concentration. The influence of mineral ions (such as NO−
3 ) on the surface tension of
solutions was minimal, whereas organic ions (such as CH3COO–) could considerably affect the
solution’s surface tension. Moreover, increasing salt concentration from 0.125 to 0.5 M resulted
in only a slight decrease in the surface tension values from 67.1± 0.9 to 62.7± 0.8 mN/m. This also
can be explained by the increased concentration of the acetate ion (CH3COO–) around the water
molecules; thus, it acted as a surfactant and decreased the surface tension. Therefore, it seems that
surface tension was not as effective as viscosity in determining the atomized droplet size of
solutions and the SPPS coatings’ morphology, as will be discussed in the following sections.

8.4.3 Atomization behavior of precursor solutions
In SPPS, when precursor solutions are used as feedstock, the liquid rapidly atomizes
(fragmentation of solution stream by aeorodynamic break-up) and vaporizes after injection into
the plasma jet. The atomized droplet size depends on the balance between the solution properties
that resist the fragmentation (i.e., surface tension and viscosity) and the plasma shear forces that
break up the solution stream into fine droplets [127,128]. The following steps include precipitation
or gelation, particle pyrolysis, melting, and finally impacting of the molten droplets, of average
sizes up to a few micrometers, onto the substrate [4,10,121,126,240]. SPPS coating’s
microstructure, and therefore its properties, result from particle in-flight interaction with the
plasma jet. The in-flight characteristics are in turn affected by the solution properties and the liquid
injection method into the plasma stream.
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Droplet size distributions for different atomized precursor solutions are shown in Fig. 8.5 (data
provided by the University of Toronto, Centre for Advanced Coating Technologies). The details
of measurement procedure and analysis method were provided in Chapter 4, Section 4.2.7. As
discussed in Section 4.2.7, median was a better measure than the mean in the cases of these droplet
size distributions.

Figure 8.5 Droplet size distributions for atomized precursor solutions (shown as subfigures above)
of: (a) water-based solution of 0.125 M LaNT–ZrACH, (b) water-based solution of 0.5 M LaNT–
ZrACH, (c) ethanol-based solution of 0.5 M LaNT–ZrACEt and (d) 50:50 vol.%-water–ethanolbased solution of 0.5 M LaNT–ZrACH-Et.
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The median droplet size increased as the salt concentration increased in precursor solution (17.4
µm for 0.5 M concentration versus 15.9 µm for 0.125 M concentration in water-based solutions,
LaNT–ZrACH). Increase of ethanol concentration from zero to 50 vol.% did not make any
significant change in the median size of the atomized droplets for 0.5 M salts, i.e., a slight increase
from 17.4 µm for the water-based LaNT–ZrACH, to 17.5 µm for the water–ethanol-based LaNT–
ZrACH-Et was observed. Further increase of ethanol portion (from 50 vol.% to 100% vol.%) of the
solvent, led to a more considerable increase in the droplet median size to 19.5 µm for ethanolbased LaNT–ZrACEt solution. It has been reported that solutions with lower viscosity and surface
tension are atomized to smaller droplets due to having less resistance against liquid break up
[127,128]. In this study, we observed that the most prominent factor influencing the change in
droplet size of our solutions was the change in solution viscosity, i.e., by increasing the salt
concentration or replacing water with ethanol, larger droplets formed in the atomized solutions.

8.5 Characteristics of LZ solution precursor plasma sprayed coatings
Cross-sectional morphologies of LZ SPPS coatings, all deposited according to conditions listed in
Table 4.7, are illustrated in Fig. 8.6. While the same number of spray passes (105) were applied
for all the TC depositions, results showed that the coatings deposited from dilute 0.125 M LaNT–
ZrACH solutions were thinner (~22 to 35 µm thick) as compared to the coatings of 0.5 M LaNT–
ZrACH solutions, ~120 to 140 µm thick (Fig. 8.6(a) and Fig. 8.6(b)). Such observations have been
also reported for other types of TBCs deposited by thermal spraying [18,40]. The fact is that
application of dilute precursor solutions resulted in formation of thinner coatings, at the fixed other
deposition conditions, like number of spray passes, because of shortage of starting material for the
coating formation.
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Figure 8.6 Cross-sectional morphologies of the coatings deposited from different precursor
solutions: (a) water-based solution of 0.125 M LaNT–ZrACH, (b) water-based solution of 0.5 M
LaNT–ZrACH, (c) ethanol-based solution of 0.5 M LaNT–ZrACEt and (d) 50:50 vol.%-water–
ethanol-based solution of 0.5 M LaNT–ZrACH-Et.

Notably, the higher-concentration water-based precursor solutions, i.e., 0.5 M LaNT–ZrACH (Fig.
8.6(b)), and to some extent the water–alcohol solutions (0.5 M LaNT–ZrACH-Et, Fig. 8.6(d)),
resulted in the formation of coatings with the desired columnar structure. It has been reported that
as the droplets approach the substrate surface at more oblique angles, the probability of formation
of coatings with columnar morphologies increases, based on shadow effect theory [15,20]. Stokes
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number St, Eq. (8.2), can be used to determine the influencing factors on the droplets' preferred
approach angle to the substrate:

𝑆𝑡 =

𝜌𝐷2 𝜈
18𝜇𝑙

(8.2)

where ρ is the droplet density, D is the droplet diameter, ν is the droplet velocity, μ is the plasma
dynamic viscosity and l is the boundary layer thickness. Relatively small Stokes number (St < 1)
indicates increased probability of droplets approaching the substrate at more oblique angels
[15,20]. Formation of columnar coatings from water-based precursor solutions was related to their
small droplet sizes and relatively small viscosity, leading to small Stokes number [116,242]. This
was in accordance with the droplet size distribution measurements of atomized solutions as
discussed above (17.4 and 15.9 µm for 0.5 and 0.125 M concentrations of water-based solutions,
respectively), and their low viscosities (1.2 cP and 3.2 cP for 0.125 and 0.5 M concentrations,
respectively). In fact, small, atomized droplets should produce small molten particles which
impinge onto the substrate with more oblique angles than the larger ones. In some cases,
incomplete pyrolysis of impinging droplets may produce so called “foamy microstructure”,
including partially dried nitrates. Such phenomenon was not likely to occur in the present case
since X-ray diffraction peaks of such compounds were not observed in the XRD patterns of the
deposited coatings (Fig. 8.8).
Measuring the porosity content of SPS and SPPS coatings is a challenging process as their
porosities are in a wide range of length scale, starting from micrometer-sized vertical cracks/ intercolumnar spacing to submicron and nano-sized pores and cracks. In this study, porosity of the
coatings, deposited from different LZ precursor solutions, was evaluated from SEM micrographs
using image analyzer software (ImageJ– version 1.52a, National Institutes of Health, Maryland,
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USA), which can determine the total content of both closed and open porosities (refer to Chapter
4, Section 4.5.3 for measurement details). The result is presented in Fig. 8.7. The error bars are
standard deviations attributed to each respective set of three measurements carried out on the 20
micrographs taken from different regions of each respective sample cross-section.

Figure 8.7 Estimated porosity for SPPS coatings obtained from different solutions: (a) water-based
solution of 0.125 M LaNT–ZrACH, (b) water-based solution of 0.5 M LaNT–ZrACH, (c) ethanolbased solution of 0.5 M LaNT–ZrACEt and (d) 50:50 vol.%-water–ethanol-based solution of 0.5
M LaNT–ZrACH-Et.

As seen, more porous (~23 vol.%) coatings were deposited from the water-based precursor
solutions. This could be related to partial solidification of the smaller droplets before their impact
on the substrate, which in turn enhanced void formation as the new semi-molten particles joined
previously deposited ones on the growing coating. Such observations have been also reported
previously in the case of various types of SPPS and SPS coating processes [15,128]. Increasing
the concentration from 0.125 to 0.5 M had no effect on coating porosity. The 0.5 M concentration
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for LaNT–ZrAC solution could still be considered as a relatively low concentration with respect
to the salt’s saturation concentration, which is 100 mg/mL at 20 °C. Increasing the concentration
above 0.5 M leads to a decrease in the coating’s porosity which is not desired in the case of TBCs
[236]. The ethanol-based coating was the densest one (with 8.25± 0.37 vol.% porosity), while the
water–ethanol-based coating had 15.8± 0.33 vol.% porosity value, which is still acceptable for a
typical TBC [18,206]. XRD patterns for coatings deposited from different precursor solutions are
presented in Fig. 8.8. All the solutions led to the formation of the pyrochlore lanthanum zirconate,
La2Zr2O7, regardless of the differences in their concentration and solvent type, in agreement with
thermal analysis for LaNT–ZrAC.

Figure 8.8 XRD patterns for the coatings deposited from different precursor solutions: (a) waterbased solution of 0.125 M LaNT–ZrACH, (b) water-based solution of 0.5 M LaNT–ZrACH, (c)
ethanol-based solution of 0.5 M LaNT–ZrACEt and (d) 50:50 vol.%-water–ethanol-based solution
of 0.5 M LaNT–ZrACH-Et.
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8.6 Summary
Applicability of precursor solutions containing lanthanum nitrate and lanthanum chloride with
zirconium acetate to deposit lanthanum zirconate coatings by SPPS was assessed. Thermal analysis
(TGA-DSC) and phase analysis (XRD) results showed that unlike the nitrate precursor mixtures
(LaNT–ZrACH), the chloride precursor solutions (LaCL–ZrACH) could not provide pure
lanthanum zirconate pyrochlore structure. In the case of LaCL–ZrAC precursor mixture, LaOCl
compound was formed, which hindered formation of lanthanum zirconate. Therefore, four
different precursor solutions containing lanthanum nitrate and zirconium acetate (LaNT–ZrAC)
with different salt concentrations and water, ethanol, and water–ethanol solvents were used for
SPPS coatings deposition.
Viscosity and surface tension measurements revealed that increasing the salt concentration resulted
in higher viscosity, as predicted by Jones-Dole expression, and smaller surface tension values. It
can be concluded that precursor salts, such as lanthanum nitrate and zirconium acetate, would be
classified as those that produce kosmotropic ions (i.e., structure-formers), which order the
hydrogen bonding network in water, since increasing their concentration in the solution resulted
in larger viscosity. The slight decrease in the surface tension observed by increasing the salt
concentration is because of the increased concentration of the acetate ion (CH3COO–) around the
water molecules, which acted as a surfactant and decreased the surface tension.
Replacing water with ethanol solvent resulted in more viscous solutions (due to the enhanced
water–ethanol molecular interactions) with smaller surface tensions. Results showed that nature of
the precursor counter-cation controlled the interactions with the solvent, and therefore also the
surface tension of the solution, at a constant concentration. Influence of mineral ions (such as NO3− )
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on the surface tension of solutions was minimal, whereas organic ions (such as CH3COO–) could
considerably affect the solution’s surface tension.
Application of dilute water-based solutions in SPPS led to the formation of porous (~23 vol.%)
coatings with columnar morphology, which can be considered as a desirable, strain-tolerant
microstructure for TBCs. The 0.5 M concentration was considered as the best one for our system,
based on the achieved coating’s thickness of about 120 to 140 µm and columnar morphology. This
unique microstructure was related to the relatively low viscosity of such solutions (~1 cP to 3 cP)
that resulted in the formation of relatively small droplets in the plasma plume, which then
approached the substrate at more oblique angles, preferable in the formation of columnar
microstructures.
The results of porosity measurements using image analysis revealed that more porous (~23 vol.%)
coatings were deposited from the water-based precursor solutions. This could be related to partial
solidification of the smaller droplets before their impact on the substrate, which in turn enhanced
void formation as the new semi-molten particles joined previously deposited ones on the growing
coating. According to the XRD results, all the solutions led to the formation of pyrochlore
lanthanum zirconate, La2Zr2O7, regardless of the differences in their concentration and solvent
type, in agreement with thermal analysis for LaNT–ZrAC.
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Chapter 9 : Design and process development of functionally graded
YSZ–LZ thermal barrier coatings
9.1 Introduction
In recent years, YSZ (7-8 wt.% Y2O3– stabilized ZrO2) has been widely used as the most common
ceramic top coat material for TBC. However, its long term operation is limited to about 1200 °C,
since at higher temperatures YSZ undergoes phase transformation and accelerated sintering, which
ultimately lead to failure of the TBC [1–3]. Therefore, new materials are required to meet the
demand of TBC industry at higher temperatures and harsh operating environments. Lanthanum
zirconate (La2Zr2O7, LZ), with pyrochlore phase, has been recently proposed and studied as a
promising potential candidate [2–4]. As discussed in Chapter 8, LZ has excellent phase stability
up to its melting point (~2300 ºC), low thermal conductivity (~1.5 W.m-1.K-1 compared to the
roughly 2.1 W.m-1.K-1 of YSZ), low oxygen diffusivity rate and low sintering rate [65]. However,
due to the relatively low coefficient of thermal expansion (CTE) of LZ (~9 ×10-6 K-1), there would
be higher thermal stresses at the interface of the ceramic top coat and the BC as a consequence of
thermal expansion mismatch between these layers [6,7]. To address the CTE issue and improve
lifetime of LZ thermal barrier coatings, researchers have proposed several solutions such as
deposition of nano-structured LZ coatings, or LZ coatings doped with rare earth elements [9,10],
double-layer coatings [8,11,12], and graded coatings [253]. While double-layer coatings are made
of just two bonded ceramics with different CTEs, functionally grade multilayer coatings (FGC)
can address the residual thermal stress issue (between the layers) and, therefore, coatings’
delamination in thermal cycling [13,14].
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In the study presented in this chapter, combination of SPS and SPPS techniques were used to
design and fabricate a water-based YSZ–LZ functionally graded coating. Owing to the gradual
composition variation through the thickness, from pure YSZ at the BC interface to pure LZ on the
outer surface, this coating is expected to experience lower thermal stresses caused by thermal
expansion mismatch between YSZ and LZ layers. Such FGC is expected to have extended lifetime,
compared to a double-layer YSZ–LZ coating, under similar operating environment. The design of
FGC takes advantage of the desirable properties of both YSZ and LZ compounds, while their
limitations are improved.
Based on the thorough study of water-based 30 wt.% YSZ suspensions presented in Chapters 5-7,
the 0.1 wt.% α-Terpineol added suspension with pH of 2.5 (YSZH- AT- 2.5) was selected as one of
the compounds for the process development of FGC, reported in this chapter. The water-based 0.5M LZ solution with LaNT and ZrAC precursor mixture composition (LaNT–ZrACH) was selected,
based on the results reported in Chapter 8, as the other component for the FGC. The criteria for
selecting the YSZH-

AT- 2.5

suspension and LaNT–ZrACH solution among the other studied

suspensions and solutions were their solids loadings, viscosity, surface tension, and stability (in
the case of water-based suspensions). All these parameters were effective in controlling the
injectability of the liquid feedstock into the plasma torch and, consequently, the microstructural
features of the obtained plasma sprayed coatings. The main focus of this study was to manufacture
YSZ–LZ FGC with acceptable microstructure for TBC applications, i.e., having finely (submicron
or nano-sized) microstructural features and columnar or vertically-cracked morphology, from
100% water-based suspensions/ solutions. As in the previously reported work, all coating
deposition experiments were performed using Mettech Axial III plasma spray system.
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9.2 Deposition and characteristics of YSZ–LZ functionally graded coatings
Water-based YSZ–LZ functionally graded coatings with gradual compositional variation along the
coatings’ thickness were deposited by a combination of SPS and SPPS processes using Mettech
Axial III plasma spray. First, BC layer was plasma sprayed (APS) on the Inconel substrates using
the spray parameters presented previously in Table 4.2. Then, all the 5 consecutive layers of FGC
were deposited from the liquid feedstocks using the spray parameters listed in Table 4.4. These
spray parameters, mostly the same as the ones used for deposition of the LZ SPPS coatings (refer
to Chapter 8), were selected based on the experience of Mettech’s staff and several examinations
of coatings deposition processes and the achieved microstructures. The effect of spray distance on
the microstructure of the obtained FGC is discussed in Section 9.3.
In this study, the YSZ–LZ coating is a compositionally graded coating made of two components:
YSZ and LZ. The gradient compositional variation included five layers with different YSZ/LZ
ratios: three mixed-component layers were deposited in between the two pure YSZ and LZ layers
to create the gradual composition variation. The YSZ/LZ volume ratio from the bond coat interface
to the outer lay of the coating was respectively 100% YSZ, 75% YSZ + 25% LZ, 50% YSZ + 50%
LZ, 25% YSZ + 75% LZ, and 100% LZ. This five-layer design has been commonly applied by
other researchers in studying different FGCs [15–21]. Figure 9.1 (repeated here from the previous
Fig. 4.4) shows a schematic illustration of the designed YSZ–LZ FGC. The mixed feedstocks with
the specific volume ratios (75-25, 50-50, and 25-75 vol.%) were stirred continuously for 24 h prior
to the injection and deposition process. For deposition of each consecutive layer, a fixed volume
(500 ml) of the feedstock was injected into the plasma torch and sprayed onto the previously
deposited layer. The success to achieve the above-mentioned FGC coatings by our designed
injection system (a combination of SPS and SPPS using Axial III Mettech plasma spray) was
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evaluated and confirmed through characterization of the obtained coatings. The phase composition
and microstructure of the YSZ–LZ FGCs were characterized by XRD, SEM and EDS.

Figure 9.1 The schematic design of YSZ–LZ functionally graded coating (repeated from Fig. 4.4).

9.2.1 Phase composition of YSZ–LZ functionally graded coatings
To obtain XRD patterns of the five different layers of the as-sprayed YSZ–LZ FGC, two methods
were used. During the continuous deposition process of the YSZ–LZ FGC with Mettech Axial III
plasma spray, a stainless-steel coupon with the same dimensions as the bond coated specimens
was placed in each layer deposition run and quickly replaced with a new one for the next layer
deposition run. In total, five separate coupons were collected for the five successive deposited
layers from the whole FGC deposition process and analyzed by X-ray diffraction. Moreover, XRD
patterns of the separate five layers were obtained by analyzing the polished surface of the coating
layer by layer. The same results were obtained for both methods.
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Figure 9.2 X-ray diffraction patterns of different ceramic layers in the as-sprayed YSZ–LZ FGC:
(a) 100 vol.% YSZ, (b) 75 vol.% YSZ + 25 vol.% LZ, (c) 50 vol.% YSZ + 50 vol.% LZ, (d) 25
vol.% YSZ + 75 vol.% LZ, and (e) 100 vol.% LZ.

Figure 9.2 displays X-ray diffraction patterns of the as-sprayed five ceramic coating layers
separately. All the identified peaks were well indexed to the tetragonal ZrO2 and pyrochlore
La2Zr2O7 phases, consistent with the JCPDS file No. 50–0837, JCPDS card No. 48–0224 and
literature [22–28]. While the inner layer consisted of pure ZrO2 and the outer layer was mainly
composed of La2Zr2O7, the middle layers consisted of a combination of these two phases. The
change of diffraction peak intensities contributed to these layers indicates that the content of LZ
increased gradually from inner to outer of the FGC, which is consistent with the designed
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composition of the coatings. As the detected LZ and ZrO2 peaks of the mixed YSZ–LZ layers were
the same as the ones for LZ and YSZ separate layers, it can be concluded that no chemical
interaction has occurred between the feedstocks (YSZ suspension and LZ precursor solution)
during the deposition process. In addition, no peaks for nitrate phase were observed in the patterns
and it can be inferred that complete precursor pyrolysis has occurred during the plasma spray of
the LZ precursor solution. This can be also confirmed by the SEM microstructure images (refer to
Fig. 9.4) in which there is no indication of the “foamy zone” of partially dried nitrates.

9.2.2 Microstructure of YSZ–LZ functionally graded coatings
Figure 9.3 shows SEM-BSE image of the polished cross-sections of two YSZ–LZ functionally
graded coatings deposited before and after optimization of the injection process and plasma spray
system. Figures 9.3(a) and 9.3(b) are illustrative of the initial deposition trials, and the final
(optimized) variant of YSZ–LZ FGC obtained from the deposition runs after the optimization is
shown in Fig. 9.3(c). This typical microstructure was obtained repeatedly, six times by Mettech
Axial III plasma spray with the optimized SPS–SPPS process (the deposition parameters have been
listed in Table 4.4). The poor bonding and widely separated columns are clearly seen in the
microstructures of the coatings deposited prior the final optimizations of the whole injection and
spraying processes (SPS–SPPS). These optimized coatings were deposited at the spray distance of
60 mm. The image of the final variant (Fig. 9.3(c)) consists of a Ni-based superalloy (Inconel 718)
substrate, a BC layer of CoNiCrAlY with 160-180 µm thickness, and five consecutive graded
ceramic layers with a total thickness of 400-490 µm. The different layers of the graded coating are
labeled from 1 (100% YSZ) to 5 (100% LZ) along the coating’s thickness on the picture. The
contrast in the images clearly shows the gradual compositional change across the coating’s
thickness. Unlike the double-layer YSZ–LZ coatings, the composition varied gradually, from YSZ
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to LZ, through its thickness, which is expected to result in less thermal stress and, therefore, longer
lifetime for this designed functionally graded thermal barrier coating.

(b)

(a)

(c)

5
4
3
2
1
Bond Coat

Figure 9.3 Cross-sectional SEM-BSE images of typical microstructures of the YSZ–LZ
functionally graded coatings deposited by SPS–SPPS Mettech Axial III plasma spray. (a) and (b)
are obtained before optimization of the injection process and plasma spray system, and (c)
represents the microstructure of the final (optimized) variant of the designed coatings. The
different layers of the graded coating are labeled from 1 (100% YSZ) to 5 (100% LZ) along the
coating’s thickness.
The columnar microstructure was obtained for all the FGC coatings deposited in six different
coating runs at Northwest Mettech Corp. with the optimized spray parameters listed in Table 4.4.
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As seen in Fig. 9.3, the coating’s microstructure is of a “feathery” columnar type and the vertical
gaps are clearly visible between the columns, especially within the layers 4 and 5. This can be
related to the nature of the pure LZ solution precursor plasma sprayed coatings’ microstructures
(refer to Chapter 8), as compared to the pure YSZ suspension plasma sprayed coatings’
microstructures (refer to Chapter 7). The consecutive torch passes during plasma spray makes the
splats stack on each other and cover the underneath gaps [84]. In the case of our FGC, the last two
layers (4 and 5) are in the outer surface of the coating and their gaps are wider and more visible in
the coating’s microstructure.
Many factors have contributed to the achievement of YSZ–LZ FGC with such a desirable
microstructure. These include modification of the water-based 30 wt.% YSZ suspension with pH
adjustment and dispersant addition (refer to Chapters 5-7), modification of the water-based LZ
solution with chemistry and concentration adjustments (refer to Chapter 8) and, finally, optimizing
the injection and spray parameters. The suspension and solution parameters were optimized based
on the rheology, stability (in the case of suspensions), thermal analysis (in the case of solutions),
and atomized droplet size investigations. As discussed thoroughly in Chapter 7, Sections 7.3 and
7.4, the mechanism of column formation in thermal sprayed coatings raises from the dependence
of the droplet trajectory in the boundary layer on the liquid droplet size and momentum after
atomization inside the plasma stream. Based on shadowing effect, proposed by VanEvery et al.
[20,221], columnar and feathery-columnar microstructures are achieved in thermal sprayed
coatings when the molten droplet sizes are smaller than 5 μm. Therefore, referring to the results
previously reported in Chapters 5 to 8, it can be concluded that the viscosity and surface tension
of the three mixed (75-25, 50-50, and 25-75 vol.%) feedstocks are expected to be also low enough
to produce small atomized droplet sizes (refer to Eq. (7.3)) and thus small molten particle sizes,
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which all had eventually led to the shadow effect and coatings with columnar morphology.
Investigation of the properties of these mixed (two-component) feedstocks was out of scope of this
current work and is proposed as one of the topics of future work, Chapter 10.
To obtain further details of the microstructure of the YSZ–LZ FGC, several higher-magnification
SEM images from different mixed zones of the coating’s cross-section (layers 3 and 4) are
presented in Fig. 9.4. It is evident from these micrographs that there are no coarse splat boundaries
or layered structures visible in the as-sprayed coatings. The absence of significant cracks and/or
interlamellar spacings is an advantage for these coatings as compared to the conventional APS
TBCs. This is because the cracks are thermodynamically less stable than pores and, therefore, tend
to sinter faster at high temperatures, which leads to higher thermal conductivity of the TBC [13,46].
On the other hand, pores significantly decrease the effective thermal conductivity of TBCs [13].
The inter-columnar spaces are marked on the micrographs (Fig. 9.4(a) and (b)). Except for the
globular pores, there are also vertical porosity bands inside the columns (all included in the intracolumnar porosity category), which can be observed in the micrographs (Fig. 9.4(a), (b) and (c)).
This is a typical form of porosity distribution in feathery columnar microstructures [160].
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Figure 9.4 Cross-sectional SEM-BSE images of YSZ–LZ FGC deposited by SPS–SPPS Mettech
Axial III plasma spray in different magnifications: (a) 80X, (b) 500X, (c) 1000X, (d) 5000X, and
(e) 10,000X. FM and PM stand for fully melted and partially melted zones, respectively. The (b)(e) images were taken from the ceramic mixed YSZ+LZ regions (layers 3 and 4).
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Like the SPS and SPPS coatings, the FGCs deposited by SPS–SPPS Mettech Axial III spray
system in our study showed two-zone (bi-modal) structures. This can be seen in the higher
magnification SEM micrographs (Fig. 9.4(d) and (e)). This microstructure, common in liquidfeedstock plasma sprayed coatings [214], mainly consists of fully melted zones (marked FM in the
picture), which are dense and surround the partially melted zones (marked PM). The presence of
PM zones was predictable in this case since a relatively large amount of plasma energy is
consumed to evaporate the water solvent (2260 kJ/kg evaporation enthalpy) and to pyrolyze the
solution precursor. Based on the microstructural analysis of the coatings, it can be claimed that the
combination of the optimized SPS–SPPS process provides acceptable deposition of
homogeneously distributed multicomponent functionally graded ceramic coatings (refer further to
Table 4.4 providing quantitative details of the process parameters, including the ranges studied,
and the specific settings for the optimized process).

9.2.3 EDS analysis of YSZ–LZ functionally graded coatings
Figure 9.5 shows the SEM-BSE image and EDS patterns (elemental mappings) of the polished
cross-sections of the YSZ–LZ FGCs deposited by SPS–SPPS Mettech Axial III plasma spray. The
SEM image illustrated the microstructure of the coating, consisting of a Ni-based superalloy
substrate, a BC layer of CoNiCrAlY with ~210 µm thickness, and the ceramic layer with a
thickness of ~520 µm. As seen in the EDS elemental maps, there was no layered structure in the
coating and the lanthanum (La), yttrium (Y) and zirconium (Zr) elements were distributed through
the thickness of the coating. Again, it can be concluded that the designed SPS–SPPS injection and
plasma spray system is an acceptable process for the deposition of multicomponent submicron or
nanostructured ceramics coatings.
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(a)

(b)

(c)

(d)

(e)

Figure 9.5 (a) SEM-BSE, and (b)-(e) EDS elemental mapping patterns of the typical crosssectional microstructures of YSZ–LZ functionally graded coatings deposited by SPS–SPPS
Mettech Axial III plasma spray.
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Assuming La as the marker of LZ and Y as the marker of YSZ, no sharp interface existed between
the LZ and YSZ layers. As seen in Fig. 9.5, the as-sprayed FGC had a successive graded structure
derived from the compositional variation of the liquid feedstock. Along the thickness, from bottom
to top, contents of the elements changed gradually: La increasing while Y and Zr decreasing.
Hence, the deposited ceramic layer of YSZ–LZ FGC was composed of three parts from the BC
interface to the outer layer: (1) YSZ region, (2) graded region, and (3) LZ region. According to the
literature [15,16], the graded region (YSZ+LZ) could significantly decrease the thermal stress in
harsh thermal shock environments because of the reduced sudden change of the CTEs between the
individual ceramic layers.

9.3 Effect of the spray distance on the microstructure of YSZ–LZ functionally graded
coatings
All the YSZ–LZ FGCs were deposited at two different spray distances, i.e., 60 mm and 85 mm,
while the other spray parameters were kept constant (refer to Table 4.4 listing all the spray
parameters). In liquid plasma spray, normally the spray distance is shorter than that of the
conventional APS process, i.e., 50-90 mm vs100-120 mm respectively [23,24]. This is because the
kinetics of melting is faster for the submicron particles after solvent evaporation and shorter
distance is required to avoid the excessive re-solidification of the fine particles before impacting
on the substrate. Fine submicron particles also decelerate faster when traveling through the plasma
plume as compared to the typical 10-100 μm large particles used in APS. Figure 9.6 illustrates a
comparison between the microstructures of two YSZ–LZ FGCs sprayed at 60 mm (Fig. 9.6(a) to
(e)) and 85 mm (Fig. 9.6(f) to (j)) distances. All the other spraying parameters were constant (Table
4.4). Comparing the coatings’ microstructures at lower magnifications, it was found that the
column density increased by increasing the spray distance from 60 mm to 85 mm, i.e., the
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approximate column width decreased from 288± 68 µm to 246± 33 µm. This can be explained by
the increased shadowing effect as a result of higher chances of the molten particles moving in
trajectories parallel (or at low angle) to the substrate surface at longer spray distances [266] (also
refer to Chapter 7, Sections 7.4 and 7.5).
According to the results reported in the previous chapters, it was expected to obtain thinner
coatings sprayed at the longer distance (85 mm). However, the 85 mm–sprayed coating was
slightly thinner than the 60 mm–coating (482.4± 61.1 µm versus 550.8± 63.6 µm thicknesses).
Larger inter-columnar spacings, intra-columnar vertical porosity bands, and intra-columnar
globular pores were seen for the coating’s microstructure deposited at longer (85 mm) spray
distance (Fig. 9.6(f) to (j)). Therefore, as expected, lower microstructure density was obtained for
the coatings by increasing the spray distance because of the decreased temperature and velocity of
the droplets in the long in-flight distance before hitting the substrate, which resulted in deposition
rate cut down.
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60

85

(f)

(b)

(g)

(c)

(h)

(d)

(i)

5000X

1000X

500X

80X

(a)

RS
RS
RS

(j)

10000X

(e)

Figure 9.6 Cross-sectional SEM micrographs (at different magnifications) of YSZ–LZ
functionally graded coatings deposited at (a) to (e) 60 mm, and (f) to (j) 85 mm spray distances.
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RS stands for round resolidified particles. The high magnification (> 500X) images were taken
from the ceramic mixed YSZ+LZ regions (layers 3 and 4).

As observed above, the amount and size of the coatings’ porosity increased by increasing the spray
distance. To validate and quantify this observation, image analysis was performed by image
analyzer software (ImageJ– version 1.52a, National Institutes of Health, Maryland, USA) on
twenty SEM micrographs at 1000X and 10,000X magnifications. The analysis procedure was
explained in detail in Chapter 4, Section 4.5.3. The total porosity content, including both the open
and closed pores in a wide range of length scale (micron, submicron, and nano pores), was
measured as ~19.3 vol.% and ~24.8 vol.% for the coatings deposited at 60 mm and 85 mm,
respectively. These numbers validate the above-mentioned observations. Although the amount of
porosity was higher in the coatings deposited at longer spray distance, the size and distribution of
the pores were not as desired as those sprayed at shorter distance.
The rather uniform distribution of the discrete and fine-sized (largely submicron or nano- sized)
pores in the microstructure of 60 mm-sprayed coatings can effectively decrease the overall thermal
conductivity of these thermal barrier coatings (refer to Section 9.2.2 for more details). The
micrographs presented in Fig. 9.6 reveal that the columns in the 85 mm-sprayed coatings were
separated by wide gaps and more intra-columnar porosity bands were present in these coatings
(Fig. 9.6(f) to (j)). Although the vertical inter-columnar spacings are in favor of improving the
strain tolerance and cyclic lifetime of the TBC, the large number and/or the excessive width of the
inter-columnar spacings allow the easy ingress of hot gases which can result in increase of the
overall thermal diffusivity and thermal conductivity of the coatings [13,232]. Moreover, the
amount of round resolidified particles (marked as RS in the picture) in the coating’s microstructure
increased by increasing the spray distance. This shows that re-solidification of the molten particles
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happens in longer plasma spray distances due to the rapid decrease in their temperature beyond
40-50 mm of the in-flight distance [161,225].

9.4 Summary
The general objective of this thesis project is to advance the processing knowledge of the
functionally graded YSZ–LZ thermal barrier coatings (YSZ–LZ FGC), in the systems integrating
water-based SPS and SPPS processes. The extensive experimental/optimization process
development work completed in this part of the thesis project included modification of the waterbased 30 wt.% YSZ suspension with pH adjustment and dispersants evaluation, modification of
the water-based LZ solution with chemistry and concentration adjustments and, finally, optimizing
the injection and spray parameters. The suspension and solution parameters were optimized based
on their rheology, stability (in the case of suspensions), thermal analysis (in the case of solutions),
and atomized droplet size investigations.
The YSZH- AT- 2.5 suspension and the water-based 0.5-M LaNT–ZrACH solution were selected as
the two components of the FGC. The criteria for this selection include their high solids loadings,
low viscosity, high surface tension, and high stability (in the case of the water-based suspensions),
which all were effective in controlling the injectability of the liquid feedstock into the plasma torch
and, consequently, the microstructural features of the obtained plasma sprayed coatings.
The microstructure of the FGCs showed that the five-layered YSZ–LZ graded coatings were
successfully deposited on the CoNiCrAlY BC and the composition varied gradually in the coatings
from 100% YSZ at the BC interface to 100% LZ. The microstructures had feathery columnar
nature, with a wide range (micron, submicron and nano-sized) features such as inter-columnar
spacings, intra-columnar globular pores and intra-columnar porosity bands. The two-zone (bi-
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modal) microstructure of the obtained FGC was recognized in the SEM micrographs, including
the PM zones surrounded by the FM matrix. There were no coarse splat boundaries or layered
structures in the as-sprayed coatings.
The XRD results revealed that the ceramic graded layer mainly consisted of tetragonal ZrO2 and
pyrochlore La2Zr2O7 phases; while the inner layer merely consisted of ZrO2 and the outer layer
was pure La2Zr2O7, the middle layers had a combination of both the two phases. Comparing the
peak intensities of the patterns related to the separate five layers, it was inferred that the content of
LZ component increased gradually from the inner to the outer of the FGC thickness. The similar
peak positions detected in the mixed layers and the single-component layers proved that there was
no chemical interaction between the feedstocks during the deposition process. Moreover, as no
additional peaks, such as nitrate ones, were detected in the patterns, it can be concluded that there
was enough time and energy for complete pyrolysis of the LZ precursor solution to form LZ phase
with the pyrochlore structure.
The EDS results showed that there was no sharp interface between the LZ and YSZ layers; the
coating possessed a graded structure derived from gradual composition variation of the liquid
feedstock. From the BC layer interface to the outer layer of the TC, gradual increase in lanthanum
element and decrease in yttrium and zirconium elements were observed. Consequently, it can be
concluded that the deposited ceramic layer of YSZ–LZ FGC was composed of three parts from
the BC interface to the outer layer: (1) YSZ region, (2) graded region, and (3) LZ region. The
graded region was expected to cause considerably lower thermal stress in thermal shock
environments.
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Increasing the spray distance led to higher column density (i.e., approximate column width
decreased from 288± 68 µm to 246± 33 µm respectively) in the microstructure of the coatings,
indicating the higher chance of getting shadowing effect. Additionally, the deposition rate
decreased by increasing the spray distance and, as a result, coatings with lower density were
obtained at the longer spray distance. This is due to the expected considerable loss of the
temperature and velocity of the droplets inside the plasma for longer spray distances. While the
porosity of the coatings increased by increasing the spray distance, the 60 mm-sprayed coatings
contained a relatively uniform distribution of discrete and fine-sized (largely submicron or nanosized) pores in the absence of too many and/or extra wide inter-columnar spacings. The amount of
round resolidified particles increased by increasing the spray distance, likely because of the rapid
decrease in the temperature and velocity of the droplets inside the plasma plume and, hence, their
re-solidification before hitting the substrate.
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Chapter 10 : Conclusions and recommendations
The key conclusions of the present study and the recommendations for the future study are
summarized in this chapter.

10.1 Summary of the most important findings
•

The rheology and stability studies of aqueous 30 wt.% YSZ suspensions revealed the influence
of suspension’s dispersion status on its viscosity. It was found that with addition of an optimum
dispersant concentration, viscosity of the suspensions decreased to its minimum value (9.5 cP
for 0.1 wt.% PEI (YSZH- PE), 9.7 cP for 0.05 wt.% PBTCA (YSZH- PB), and 9.6 cP for 0.1 wt.%
α-Terpineol (YSZH- AT) doped suspensions). This low level of viscosity was indicative of the
high stability of the suspension, providing easy flow and high solids loading capability, the
key characteristics necessary for the successful SPS.

•

Further investigations of the rheological properties as well as the stability of the aqueous
suspensions showed that a proper combination of dispersant addition with pH adjustment was
required to further minimise viscosity and maximize stability. According to these rheology
studies results, the viscosities of the PEI containing suspension with pH adjusted to 2.5 (i.e.,
YSZH- PE- 2.5), the PBTCA containing suspension with pH of 10.5 (YSZH- PB- 10.5), and the αTerpineol added suspension with pH values of 2.5 and 10.5 (YSZH- AT- 2.5 and YSZH- AT- 10.5)
were measured as approximately 3.1 cP, 2.8 cP, 2.7 cP and 1.3 cP, respectively. These values
were better than the target viscosity (below 4-6 cP) for SPS with Mettech Axial III plasma
spray system.
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•

The results of suspension stability tests revealed that PEI and PBTCA proved to be very
effective electrostatic dispersants in acidic and basic environments, respectively. By 0.1 wt.%
PEI (a cationic polyelectrolyte) addition to YSZ suspension, the IEP shifted to 10.1 and
therefore stable suspensions were achievable for pH< 8.5. For PBTCA, 0.05 wt.% addition
caused shift of IEP to 2.6 due to the anionic nature of PBTCA polyelectrolyte, and thus the
stability range for these suspensions was for pH> 3.5.

•

In the presence of α-Terpineol (YSZH-

AT

), no significant change in IEP was observed,

suggesting that its dispersion effect was mainly of steric (i.e., non-electrostatic) type. Like the
YSZ suspensions without dispersant addition (YSZH), for α-Terpineol added systems (coded
YSZH- AT) the stable suspension pH region was compressed to a relatively narrow pH range of
2.5 to 4.5. In conclusion, PEI (as a cationic dispersant) and PBTCA (as an anionic dispersant)
effectively improved the rheology and stability of the aqueous concentrated YSZ suspensions
when pH was adjusted at 2.5 and 10.5, respectively. Turbidity and destabilization studies
showed that α-Terpineol (a steric dispersant with a charge-neutral molecule), when
accompanied with pH of 2.5, not only effectively reduced viscosity of the aqueous YSZ
suspensions to the excellent low level of 2.7 cP, but also provided considerable (> 3000 NTU)
suspension stability, which was comparable to the stability obtained by either PEI or PBTCA
at the above-mentioned pH values.

•

It was found that the aging process led to particles agglomeration, which in turn increased the
viscosity and sedimentation rate of the aqueous YSZ suspensions. However, application of
dispersants resulted in considerable decrease in viscosities of the suspensions (to less than 50%
of that of the blank suspension). Therefore, aging behavior of the aqueous 30 wt.% YSZ
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suspensions with optimized dispersant addition and pH adjustment was studied. The practical
aging time of up to one week, in one-day intervals, was selected to assess the aging behavior
of the suspensions.

•

The zeta potential of the suspensions decreased with aging time, while their pH approached its
“native” pH, i.e., the pH observed immediately after suspension preparation and prior to any
further modifications. The variation of zeta potential over 7 days of aging was 82% smaller
when α-Terpineol dispersant was added to YSZ suspension with pH value of 2.5. Therefore,
the addition of dispersants produced more functionally stable suspensions, i.e., exhibiting less
change in zeta potential values during aging.

•

According to the destabilization kinetics study, the aging process increased the suspensions’
TSI, indicating enhanced instability for the longer aging times. While the as-prepared YSZHPE- 2.5

suspension was more stable than YSZH- AT- 2.5 (i.e., having TSI smaller by ~25%), it was

at the same time less functionally stable than YSZH- AT- 2.5 due to the ~57% change of its TSI
values over the 7-day aging time (compared to the 32% change of TSI for YSZH- AT- 2.5 after
aging). Hence, it was concluded that α-Terpineol was the most efficient dispersant for the
aqueous 30 wt.% YSZ suspensions, in terms of improving their functional stability (i.e.,
stability over aging time) as YSZH- AT- 2.5 showed the smallest decrease in its TSI value (32%)
after 7 days. The suspensions that were stabilized by α-Terpineol dispersant (YSZH- AT- 2.5)
exhibited the smallest viscosities (2.7-3.1 cP), the least agglomerate sizes (0.7- 0.75 µm), and
the least surface tension (~22 mN/m) over the 7 days of aging. Only slight increase (~0.31%)
in surface tension of YSZH- AT- 2.5 was observed as the suspensions were aged for 7 days. This
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is a desirable property of suspensions for SPS deposition of coatings with columnar
microstructure.

•

Cross-sectional SEM morphology of YSZ coatings deposited by SPS showed a direct effect of
the suspension’s ethanol concentration, as the solvent phase, on the probability of column
formation in the coating’s microstructure. The atomized droplet size distribution of the
suspensions revealed that the ethanol-based suspension (YSZEt) droplets were smaller (12.4
μm) than the droplets of the water–ethanol-based suspension (YSZH- Et) and the water-based
suspension (YSZH), i.e., 18.7 and 21.7 μm, respectively. Therefore, because of their lower
momentum, they were influenced more strongly by the plasma stream drag in the boundary
layer close to the substrate and deposited at shallow angles on surface asperities. This resulted
in more favorable conditions for columns formation, in agreement with the shadowing effect
theory. While all the SPS coatings deposited in this study showed two-zone (also called “bimodal”) microstructures made up of the partially melted zones surrounded by fully melted
dense matrices, it was found that increasing water content in the suspension led to increase in
the partially melted zones and porosity in the coatings’ microstructure.

•

The SPS coatings microstructural analysis showed that the chance of column formation
increased by increasing the substrate’s surface roughness as well as increasing the spray
distance. On the rough surface, there was a larger difference between the height of peaks and
valleys of the surface asperities and the peaks acted as initiation sites for the individual column
formation; hence, there was a higher chance of formation of individual columns. At longer
spray distances, the velocity and temperature of suspension droplets decreased more, and
plasma drag could affect their trajectory more easily due to their smaller momentum, leading
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to the shadowing effect. Moreover, the resolidified particles became more visible in the
coating’s microstructure by increasing the spray distance.

•

It was found that SPS coatings with columnar microstructure could be obtained with aqueous
YSZ suspensions if appropriate dispersant (e.g., α-Terpineol) and pH adjustment was applied.
In comparison with the coatings that were deposited from suspensions containing PEI and
PBTCA dispersants (coded as YSZH- PE- 2.5 and YSZH- PB- 10.5), the coatings that were deposited
from α-Terpineol-containing suspensions (YSZH- AT-2.5) exhibited columnar morphologies with
higher porosity (17-18 vol.%) than the others (<14 vol.%), even after aging. Such coating
morphologies were most likely related to the smallest viscosity and surface tension of these
YSZH- AT-2.5, thus creating smaller atomized droplets in the plasma plume. The α-Terpineol
added suspension (YSZH- AT- 2.5) was atomized into droplets with 12.2 μm diameter which was
very close to that (12.4 μm) of droplets atomized from the ethanol-based suspension (YSZEt).

•

In the study of SPPS–LZ coatings, the applicability of precursor solutions containing
lanthanum nitrate and lanthanum chloride with zirconium acetate was evaluated. Thermal
analysis (TGA-DSC) and phase analysis (XRD) results showed that unlike the nitrate precursor
mixtures (LaNT–ZrACH), the chloride precursor solutions (LaCL–ZrACH) could not provide
pure lanthanum zirconate pyrochlore structure. Viscosity and surface tension measurements
revealed that increasing the solution’s salt concentration resulted in higher viscosity and
smaller surface tension values. Replacing water with ethanol solvent resulted in more viscous
solutions with smaller surface tension. Application of dilute water-based solutions in SPPS led
to the formation of porous (~23 vol.%) coatings with columnar morphology, which can be
considered as a desirable, strain-tolerant microstructure for TBCs. Among several solution
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concentration values, the 0.5 M concentration was found as the best one for the LaNT–ZrACH
system, based on the achieved coating’s columnar morphology and thickness of about 120 to
140 µm. This unique microstructure was related to the relatively low viscosity of such solutions
(about 1- 3 cP) that resulted in the formation of relatively small droplets in the plasma plume;
it is expected that finer particles approached the substrate at more oblique angles preferable in
the formation of columnar microstructures (i.e., producing shadowing effect).

•

The water-based 30 wt.% YSZ suspension with 0.1 wt.% α-Terpineol dispersant addition and
pH of 2.5 (YSZH- AT- 2.5) and the water-based 0.5-M LZ solution with lanthanum nitrate and
zirconium acetate precursor mixture composition (LaNT–ZrACH) were selected as the two
components to deposit YSZ–LZ FGC. The five-layered YSZ–LZ FGCs were successfully
deposited on the CoNiCrAlY BC; the composition varied gradually in the coatings from 100%
YSZ at the BC interface to 100% LZ on top. The microstructures had feathery columnar nature,
with a wide range (micron, submicron and nano-sized) features such as inter-columnar
spacings, intra-columnar globular pores and intra-columnar porosity bands. The two-zone (bimodal) microstructure of the obtained FGC was recognized in SEM micrographs, including
the partially melted zones surrounded by the fully melted matrix. Another significant
observation from the microstructural analysis was that there were no coarse splat boundaries
or layered structures in the as-sprayed coatings. Therefore, it can be hypothesized that the
designed combination of SPS–SPPS in this study is an acceptable process for the deposition
of homogeneously distributed multicomponent ceramics coatings.

•

The X-ray diffraction analysis of the as-sprayed YSZ–LZ FGC revealed that the ceramic
graded layer consisted mainly of tetragonal ZrO2 and pyrochlore La2Zr2O7 phases; while the
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inner layer merely consisted of ZrO2 and the outer layer was pure La2Zr2O7, the middle layers
had a combination of the two phases. Comparing the peak intensities of the patterns related to
the separate five layers, it was inferred that the content of LZ component increased gradually
from the inner to the outer of the FGC thickness. The similar peak positions detected in the
mixed layers and the single-component layers proved that there was no chemical interaction
between the feedstocks (YSZ suspension and LZ precursor solution) during the deposition
process. As no additional peaks, such as nitrate ones, were detected in the patterns, it can be
concluded that complete pyrolysis of the LZ precursor solution was achieved, to form LZ phase
with the pyrochlore structure.

•

The EDS results also confirmed the capability of SPS–SPPS injection and plasma spray system
to obtain homogeneously distributed multicomponent ceramics coatings with fine (submicron
or nano-sized) microstructures. According to the elemental maps, the coating possessed a
graded structure derived from the gradual compositional variation of the liquid feedstock. From
the BC layer interface to the outer layer of the TC, the gradual increase in lanthanum element
and decrease in yttrium and zirconium elements were observed along the FGC thickness.
Consequently, it can be concluded that the deposited ceramic layer of YSZ–LZ FGC was
composed of three parts, moving from the bond coat interface to the outer layer: (1) YSZ
region, (2) graded region, and (3) LZ region. The graded region is expected to cause
considerably lower thermal stresses in thermal shock environments.

•

Increasing the spray distance from 60 to 80 mm led to higher column density (i.e., approximate
column width decreased from 288± 68 µm to 246± 33 µm, respectively) in the microstructure
of the YSZ–LZ FGCs, indicating the higher chance of getting shadowing effect. Additionally,
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the deposition rate decreased by increasing the spray distance from 60 to 80 mm and, as a
result, coatings with lower density were obtained at the spray distance of 80 mm. This is due
to the expected considerable loss of the temperature and velocity of the droplets inside the
plasma for longer spray distances. While the porosity of the coatings increased from ~19.3
vol.% to ~24.8 vol.% by increasing the spray distance from 60 mm to 80 mm, the shorter
distance (60 mm) had an advantage of the size and distribution of pores in those coatings; the
60 mm-sprayed coatings contained a relatively uniform distribution of discrete and fine-sized
(largely submicron or nano-sized) pores in the absence of too many and/or extra wide intercolumnar spacings. It was also observed that the amount of spherical resolidified particles
increased by increasing the spray distance, likely because of the rapid decrease in the
temperature and velocity of the droplets inside the plasma plume, and hence their better chance
of re-solidification before hitting the substrate.

10.2 Recommendations for future work
This work was dedicated towards developing YSZ and LZ TBC using SPS and SPPS, respectively.
However, no comparison was done with the industry standard conventional TBC produced by APS
as well as by EB-PVD. Hence, a first step in continuation of this work should be a systematic
comparative study between the best performing YSZ–SPS and LZ–SPPS thermal barrier coating
resulting from this work and the industry standard APS and EBPVD TBC. Such study should
include comparison of these coatings’ microstructure, thermal, mechanical and lifetime properties.
A major part of the present study was stabilization of water-based YSZ suspensions with 30 wt.%
solids loading. The YSZ particle size was 0.67 μm. Due to the significant effect of the suspended
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particle size on SPS deposited TBC microstructure and, therefore, thermal and mechanical
properties, similar stability studies should be extended to nano-sized YSZ particles.
In deposition of the coatings, most of the spray parameters were selected based on several trials
(running the spraying system and analyzing the coatings’ microstructure) and the experience and
recommendation of the industrial partner Northwest Mettech Inc staff. A more detailed study of
the effect of these spray parameters can significantly help in tailoring of the microstructure of the
deposited coatings (YSZ–SPS, LZ–SPPS, and YSZ–LZ FGC) to further improve their thermal,
mechanical and lifetime properties.
The results of rheology and stability measurements of the mixed YSZ+LZ feedstocks in producing
the three mixed graded layers of the YSZ–LZ FGC were not presented in this dissertation. A
detailed study on these properties can be conducted to find the relationship between them and the
microstructure of the deposited coatings. This can influence the injectability and help tailoring the
microstructure of the coatings to their thermal and mechanical properties.
In the third phase of this study, it was claimed that the YSZ–LZ FGC is expected to have the
desirable properties of both YSZ and LZ coatings, while avoiding their limitations. The designed
five-layered graded coating is expected to experience lower thermal stress in thermal shock
environments. Therefore, further experiments, including thermal conductivity and coefficient of
thermal expansion measurements, are required to assess these claims. It is recommended to
conduct a comparative study on the thermal, mechanical and lifetime (such as oxidation and cyclic
thermal shock) properties of the YSZ–LZ FGC designed and processed in this work, as well as the
double-layered YSZ–LZ coating and the single layered YSZ and LZ coatings.

187

References
[1]

Office of Fossil Energy and Carbon Management | Department of Energy, How gas turbine
power plants work, (n.d.). https://www.energy.gov/fecm/how-gas-turbine-power-plantswork (accessed October 5, 2020).

[2]

G. Marin, D. Mendeleev, B. Osipov, A. Akhmetshin, Study of the effect of fuel temperature
on gas turbine performance, (n.d.). https://doi.org/10.1051/e3sconf/202017801033.

[3]

P.P. Walsh, P. Fletcher, Gas turbine performance, Blackwell Science, 2004.
https://books.google.ca/books?id=DtFml9BQkEIC&dq=gas+turbine+combustion+temper
ature+effect+on+efficiency&lr= (accessed October 5, 2021).

[4]

P.L. Fauchais, J.V.R. Heberlein, M.I. Boulos, Thermal spray fundamentals: from powder to
part, New York, 2014.

[5]

A. Ganvir, N. Curry, S. Govindarajan, N. Markocsan, Characterization of thermal barrier
coatings produced by various thermal spray techniques using solid powder, suspension, and
solution precursor feedstock material, Int. J. Appl. Ceram. Technol. 13 (2016) 324–332.
https://doi.org/10.1111/ijac.12472.

[6]

N.P. Padture, M. Gell, E.H. Jordan, Thermal barrier coatings for gas-turbine engine
applications, Science (80-. ). 296 (2002) 280–284.

[7]

T. Strangman, D. Raybould, A. Jameel, W. Baker, Damage mechanisms, life prediction,
and development of EB-PVD thermal barrier coatings for turbine airfoils, Surf. Coat.
Technol. 202 (2007) 658–664.

[8]

H.J. Rätzer-Scheibe, U. Schulz, T. Krell, The effect of coating thickness on the thermal
conductivity of EB-PVD PYSZ thermal barrier coatings, Surf. Coatings Technol. 200
(2006) 5636–5644. https://doi.org/10.1016/j.surfcoat.2005.07.109.

188

[9]

P. Fauchais, G. Montavon, M. Vardelle, J. Cedelle, Developments in direct current plasma
spraying, Surf. Coatings Technol. 201 (2006) 1908–1921.

[10]

P. Fauchais, G. Montavon, R.S. Lima, B.R. Marple, Engineering a new class of thermal
spray nano-based microstructures from agglomerated nanostructured particles, suspensions
and

solutions:

An

invited

review,

J.

Phys.

D.

Appl.

Phys.

44

(2011).

https://doi.org/10.1088/0022-3727/44/9/093001.
[11]

P. Fauchais, R. Etchart-Salas, V. Rat, J.F. Coudert, N. Caron, K. Wittmann-Ténèze,
Parameters controlling liquid plasma spraying: Solutions, sols, or suspensions, J. Therm.
Spray Technol. 17 (2008) 31–59. https://doi.org/10.1007/s11666-007-9152-2.

[12]

A. Ganvir, N. Curry, S. Björklund, N. Markocsan, P. Nylén, Characterization of
microstructure and thermal properties of YSZ coatings obtained by axial suspension plasma
spraying

(ASPS),

J.

Therm.

Spray

Technol.

24

(2015)

1195–1204.

https://doi.org/10.1007/s11666-015-0263-x.
[13]

A. Ganvir, N. Curry, N. Markocsan, P. Nylén, S. Joshi, M. Vilemova, Z. Pala, Influence of
microstructure on thermal properties of axial suspension plasma-sprayed YSZ thermal
barrier coatings, J. Therm. Spray Technol. 25 (2015) 202–212.

[14]

A. Feuerstein, J. Knapp, T. Taylor, A. Ashary, A. Bolcavage, N. Hitchman, Technical and
economical aspects of current thermal barrier coating systems for gas turbine engines by
thermal spray and EB-PVD: A review, J. Therm. Spray Technol. 17 (2008) 199–213.

[15]

A. Ganvir, R. Calinas, N. Markocsan, N. Curry, S. Joshi, Experimental visualization of
microstructure evolution during suspension plasma spraying of thermal barrier coatings, J.
Eur. Ceram. Soc. 39 (2019) 470–481. https://doi.org/10.1016/j.jeurceramsoc.2018.09.023.

[16]

N. Curry, K. VanEvery, T. Snyder, J. Susnjar, S. Bjorklund, Performance testing of

189

suspension plasma sprayed thermal barrier coatings produced with varied suspension
parameters, Coatings. 5 (2015) 338–356. https://doi.org/10.3390/coatings5030338.
[17]

R. Rampon, O. Marchand, C. Filiatre, G. Bertrand, Influence of suspension characteristics
on coatings microstructure obtained by suspension plasma spraying, Surf. Coatings
Technol. 202 (2008) 4337–4342. https://doi.org/10.1016/j.surfcoat.2008.04.006.

[18]

M. Liebscher, T. T. Dinh, C. Schrolf, Z. Tang, V. Mechtcherine, Dispersion of different
carbon-based nanofillers in aqueous suspension by polycarboxylate comb-type copolymers
and their influence on the early age properties of cementitious matrices, Consytr Build
Mater. 241 (2020) 118039.

[19]

B. Pateyron, N. Calve, L. Pawlowski, Influence of water and ethanol on transport properties
of the jets used in suspension plasma spraying, Surf. Coat. Technol. 220 (2013) 257–260.

[20]

K. Vanevery, M.J.M. Krane, R.W. Trice, H. Wang, W. Porter, Column formation in
suspension plasma-sprayed coatings and resultant thermal properties, J. Therm. Spray
Technol. 20 (2011) 817–828. https://doi.org/10.1007/s11666-011-9632-2.

[21]

B. Bernard, L. Bianchi, A. Malie, A. Joulia, B. Remy, Columnar suspension plasma sprayed
coating microstructural control for thermal barrier coating application, J. Eur. Ceram. Soc.
36 (2016) 1081–1089.

[22]

P. Fauchais, V. Rat, J.F. Coudert, R. Etchart-Salas, G. Montavon, Operating parameters for
suspension and solution plasma-spray coatings, Surf. Coatings Technol. 202 (2008) 4309–
4317. https://doi.org/qaqa.

[23]

L. Bergstrom, Hamaker constants of inorganic materials, Adv. Colloid Interface Sci. 70
(1997) 125–169. https://doi.org/10.1007/978-3-642-72624-8_11.

[24]

M.-L. Rami, M. Meireles, B. Cabane, C. Guizard, Colloidal stability for concentrated

190

zirconia

aqueous

suspensions,

J.

Am.

Ceram.

Soc.

92

(2009)

50–56.

https://doi.org/10.1111/j.1551-2916.2008.02681.x.
[25]

E.H. Jordan, C. Jiang, M. Gell, The solution precursor plasma spray (SPPS) process: A
review with energy considerations, J. Therm. Spray Technol. 24 (2015) 1153–1165.
https://doi.org/10.1007/s11666-015-0272-9.

[26]

C. Jiang, E.H. Jordan, A.B. Harris, M. Gell, J. Roth, Double-layer gadolinium
zirconate/yttria-stabilized zirconia thermal barrier coatings deposited by the solution
precursor plasma spray process, J. Therm. Spray Technol. 24 (2015) 895–906.
https://doi.org/10.1007/s11666-015-0283-6.

[27]

M.O. Jarligo, G. Mauer, D. Sebold, D.E. Mack, R. Vaßen, D. Stöver, Decomposition of
Ba(Mg1/3Ta2/3)O3 perovskite during atmospheric plasma spraying, Surf. Coatings Technol.
206 (2012) 2515–2520. https://doi.org/10.1016/j.surfcoat.2011.11.003.

[28]

L. Chera, E. Palcevskis, M. Berzins, A. Lipe, I. Jansone, Dispersion of nanosized ceramic
powders

in

aqueous

suspensions,

J.

Phys.

Conf.

Ser.

93

(2007)

0–5.

https://doi.org/10.1088/1742-6596/93/1/012010.
[29]

K.M. Doleker, A.C. Karaoglanli, Comparison of oxidation behavior of YSZ and Gd2Zr2O7
thermal barrier coatings (TBCs), Surf. Coatings Technol. 318 (2017) 198–207.
https://doi.org/10.1016/j.surfcoat.2016.12.078.

[30]

Y.X. Kang, Y. Bai, W. Fan, T. Yuan, Y. Gao, C.G. Bao, B.Q. Li, Thermal cycling
performance of La2Ce2O7/50 vol.% YSZ composite thermal barrier coating with CMAS
corrosion, J. Eur. Ceram. Soc. 38 (2018) 2851–2862.

[31]

X. Li, W. Ma, J. Wen, Y. Bai, L. Sun, B. Chen, H. Dong, Y. Shuang, Preparation of SrZrO3
thermal barrier coating by solution precursor plasma spray, J. Therm. Spray Technol. 26

191

(2017) 371–377. https://doi.org/10.1007/s11666-017-0527-8.
[32]

K. Praveen, S. Sivakumar, P. V Ananthapadmanabhan, G. Shanmugavelayutham,
Lanthanum cerate thermal barrier coatings generated from thermal plasma synthesized
powders, Ceram. Int. 44 (2018) 6417–6425.

[33]

S. Sivakumar, K. Praveen, G. Shanmugavelayutham, S. Yugeswaran, J. Mostaghimi,
Thermo-physical behavior of atmospheric plasma sprayed high porosity lanthanum
zirconate

coatings,

Surf.

Coatings

Technol.

326

(2017)

173–182.

https://doi.org/10.1016/j.surfcoat.2017.07.054.
[34]

D. Song, U. Paik, X. Guo, J. Zhang, T.K. Woo, Z. Lu, S.H. Jung, J.H. Lee, Y.G. Jung,
Microstructure design for blended feedstock and its thermal durability in lanthanum
zirconate based thermal barrier coatings, Surf. Coatings Technol. 308 (2016) 40–49.
https://doi.org/10.1016/j.surfcoat.2016.07.112.

[35]

Z. Tian, J. Zhang, T. Zhang, X. Ren, W. Hu, L. Zheng, J. Wang, Towards thermal barrier
coating application for rare earth silicates RE2SiO5 (RE = La, Nd, Sm, Eu, and Gd), J. Eur.
Ceram. Soc. (2018) 1–14. https://doi.org/10.1016/j.jeurceramsoc.2018.12.015.

[36]

J. Wang, J. Sun, Q. Jing, B. Liu, H. Zhang, Y. Yongsheng, J. Yuan, S. Dong, X. Zhou, X.
Cao, Phase stability and thermo-physical properties of ZrO2-CeO2-TiO2 ceramics for
thermal

barrier

coatings,

J.

Eur.

Ceram.

Soc.

38

(2018)

2841–2850.

https://doi.org/10.1016/j.jeurceramsoc.2018.02.019.
[37]

S. Yugeswaran, A. Kobayashi, P. V. Ananthapadmanabhan, Hot corrosion behaviors of gas
tunnel type plasma sprayed La2Zr2O7 thermal barrier coatings, J. Eur. Ceram. Soc. 32 (2012)
823–834. https://doi.org/10.1016/j.jeurceramsoc.2011.10.049.

[38]

Z.H. Xu, Z.Y. Shen, R.D. Mu, L.M. He, Phase structure, thermophysical properties and

192

thermal cycling behavior of novel (Sm0.2La0.8)2(Zr0.7Ce0.3)2O7 thermal barrier coatings, 157
(2018) 105–110. https://doi.org/10.1016/j.vacuum.2018.08.040.
[39]

K. Jiang, S. Liu, X. Wang, Low– thermal– conductivity and high– toughness CeO2–Gd2O3
co– stabilized zirconia ceramic for potential thermal barrier coating applications, J. Eur.
Ceram. Soc. 38 (2018) 3986–3993. https://doi.org/10.1016/j.jeurceramsoc.2018.04.065.

[40]

N.P. Bansal, D. Zhu, Effects of doping on thermal conductivity of pyrochlore oxides for
advanced thermal barrier coatings, Mater. Sci. Eng. A. 459 (2007) 192–195.
https://doi.org/10.1016/j.msea.2007.01.069.

[41]

M. Gupta, Design of thermal barrier coatings : A modelling approach, 2014.

[42]

R.A. Miller, Thermal barrier coatings for aircraft engines: history and directions, J. Therm.
Spray Technol. 6 (1997) 35–42.

[43]

R.A. Miller, Current status of thermal barrier coatings-An overview, Surf. Coat. Technol.
30 (1987) 1–11.

[44]

B. Liu, Y. Liu, C. Zhu, H. Xiang, H. Chen, L. Sun, Y. Gao, Y. Zhou, Advances on strategies
for searching for next generation thermal barrier coating materials, J. Mater. Sci. Technol.
(2018). https://doi.org/10.1016/J.JMST.2018.11.016.

[45]

W.A. Sirignano, F. Liu, Performance increases for gas-turbine engines through combustion
inside the turbine, J. Propuls. Power. 15 (1999) 111–118.

[46]

R.W. Trice, E. Al., Effect of heat treatment on phase stability, microstructure, and thermal
conductivity of plasma-sprayed YSZ, J. Mater. Sci. 37 (2002) 2359–2365.

[47]

W. Gao, Z. Li, M. Institute of Materials, Developments in high-temperature corrosion and
protection of materials, Woodhead Pub. and Maney Pub. on behalf of the Institute of
Materials, Minerals & Mining, 2008. (accessed October 26, 2021).

193

[48]

R.S. Lima, Perspectives on thermal gradients in porous, coatings. 10 (2020) 1–18.

[49]

N. Curry, N. Markocsan, X.-H. Li, A. Tricoire, M. Dorfman, Next generation thermal
barrier coatings for the gas turbine industry, J. Therm. Spray Technol. 20 (2011) 108–115.

[50]

G.W. Goward, L.W. Cannon, Pack cementation coatings for superalloys: A review of
history, Theory, and Practice, J. Eng. Gas Turbines Power. 110 (1988) 150–154.

[51]

J.R. Nicholls, N.J. Simms, W.Y. Chan, H.E. Evans, Smart overlay coatings – concept and
practice, Surf. Coat. Technol. 149 (2002) 236–244.

[52]

F.H. Stott, G.C. Wood, Growth and adhesion of oxide scales on Al2O3-forming alloys and
coatings, Mater. Sci. Eng. 87 (1987) 267–274.

[53]

K.W. Schlichting, N.P. Padture, E.H. Jordan, M. Gell, Failure modes in plasma-sprayed
thermal barrier coatings, Mater. Sci. Eng. 342 (2003) 120–130.

[54]

A. Rabiei, A.G. Evans, Failure mechanisms associated with the thermally grown oxide in
plasmasprayed thermal barrier coatings, Acta Mater. 48 (2000) 3963–3976.

[55]

V. V. Sizov, M.J. Lampinen, A. Laaksonen, Molecular dynamics simulation of oxygen
diffusion in cubic yttria-stabilized zirconia: Effects of temperature and composition, Solid
State Ion. 29–35 (2014) 29–35.

[56]

W.R. Chen, X. Wu, B.R. Marple, D.R. Nagy, P.C. Patnaik, TGO growth behaviour in TBCs
with APS and HVOF bond coats, Surf. Coat. Technol. 202 (2008) 2677–2683.

[57]

C. Zhou, N. Wang, S. Gong, H. Xu, Thermal cycling life and thermal diffusivity of a plasma
sprayed nanostructured thermal barrier coating, Scr. Mater. 51 (2004) 945–948.

[58]

N. Curry, N. Markocsan, L.A.- Stergren, X.-H. Li, M. Dorfman, Evaluation of the lifetime
and thermal conductivity of dysprosia- stabilized thermal barrier coating systems, J. Therm.
Spray Technol. 22 (2013) 864–872.

194

[59]

A.G. Evans, D.R. Mumm, J.W. Hutchinson, G.H. Meier, F.S. Pettit, Mechanisms
controlling the durability of thermal barrier coatings, Prog. Mater. Sci. 46 (2001) 505–553.

[60]

F. Cernuschi, P. Bianchi, M. Leoni, P. Scardi, Thermal diffusivity/microstructure
relationship in Y-PSZ thermal barrier coatings, J. Therm. Spray Technol. 8 (1999) 102–109.

[61]

R. Vassen, X. Cao, F. Tietz, D. Basu, D. Stover, Zirconates as new materials for thermal
barrier coatings, J. Am. Ceram. Soc. 83 (2000) 2023–2028.

[62]

D. Hasselman, L. Johnson, L.D. Bentsen, R. Syed, H.L. Lee, M. V. Swain, Thermal
diffusivity and conductivity of dense polycrystal- line ZrO2 ceramics: a survey, Am. Ceram.
Soc. Bull. 66 (1987) 799–806.

[63]

K.W. Schlichting, N.P. Padture, P.G. Klemens, Thermal conductivity of dense and porous
yttria-stabilized zirconia, J. Mater. Sci. 36 (2001) 3003–3010.

[64]

X.Q. Cao, R. Vassen, W. Jungen, S. Schwartz, F. Tietz, D. Stover, Thermal stability of
lanthanum zirconate plasma-sprayed coating, J. Am. Ceram. Soc. 84 (2001) 2086–2090.

[65]

J. Zhang, X. Guo, Y. Jung, L. Li, J. Knapp, Lanthanum zirconate based thermal barrier
coatings: A review, Surf. Coatings Technol. 323 (2017) 18–29.

[66]

Z. Lu, M.S. Kim, S.W. Myoung, Thermal stability and mechanical properties of thick
thermal barrier coatings with vertical type cracks, Trans. Nonferrous Met. Soc. China. 24
(2014) 29–35.

[67]

D.R. Clarke, S.R. Phillpot, Thermal barrier coating materials, Mater. Today. 8 (2005) 22–
29. https://doi.org/10.1016/S1369-7021(05)70934-2.

[68]

J. Xiang, S. Chen, J. Huang, H. Zhang, X. Zhao, Phase structure and thermophysical
properties of co-doped La2Zr2O7 ceramics for thermal barrier coatings, Ceram. Int. 38
(2012) 3607–3612. https://doi.org/10.1016/J.CERAMINT.2011.12.077.

195

[69]

H. Lehmann, D. Pitzer, G. Pracht, R. Vassen, D. Stöver, “Thermal conductivity and thermal
expansion coefficients of the lanthanum rare-earthelement zirconate system, J. Am. Ceram.
Soc. 86 (2003) 1338–1344.

[70]

Y. Wang, The improvement of thermal and mechanical properties of La2Zr2O7- based
pyrochlores as high temperature thermal barrier coatings, The University of Manchester,
2013.

[71]

J.X. Wang, L.P. Li, B.J. Campbell, Z. Lv, Y. Ji, Y.F. Xue, W.H. Su, Structure, thermal
expansion and transport properties of BaCe1-xEuxO3-δ oxides, Mater. Chem. Phys. 86 (2004)
150–155. https://doi.org/10.1016/j.matchemphys.2004.02.021.

[72]

M.A. Subramanian, G. Aravamudan, G. V. Subba Rao, Oxide pyrochlore—a review, Prog.
Solid State Chem. 15 (1983) 55–143.

[73]

K.K. Rao, T. Banu, M. Vithal, G.Y.S.K. Swamy, K.R. Kumar, Preparation and
characterization of bulk and nano particles of La2Zr2O7 by sol–gel method, Mater. Lett. 54
(2002) 205–210.

[74]

J. Nair, P. Nair, E.B.M. Doesburg, J.G. Van Ommen, Preparation and characterization of
lanthanum zirconate, J. Mater. Sci. 33 (1998) 4517–4523.

[75]

X. Wang, Y. Zhu, W. Zhang, Preparation of lanthanum zirconate nano-powders by molten
salts method, J. Non. Cryst. Solids. 356 (2010) 1049–1051.

[76]

F.H. Brown, P.O.L. Duwez, The systems zirconia-lanthana and zirconia-neodymia, J. Am.
Ceram. Soc. 38 (1955) 95–101.

[77]

J. Zhang, X. Guo, Y. Jung, L. Li, J. Knapp, Microstructural non-uniformity and mechanical
property of air plasma-sprayed dense lanthanum zirconate thermal barrier coating, Mater.
Today Proc. 1 (2014) 11–16. https://doi.org/10.1016/j.matpr.2014.09.003.

196

[78]

K. Bobzin, N. Bagcivan, T. Brögelmann, B. Yildirim, Influence of temperature on phase
stability and thermal conductivity of single- and double-ceramic-layer EB–PVD TBC top
coats consisting of 7YSZ, Gd2Zr2O7 and La2Zr2O7, Surf. Coatings Technol. 237 (2013) 56–
64.

[79]

G.D. Girolamo, F. Marra, M. Schioppa, C. Blasi, G. Pulci, T. Valente, Evolution of
microstructural and mechanical properties of lanthanum zirconate thermal barrier coatings
at high temperature, Surf. Coat. Technol. 268 (2015) 298–302.

[80]

Y. Wang, C. Wang, Y. Wang, L. Wang, G. Hao, X. Sun, Z. Zou, Nanocomposite lanthanum
zirconate thermal barrier coating deposited by suspension plasma spray process, J. Therm.
Spray Technol. 23 (2014) 1030–1036. https://doi.org/10.1007/s11666-014-0068-3.

[81]

S.B. Weber, H.L. Lein, T. Grande, M.A. Einarsrud, Deposition mechanisms of thick
lanthanum zirconate coatings by spray pyrolysis, J. Am. Ceram. Soc. 94 (2011) 4256–4262.
https://doi.org/10.1111/j.1551-2916.2011.04807.x.

[82]

K. Jiang, S. Liu, G. Ma, L. Zhao, Microstructure and mechanical properties of La2Zr2O7–
(Zr0.92Y0.08)O1.96 composite ceramics prepared by spark plasma sintering, Ceram. Int. 40
(2014) 13979–13985.

[83]

X. Guo, Z. Lu, Y.G. Jung, L. Li, J. Knapp, J. Zhang, Thermal properties, thermal shock,
and thermal cycling behavior of lanthanum zirconatebased thermal barrier coatings, Metall.
Mater. Trans. E. 3 (2016) 64–70.

[84]

V. Kumar, B. Kandasubramanian, Processing and design methodologies for advanced and
novel thermal barrier coatings for engineering applications, Particuology. 27 (2016) 1–28.
https://doi.org/10.1016/j.partic.2016.01.007.

[85]

E. Celik, Y. Islamoglu, Y. Akin, Y.S. Hascicek, Thermal analysis of high temperature ZrO2

197

insulation ceramic coatings on Ag tapes used as sheath of Bi-2212 superconducting
materials

using

finite

element

method,

Mater.

Des.

24

(2003)

543–546.

https://doi.org/10.1016/s0261-3069(02)00142-5.
[86]

K. Kokini, R.W. Perkins, Thermal stresses in annular glass-to-metal seals under thermal
shock, AIAA J. 22 (1984) 1472–1477.

[87]

H.D. Steffens, B. Wielage, J. Drozak, Interface phenomena and bonding mechanism of
thermally-sprayed metal and ceramic composites, Surf. Coatings Technol. 45 (1991) 299–
308. https://doi.org/10.1016/0257-8972(91)90236-P.

[88]

C. Wang, Y. Wang, S. Fan, Y. You, L. Wang, C. Yang, X. Sun, X. Li, Optimized
functionally graded La2Zr2O7/8YSZ thermal barrier coatings fabricated by suspension
plasma spraying, J. Alloys Compd. 649 (2015) 1182–1190.

[89]

R. Vassen, M. Dietrich, H. Lehmann, X. Cao, G. Pracht, F. Tietz, D. Pitzer, D. Stoever,
Development of oxide ceramics for an application as TBC, Mater. Sci. Eng. Technol. 32
(2001) 673–677.

[90]

H. Chen, Y. Liu, Y. Gao, S. Tao, H. Luo, Design, preparation, and characterization of
graded YSZ/La2Zr2O7 thermal barrier coatings, J. Am. Ceram. Soc. 93 (2010) 1732–1740.

[91]

S.M. Naga, M. Awaad, H.F. El-Maghraby, A.M. Hassan, M. Elhoriny, A. Killinger, R.
Gadow, Effect of La2Zr2O7 coat on the hot corrosion of multi-layer thermal barrier coatings,
Mater. Des. 102 (2016) 1–7. https://doi.org/10.1016/j.matdes.2016.03.133.

[92]

O. Arevalo-Quintero, D. Waldbillig, O. Kesler, An investigation of the dispersion of YSZ,
SDC, and mixtures of YSZ/SDC powders in aqueous suspensions for application in
suspension plasma spraying, Surf. Coatings Technol. 205 (2011) 5218–5227.
https://doi.org/10.1016/j.surfcoat.2011.05.028.

198

[93]

K.A. Khor, Y.W. Gu, Effects of residual stress on the performance of plasma sprayed
functionally graded ZrO2/NiCoCrAlY coatings, Mater. Sci. Eng. A. 277 (2000) 64–76.
https://doi.org/10.1016/S0921-5093(99)00565-1.

[94]

A. Polat, O. Sarikaya, E. Celik, E. Celik, Effects of porosity on thermal loadings of
functionally graded Y2O3-ZrO2/NiCoCrAlY coatings, Mater. Des. 23 (2002) 641–644.
https://doi.org/10.1016/S0261-3069(02)00064-X.

[95]

K.A. Khor, Y.W. Gu, Thermal properties of plasma-sprayed functionally graded thermal
barrier coatings, Thin Solid Films. 372 (2000) 104–113. https://doi.org/10.1016/S00406090(00)01024-5.

[96]

R.S. Lima, A. Kucuk, C.C. Berndt, Evaluation of microhardness and elastic modulus of
thermally sprayed nanostructured zirconia coatings, Surf. Coatings Technol. 135 (2001)
166–172. https://doi.org/10.1016/S0257-8972(00)00997-X.

[97]

H. Chen, C.X. Ding, Nanostructured zirconia coating prepared by atmospheric plasma
spraying, Surf. Coat. Technol. 150 (2002) 31–36. https://doi.org/10.1149/200507.0941pv.

[98]

H. Chen, X. Zhou, C. Ding, Investigation of the thermomechanical properties of a plasmasprayed nanostructured zirconia coating, J. Eur. Ceram. Soc. 23 (2003) 1449–1455.
https://doi.org/10.1016/S0955-2219(02)00345-X.

[99]

H. Chen, S.W. Lee, C.H. Choi, B.Y. Hur, Y. Zeng, X.B. Zheng, C.X. Ding, Plasma sprayed
nanostrucutred zirconia coatings deposited from different powders with nano-scale
substructure, J. Mater. Sci. 39 (2004) 4701–4703.

[100] B. Liang, C. Ding, Thermal shock resistances of nanostructured and conventional zirconia
coatings deposited by atmospheric plasma spraying, Surf. Coatings Technol. 197 (2005)
185–192. https://doi.org/10.1016/j.surfcoat.2004.08.225.

199

[101] W.B. Gong, C.K. Sha, D.Q. Sun, W.Q. Wang, Microstructures and thermal insulation
capability of plasma-sprayed nanostructured ceria stabilized zirconia coatings, Surf.
Coatings Technol. 201 (2006) 3109–3115. https://doi.org/10.1016/j.surfcoat.2006.06.041.
[102] R. Soltani, E. Garcia, T.W. Coyle, J. Mostaghimi, R.S. Lima, B.R. Marple, C. Moreau,
Thermomechanical behavior of nanostructured plasma sprayed zirconia coatings, Proc. Int.
Therm. Spray Conf. 15 (2006) 657–662. https://doi.org/10.1361/105996306X147171.
[103] O. Racek, C.C. Berndt, Mechanical property variations within thermal barrier coatings,
Surf. Coatings Technol. 202 (2007) 362–369.
[104] R.S. Lima, B.R. Marple, Thermal spray coatings engineered from nanostructured ceramic
agglomerated powders for structural, thermal barrier and biomedical applications: A review,
J. Therm. Spray Technol. 16 (2007) 40–63. https://doi.org/10.1007/s11666-006-9010-7.
[105] R.S. Lima, B.R. Marple, Toward highly sintering-resistant nanostructured ZrO27wt.%Y2O3coatings for TBC applications by employing differential sintering, J. Therm.
Spray Technol. 17 (2008) 846–852. https://doi.org/10.1007/s11666-008-9217-x.
[106] W.Q. Wang, C.K. Sha, D.Q. Sun, X.Y. Gu, Microstructural feature, thermal shock
resistance and isothermal oxidation resistance of nanostructured zirconia coating, Mater.
Sci. Eng. A. 424 (2006) 1–5. https://doi.org/10.1016/j.msea.2005.10.025.
[107] J. Bernier, Evolution and characterization of partially stabilized zirconia (7wt % Y2O3)
thermal barrier coatings deposited by electron beam physical vapor deposition, Worcester
Polytechnic Institute, 2001.
[108] A.M. Limarga, D.R. Clarke, Characterization of electron beam physical vapor-deposited
thermal barrier coatings using diffuse optical reflectance, Int. J. Appl. Ceram. Technol. 6
(2009) 400–409. https://doi.org/10.1111/j.1744-7402.2008.02349.x.

200

[109] S. Sridharan, L. Xie, E.H. Jordan, M. Gell, K.S. Murphy, Damage evolution in an electron
beam physical vapor deposited thermal barrier coating as a function of cycle temperature
and time, Mater. Sci. Eng. A. 393 (2005) 51–62.
[110] F. Miranda, F. Caliari, A. Essiptchouk, G. Pertraconi, Atmospheric plasma spray processes:
from micro to nanostructures, in: Atmos. Press. Plasma - from Diagnostics to Appl.,
IntechOpen, 2019. https://doi.org/10.5772/intechopen.80315.
[111] D. Thirumalaikumarasamy, K. Shanmugam, V. Balasubramanian, Influences of
atmospheric plasma spraying parameters on the porosity level of alumina coating on AZ31B
magnesium alloy using response surface methodology, Prog. Nat. Sci. Mater. Int. 22 (2012)
[112] R. V. Gansert, Plasma sprayed ceramic coatings, Ceram. Ind. 152 (2002) 48–52.
[113] A.R.M. Sahab, N.H. Saad, S. Kasolang, J. Saedon, Impact of plasma spray variables
parameters on mechanical and wear behaviour of plasma sprayed Al2O3 3%wt TiO2 coating
in

abrasion

and

erosion

application,

Procedia

Eng.

41

(2012)

1689–1695.

https://doi.org/10.1016/j.proeng.2012.07.369.
[114] I.O. Golosnoy, A. Cipitria, T.W. Clyne, Heat transfer through plasma-sprayed thermal
barrier coatings in gas turbines: A review of recent work, J. Therm. Spray Technol. 18
(2009) 809–821.
[115] B. Bernard, A. Quet, L. Bianchi, B. Remy, Thermal insulation properties of YSZ coatings:
suspension plasma spraying (SPS) versus Electron Beam Physical Vapor Deposition (EBPVD) and Atmospheric Plasma Spraying (APS), Surf. Coat. Technol. 318 (2017) 122–128.
[116] P. Fauchais, M. Vardelle, A. Vardelle, S. Goutier, What do we know, what are the current
limitations of suspension plasma spraying?, J. Therm. Spray Technol. 24 (2015) 1120–
1129. https://doi.org/10.1007/s11666-015-0286-3.

201

[117] J. Kitamura, Z. Tang, H. Mizuno, K. Sato, A. Burgess, Structural, mechanical and erosion
properties of yttrium oxide coatings by axial suspension plasma spraying for electronics
applications, J. Therm. Spray Technol. 20 (2011) 170–185.
[118] N.B. Dahotre, S. Nayak, Nanocoatings for engine application, Surf. Coat. Technol. 194
(2005) 58–67.
[119] Y. Lu, P.K. Liaw, The mechanical properties of nanostructured materials, J. Met. 53 (2001)
31–35.
[120] R. Gadow, F. Kern, A. Killinger, Manufacturing technologies for nanocomposite ceramic
structural materials and coatings, Mater. Sci. Eng. B Solid-State Mater. Adv. Technol. 148
(2008) 58–64. https://doi.org/10.1016/j.mseb.2007.09.066.
[121] E.H. Jordan, L. Xie, M. Gell, N.P. Padture, Superior thermal barrier coatings using solution
precursor

plasma

spray,

J.

Therm.

Spray

Technol.

13

(2004)

57–65.

https://doi.org/10.1361/10599630418121.
[122] Z. Tang, H. Kim, Novel thermal barrier coatings produced by axial suspension plasma
spray, in: Proc. Int. Therm. Spray Conf. Expo., 2011.
[123] P. Fauchais, JTST Special Focus on “Suspension and solution thermal spraying,” J. Therm.
Spray Technol. 24 (2015) 1117–1119. https://doi.org/10.1007/s11666-015-0300-9.
[124] B.-B. Feng, Y. Wang, Q. Jia, W. Huang, H.-L. Suo, W. Ma, Thermophysical properties of
solution precursor plasma-sprayed La2Ce2O7 thermal barrier coatings, Rare Met. 38 (2019)
689–694. https://doi.org/10.1007/s12598-019-01286-3.
[125] X. Ma, F. Wu, J. Roth, M. Gell, E.H. Jordan, Low thermal conductivity thermal barrier
coating deposited by the solution plasma spray process, Surf. Coatings Technol. 201 (2006)
4447–4452. https://doi.org/10.1016/J.SURFCOAT.2006.08.095.

202

[126] S. Basu, E.H. Jordan, B.M. Cetegen, Fluid mechanics and heat transfer of liquid precursor
droplets injected into high-temperature plasmas, J. Therm. Spray Technol. 17 (2008) 60–
72. https://doi.org/10.1007/s11666-007-9140-6.
[127] S. Basu, B.M. Cetegen, Modeling of thermo-physical processes in liquid ceramic precursor
droplets injected into a plasma jet, Int. J. Heat Mass Transf. 50 (2007) 3278–3290.
https://doi.org/10.1016/j.ijheatmasstransfer.2007.01.036.
[128] A. Ozturk, B.M. Cetegen, Modeling of plasma assisted formation of precipitates in
zirconium containing liquid precursor droplets, Mater. Sci. Eng. A. 384 (2004) 331–351.
https://doi.org/10.1016/j.msea.2004.06.042.
[129] A. Ozturk, B.M. Cetegen, Modeling of axially and transversely injected precursor droplets
into a plasma environment, Int. J. Heat Mass Transf. 48 (2005) 4367–4383.
https://doi.org/10.1016/j.ijheatmasstransfer.2005.05.015.
[130] K. Wittmann-Ténèze, K. Vallé, L. Bianchi, P. Belleville, N. Caron, Nanostructured zirconia
coatings processed by PROSOL deposition, Surf. Coatings Technol. 202 (2008) 4349–
4354. https://doi.org/10.1016/j.surfcoat.2008.04.008.
[131] M. Gell, E.H. Jordan, M. Teicholz, B.M. Cetegen, N.P. Padture, L. Xie, D. Chen, X. Ma, J.
Roth, Thermal barrier coatings made by the solution precursor plasma spray process, J.
Therm. Spray Technol. 17 (2008) 124–135. https://doi.org/10.1007/s11666-007-9141-5.
[132] P. Sokołowski, L. Pawłowski, D. Dietrich, T. Lampke, D. Jech, Advanced microscopic
study of suspension plasma-sprayed zirconia coatings with different microstructures, J.
Therm. Spray Technol. 25 (2015) 94–104. https://doi.org/10.1007/s11666-015-0310-7.
[133] M.N. Rahaman, Ceramic processing and sintering, 2nd ed., Marcel Dekker, Inc., New York,
2003.

203

[134] J.N. Israelachvili, Intermolecular and surface forces, 3rd ed., Academic Press, 2011.
[135] A.. Zettlemoyer, Colloidal dispersions, J. Colloid Interface Sci. 94 (1983) 597.
https://doi.org/10.1016/0021-9797(83)90304-1.
[136] D. Tabor, Gases, Liquids and solids, 3rd ed., Cambridge University Press, 1991.
https://doi.org/10.1017/CBO9781139170253.
[137] R.H. French, Origins and applications of London dispersion forces and Hamaker constants
in ceramics, J. Am. Ceram. Soc. 83 (2004) 2117–2146. https://doi.org/10.1111/j.11512916.2000.tb01527.x.
[138] L. Bergström, Hamaker constants of inorganic materials, Adv. Colloid Interface Sci. 70
(1997) 125–169. https://doi.org/10.1016/S0001-8686(97)00003-1.
[139] Z. Xie, J. Ma, Q. Xu, Y. Huang, Y.B. Cheng, Effects of dispersants and soluble counterions on aqueous dispersibility of nano-sized zirconia powder, Ceram. Int. 30 (2004) 219–
224. https://doi.org/10.1016/S0272-8842(03)00092-0.
[140] Y. Liu, L. Gao, Deflocculation study of aqueous nanosized Y-TZP suspensions, Mater.
Chem. Phys. 78 (2002) 480–485. https://doi.org/10.1016/S0254-0584(02)00338-3.
[141] R.J. Hunter, Zeta potential in colloid science : principles and applications, Academic Press,
New York, 1983.
[142] Z. Zhang, L. Hu, M. Fang, Slip casting nanometer-sized powders, J. Am. Ceram. Soc. 75
(1996) 71–74.
[143] C. Agrafiotis, A. Tsetsekou, I. Leon, Effect of slurry rheological properties on the coating
of ceramic honeycombs with yttria-stabilized-zirconia washcoats, J. Am. Ceram. Soc. 83
(2000) 1033–1038. https://doi.org/10.1111/j.1151-2916.2000.tb01326.x.
[144] E. Deliso, W. Van Rijswijk, W.R. Cannon, Interactions between Al2O3 and ZrO2 powder in

204

a concentrated suspension, Colloids and Surfaces. 53 (1991) 383–391.
[145] T. Kimura, Y. Kaneko, T. Yamaguchi, Consolidation of alumina–zirconia mixtures by a
colloidal process, J. Am. Ceram. Soc. 74 (1991) 625–632.
[146] E.J.W. Verwey, J.T.G. Overbeek, K. Van Nes, Theory of the stability of lyophobic colloids:
the interaction of sol particles having an electric double layer, 1984.
[147] R.J. Hunter, Foundations of colloid science, 2nd ed., Oxford University Press, 2000.
https://www.amazon.ca/Foundations-Colloid-Science-Robert-Hunter/dp/0198505027
(accessed October 21, 2021).
[148] Y.-P. Zeng, A. Zimmermann, F. Aldinger, D. Jiang, Effect of organic additives on the zeta
potential of PLZST and rheological properties of PLZST slurries, J. Eur. Ceram. Soc. 28
(2008) 2597–2604. https://doi.org/10.1016/j.jeurceramsoc.2008.03.043.
[149] S. Zürcher, T. Graule, Influence of dispersant structure on the rheological properties of
highly-concentrated zirconia dispersions, J. Eur. Ceram. Soc. 25 (2005) 863–873.
https://doi.org/10.1016/J.JEURCERAMSOC.2004.05.002.
[150] D.H. Napper, Polymeric stabilization of colloidal dispersions, Academic Press, 1983.
[151] J.A. Lewis, Colloidal processing of ceramics, Am. Ceram. Soc. 83 (2000) 2341–2359.
https://doi.org/10.1179/1743676111Y.0000000075.
[152] J.A. Lewis, Colloidal processing of ceramics, J. Am. Ceram. Soc. 83 (2004) 2341–2359.
https://doi.org/10.1111/j.1151-2916.2000.tb01560.x.
[153] W.B. Jensen, The Lewis acid-base concepts: An overview, Wiley, New York, 1980.
https://www.amazon.ca/Lewis-Acid-Base-Concepts-Overview/dp/0471039020 (accessed
October 21, 2021).
[154] R. Laible, K. Hamann, Formation of chemically bound polymer layers on oxide surfaces

205

and their role in colloidal stability, Adv. Colloid Interface Sci. 13 (1980) 65–99.
https://doi.org/10.1016/0001-8686(80)87002-3.
[155] B.I. Lee, U. Paik, Dispersion of alumina and silica powders in non-aqueous media: Mixedsolvent effects, Ceram. Int. 19 (1993) 241–250.
[156] S. Biggs, T.W. Healy, Electrosteric stabilisation of colloidal zirconia with low-molecularweight polyacrylic acid, 90 (1994) 3415–3421.
[157] J. Cesarano, I.A. Aksay, A. Bleier, Stability of aqueous alpha-Al2O3 suspensions with
poly(methacrylic acid) poly-electrolyte, J. Am. Ceram. Soc. Am. Ceram. Soc. 71 (1988)
250–255.
[158] J. Cesarano, I.A. Aksay, Processing of highly concentrated aqueous alpha-alumina
suspensions stabilized with poly-electrolytes, J. Am. Ceram. Soc. Am. Ceram. Soc. 71
(1988) 1062–1067.
[159] J. Marra, M.L. Hair, Forces between two poly(2-vinylpyridine)-covered surfaces as a
function of ionic strength and polymer charge, 1988. https://pubs.acs.org/sharingguidelines
(accessed October 21, 2021).
[160] A. Ganvir, Design of suspension plasma sprayed thermal barrier coatings, 2018.
[161] P. Carpio, M.D. Salvador, A. Borrell, E. Sánchez, R. Moreno, Alumina-zirconia coatings
obtained by suspension plasma spraying from highly concentrated aqueous suspensions,
Surf. Coatings Technol. 307 (2016) 713–719.
[162] D. Waldbillig, O. Kesler, The effect of solids and dispersant loadings on the suspension
viscosities and deposition rates of suspension plasma sprayed YSZ coatings, Surf. Coatings
Technol. 203 (2009) 2098–2101. https://doi.org/10.1016/j.surfcoat.2008.11.027.
[163] W. Duarte, S. Rossignol, M. Vardelle, La2Zr2O7 (LZ) coatings by liquid feedstock plasma

206

spraying: The role of precursors, J. Therm. Spray Technol. 23 (2014) 1425–1435.
https://doi.org/10.1007/s11666-014-0131-0.
[164] W.Z. Wang, T. Coyle, D. Zhao, Preparation of lanthanum zirconate coatings by the solution
precursor

plasma

spray,

J.

Therm.

Spray

Technol.

23

(2014)

827–832.

https://doi.org/10.1007/s11666-014-0084-3.
[165] T. Fengqiu, H. Xiaoxian, Z. Yufeng, G. Jingkun, Effect of dispersants on surface chemical
properties

of

nano-zirconia

suspensions,

Ceram.

Int.

26

(2000)

93–97.

https://doi.org/10.1016/S0272-8842(99)00024-3.
[166] A.K. Maiti, B. Rajender, Terpineol as a dispersant for tape casting yttria stabilized zirconia
powder, Mater. Sci. Eng. A. A333 (2002) 35–40. https://doi.org/10.1016/S09215093(01)01821-4.
[167] Brookhaven Instruments: NanoBrook Omni, (n.d.).
https://www.brookhaveninstruments.com/product/nanobrook-omni/.
[168] P. Fauchais, V. Rat, C. Delbos, J.F. Coudert, T. Chartier, L. Bianchi, Understanding of
suspension DC plasma spraying of finely structured coatings for SOFC, IEEE Trans. Plasma
Sci. 33 (2005) 920–930. https://doi.org/10.1109/TPS.2005.845094.
[169] F.L. Toma, A. Potthoff, L.M. Berger, C. Leyens, Demands, potentials, and economic
aspects of thermal spraying with suspensions: A critical review, J. Therm. Spray Technol.
24 (2015) 1143–1152. https://doi.org/10.1007/s11666-015-0274-7.
[170] N.F. Amat, A. Muchtar, M.J. Ghazali, N. Yahaya, Suspension stability and sintering
influence on yttria-stabilized zirconia fabricated by colloidal processing, Ceram. Int. 40
(2014) 5413–5419. https://doi.org/10.1016/J.CERAMINT.2013.10.123.
[171] V.A. Hackley, Colloidal processing of silicon nitride with poly(acrylic acid): II, Rheological

207

properties, J. Am. Ceram. Soc. 81 (1998) 2421–2428.
[172] J.S. Reed, Principles of ceramics processing, 1995.
https://doi.org/10.1093/clinchem/24.10.1847a.
[173] C.J. Tsai, C.N. Chen, W.J. Tseng, Rheology, structure, and sintering of zirconia suspensions
with pyrogallol-poly(ethylene glycol) as polymeric surfactant, J. Eur. Ceram. Soc. 33
(2013) 3177–3184. https://doi.org/10.1016/j.jeurceramsoc.2013.06.006.
[174] A. Kocjan, Z. Shen, Colloidal processing and partial sintering of high- performance porous
zirconia nanoceramics with hierarchical heterogeneities, J. Eur. Ceram. Soc. 33 (2013)
3165–3176.
[175] M. Wu, G.L. Messing, Fabrication of oriented SiC-whisker-reinforced mullite matrix
composites by tape casting, J. Am. Ceram. Soc. 77 (1994) 2586–2592.
[176] S. Baklouki, C. Pagnoux, C. T, Processing of aqueous α-Al2O3, alpha-SiO2, alpha-SiC
suspensions with polyelectrolytes, J. Eur. Ceram. Soc. 17 (1997) 1387–1392.
[177] J. Wang, L. Gao, Surface properties of polymer adsorbed zirconia nanoparticles,
Nanostructured Mater. 11 (1999) 451–457. https://doi.org/10.1016/S0965-9773(99)003268.
[178] Y. Liu, L. Gao, J. Guo, Adsorption of acrylic copolymers at the alumina–water interface,
Colloids Surfaces A Physicochem. Eng. Asp. 174 (2000) 349–356.
[179] Y. Liu, L. Gao, J. Guo, Comparative study on the stabilizing effect of 2-phosphonobutane1,2,4-tricarboxylic acid and citric acid for alumina suspensions, Colloids Surfaces A
Physicochem.

Eng.

Asp.

193

(2001)

187–195.

https://doi.org/10.1016/S0927-

7757(01)00749-X.
[180] J. Cesarano, I.A. Aksay, A. Bleier, Stability of Aqueous α-Al2O3 Suspensions with

208

Poly(Methacrylic Acid) Polyelectrolyte, J. Am. Ceram. Soc. 71 (1988) 250–255.
[181] M.L. Escoda, F.D. Torre, V. Salvado, The formation of mixed ligand complexes of Fe(III)
with phosphoric and citric acids in 0.5 M NaNO3 aqueous solutions, Polyhedron. 18 (1999)
3269–3274.
[182] P.C. Hidber, T.J. Graule, L.J. Gauckler, Citric Acid—A dispersant for aqueous alumina
suspensions, J. Am. Ceram. Soc. 79 (1996) 1857–1867.
[183] P.C. Hidber, T.J. Graule, L.J. Gauckler, Influence of the dispersant structure on properties
of electrostatically stabilized aqueous alumina suspensions, J. Eur. Ceram. Soc. Ceram. Soc.
17 (1997) 239–249.
[184] B.C. Ong, Y.K. Leong, S.B. Chen, Interparticle forces in spherical monodispersed silica
dispersions: effects of branched polyethylenimine and molecular weight, J. Colloid
Interface Sci. 337 (2009) 24–31.
[185] W.B.

Blumenthal,

The

chemical

behavior

of

zirconium,

1958.

https://doi.org/10.1093/oxfordjournals.tropej.a057536.
[186] T. Takeuchi, K. Kawamura, Effect of the crystal structure on the acid dissolution of
zirconium

oxide.,

Trans

Jap

Inst

Met.

13

(1972)

262–264.

https://doi.org/10.2320/matertrans1960.13.262.
[187] E. Curti, C. Degueldre, Solubility and hydrolysis of Zr oxides: A review and supplemental
data, Radiochim. Acta. 90 (2002) 801–804. https://doi.org/10.1524/ract.2002.90.911_2002.801.
[188] T. Kobayashi, T. Sasaki, I. Takagi, H. Moriyama, Solubility of zirconium (IV ) hydrous
oxides, J. Nucl. Sci. Technol. 44 (2007) 90–94.
[189] M.F. Manna, D.E. Grandstaff, G.C. Ulmer, E.P. Vicenzi, The chemical durability of yttria-

209

stabilized ZrO2 pH and O2 geothermal sensors, n.d.
[190] M. Yoshimura, T. Hiuga, S. Sōmiya, Dissolution and reaction of yttria-stabilized zirconia
single crystals in hydrothermal solutions, in: hydrothermal react. Mater. Sci. Eng., Springer
Netherlands, Dordrecht, 1989: pp. 394–395. https://doi.org/10.1007/978-94-009-07430_66.
[191] S.N. Lvov, X.Y. Zhou, G.C. Ulmer, H.L. Barnes, D.D. Macdonald, S.M. Ulyanov, L.G.
Benning, D.E. Grandstaff, M. Manna, E. Vicenzi, Progress on yttria-stabilized zirconia
sensors for hydrothermal pH measurements, Chem. Geol. 198 (2003) 141–162.
https://doi.org/10.1016/S0009-2541(03)00033-0.
[192] I.M. Mahbubul, Preparation, characterization, properties and application of nanofluid,
William Andrew, 2019.
[193] G. Belfort, C.S. Lee, Attractive and repulsive interactions between and within adsorbed
ribonuclease A layers., Proc. Natl. Acad. Sci. U. S. A. 88 (1991) 9146–50.
https://doi.org/10.1073/pnas.88.20.9146.
[194] L. Chong, Y. Lai, M. Gray, Y. Soong, F. Shi, Y. Duan, Molecular dynamics study of the
bulk and interface properties of frother and oil with saltwater and air, J. Phys. Chem. B. 121
(2017) 2788–2796. https://doi.org/10.1021/acs.jpcb.6b13040.
[195] T. Gillespie, The effect of aggregation and particle size distribution on the viscosity of
newtonian suspensions, J. Colloid Interface Sci. 94 (1982) 166–173.
[196] E. Behzadfar, M.H. Abdolrasouli, F. Sharif, H. Nazockdast, Effect of solid loading and
aggregate size on the rheological behavior of pdms/calcium carbonate suspensions,
Brazilian J. Chem. Eng. 26 (2009) 713–721.
[197] T. Tadros, Gibbs adsorption isotherm, in: Encycl. Colloid Interface Sci., Springer Berlin

210

Heidelberg, Berlin, Heidelberg, 2013: pp. 626–626. https://doi.org/10.1007/978-3-64220665-8_97.
[198] Y.F. Yano, Correlation between surface and bulk structures of alcohol-water mixtures, J.
Colloid Interface Sci. 284 (2005) 255–259. https://doi.org/10.1016/j.jcis.2004.09.059.
[199] T. Molina, M. Vicent, E. Sanchez, R. Moreno, Dispersion and reaction sintering of alumina–
titania mixtures, Mater. Res. Bull. 47 (2012) 2469–2474.
[200] Y. Liu, L. Gao, L. Yu, J. Guo, Adsorption of PBTCA on alumina surfaces and its influence
on the fractal characteristics of sediments, J. Colloid Interface Sci. 227 (2000) 164–170.
https://doi.org/10.1006/jcis.2000.6848.
[201] V. Carnicer, M.J. Orts, R. Moreno, E. Sánchez, Influence of solids concentration on the
microstructure of suspension plasma sprayed Y-TZP/Al2O3/SiC composite coatings, Surf.
Coatings Technol. 371 (2019) 143–150. https://doi.org/10.1016/j.surfcoat.2019.01.078.
[202] M. Wiśniewska, S. Chibowski, T. Urban, Adsorption of cationic polyacrylamide on the
surface of mesoporous nanozirconia and its influence on the solid aqueous suspension
stability, Colloids Surfaces A Physicochem. Eng. Asp. 509 (2016) 214–223.
https://doi.org/10.1016/j.colsurfa.2016.09.019.
[203] J. Zhang, F. Ye, J. Sun, D. Jiang, M. Iwasa, Aqueous processing of fine ZrO2 particles,
Colloids Surfaces A Physicochem. Eng. Asp. 254 (2005) 199–205.
[204] C.H. Chin, A. Muchtar, C.H. Azhari, M. Razali, M. Aboras, Optimization of pH and
dispersant amount of Y-TZP suspension for colloidal stability, Ceram. Int. 41 (2015) 9939–
9946. https://doi.org/10.1016/J.CERAMINT.2015.04.073.
[205] H. Keramati, M.H. Saidi, M. Zabetian, Stabilization of the suspension of zirconia
microparticle using the nanoparticle halos mechanism: zeta potential effect, J. Dispers. Sci.

211

Technol. 37 (2016) 6–13. https://doi.org/10.1080/01932691.2015.1015077.
[206] A. Ganvir, S. Joshi, N. Markocsan, R. Vassen, Tailoring columnar microstructure of axial
suspension plasma sprayed TBCs for superior thermal shock performance, Mater. Des. 144
(2018) 192–208. https://doi.org/10.1016/J.MATDES.2018.02.011.
[207] D. Whitehouse, Surfaces and their measurement, Butterworth-Heinemann, Boston, 2012.
[208] N. Curry, Z. Tang, N. Markocsan, P. Nylén, Influence of bond coat surface roughness on
the structure of axial suspension plasma spray thermal barrier coatings- Thermal and
lifetime performance, Surf. Coatings Technol. 268 (2015) 15–23.
[209] L. Pawlowski, Suspension and solution thermal spray coatings, Surf. Coatings Technol. 203
(2009) 2807–2829. https://doi.org/10.1016/j.surfcoat.2009.03.005.
[210] P. Carpio, E. Bannier, M.D. Salvador, A. Borrell, R. Moreno, E. Sánchez, Effect of particle
size distribution of suspension feedstock on the microstructure and mechanical properties
of suspension plasma spraying YSZ coatings, Surf. Coatings Technol. 268 (2015) 293–297.
https://doi.org/10.1016/j.surfcoat.2014.08.063.
[211] P. Bansal, N.P. Padture, A. Vasiliev, Improved interfacial mechanical properties of Al2O313wt%TiO2 plasma-sprayed coatings derived from nanocrystalline powders, Acta Mater.
51 (2003) 2959–2970. https://doi.org/10.1016/S1359-6454(03)00109-5.
[212] S. Kozerski, L. Łatka, L. Pawlowski, F. Cernuschi, F. Petit, C. Pierlot, H. Podlesak, J.P.
Laval, Preliminary study on suspension plasma sprayed ZrO2+8wt.% Y2O3 coatings, J. Eur.
Ceram. Soc. 31 (2011) 2089–2098. https://doi.org/10.1016/j.jeurceramsoc.2011.05.014.
[213] P. Carpio, A. Borrell, M.D. Salvador, A. Gómez, E. Martínez, E. Sánchez, Microstructure
and mechanical properties of plasma spraying coatings from YSZ feedstocks comprising
nano-

and

submicron-sized

particles,

212

Ceram.

Int.

41

(2015)

4108–4117.

https://doi.org/10.1016/j.ceramint.2014.11.106.
[214] V. Carnicer, M.J. Orts, R. Moreno, E. Sánchez, Microstructure assessment of suspension
plasma spraying coatings from multicomponent submicronic Y-TZP/Al2O3/SiC particles,
Ceram. Int. 44 (2018) 12014–12020. https://doi.org/10.1016/j.ceramint.2018.03.186.
[215] F.L. Toma, L.M. Berger, T. Naumann, S. Langner, Microstructures of nanostructured
ceramic coatings obtained by suspension thermal spraying, Surf. Coatings Technol. 202
(2008) 4343–4348. https://doi.org/10.1016/j.surfcoat.2008.04.007.
[216] F.L. Toma, G. Bertrand, D. Klein, C. Coddet, C. Meunier, Nanostructured photocatalytic
titania coatings formed by suspension plasma spraying, Proc. Int. Therm. Spray Conf. 15
(2006) 587–592. https://doi.org/10.1361/105996306X147234.
[217] W. Nowak, D. Naumenko, G. Mor, F. Mor, D.E. Mack, R. Vassen, L. Singheiser, W.J.
Quadakkers, Effect of processing parameters on MCrAlY bondcoat roughness and lifetime
of

APS-TBC

systems,

Surf.

Coatings

Technol.

260

(2014)

82–89.

https://doi.org/10.1016/j.surfcoat.2014.06.075.
[218] J. Fazilleau, C. Delbos, V. Rat, J.F. Coudert, P. Fauchais, B. Pateyron, Phenomena involved
in suspension plasma apraying part 1: Suspension injection and behavior, Plasma Chem.
Plasma Process. 26 (2006) 371–391. https://doi.org/10.1007/s11090-006-9019-1.
[219] H.E. Wolfe, W.H. Anderson, Kinetics, mechanism, and resultant droplet sizes of the
aerodynamic breakup of liquid drops, Downey, CA, 1964.
[220] R.C. Weast, CRC handbook of chemistry and physics, 62nd ed., CRC Press. Boca Rat.
(1981).
[221] J. Oberste-Berghaus, S. Bouaricha, J.G. Legoux, C. Moreau, Injection conditions and inflight particle states in suspension plasma spraying of alumina and zirconia nano-ceramics,

213

in: Proc. Int. Therm. Spray Conf., Basel, Switzerland, 2005.
[222] R. Vaen, H. Kaner, G. Mauer, D. Stöver, Suspension plasma spraying: Process
characteristics and applications, J. Therm. Spray Technol. 19 (2010) 219–225.
https://doi.org/10.1007/s11666-009-9451-x.
[223] L. Du, T.W. Coyle, K. Chien, L. Pershin, T. Li, M. Golozar, Titanium dioxide coating
prepared by use of a suspension-solution plasma-spray process, J. Therm. Spray Technol.
24 (2015) 915–924. https://doi.org/10.1007/s11666-015-0251-1.
[224] V. Carnicer, C. Alcazar, E. Sánchez, R. Moreno, Aqueous suspension processing of
multicomponent submicronic Y-TZP/Al2O3/SiC particles for suspension plasma spraying,
J. Eur. Ceram. Soc. 38 (2018) 2430–2439.
[225] L. Latka, S.B. Goryachev, S. Kozerski, L. Pawlowski, Sintering of fine particles in
suspension plasma sprayed coatings, Materials (Basel). 3 (2010) 3845–3866.
https://doi.org/10.3390/ma3073845.
[226] O. Marchand, L. Girardot, M.P. Planche, P. Bertrand, Y. Bailly, G. Bertrand, An insight
into suspension plasma spray: Injection of the suspension and its interaction with the plasma
flow, J. Therm. Spray Technol. 20 (2011) 1310–1320. https://doi.org/10.1007/s11666-0119682-5.
[227] A. Killinger, R. Gadow, G. Mauer, A. Guignard, R. Vaen, D. Stöver, Review of new
developments in suspension and solution precursor thermal spray processes, J. Therm.
Spray Technol. 20 (2011) 677–695. https://doi.org/10.1007/s11666-011-9639-8.
[228] G. Mauer, A. Guignard, R. Vaßen, D. Stöver, Process diagnostics in suspension plasma
spraying, Surf. Coatings Technol. 205 (2010) 961–966.
[229] E.M. Cotler, D. Chen, R.J. Molz, Pressure-based liquid feed system for suspension plasma

214

spray

coatings,

J.

Therm.

Spray

Technol.

20

(2011)

967–973.

https://doi.org/10.1007/s11666-011-9624-2.
[230] R. Rampon, F.L. Toma, G. Bertrand, C. Coddet, Liquid plasma sprayed coatings of yttriastabilized zirconia for SOFC electrolytes, Proc. Int. Therm. Spray Conf. 15 (2006) 682–
688. https://doi.org/10.1361/105996306X146712.
[231] S. Mantry, A. Mandal, D.K. Mishra, B.B. Jha, B.K. Mishra, M. Chakraborty, Microstructure
and thermal characterization of plasma-sprayed nanostructured La2Ce2O7-doped YSZ
coatings, 23 (2014) 1073–1080. https://doi.org/10.1007/s11666-014-0070-9.
[232] P. Carpio, Q. Blochet, B. Pateyron, L. Pawłowski, D. Salvador, A. Borrell, E. Sánchez,
Correlation of thermal conductivity of suspension plasma sprayed yttria stabilized zirconia
coatings with some microstructural effects, (2013).
[233] Y. Chen, Q. Qian, X. Liu, L. Xiao, Q. Chen, LaOCl nanofibers derived from electrospun
PVA/Lanthanum

chloride

composite

fibers,

Mater.

Lett.

64

(2010)

6–8.

https://doi.org/10.1016/j.matlet.2009.09.042.
[234] A.H. Pelofsky, Surface tension-viscosity relation for liquids, J. Chem. Eng. Data. 11 (1966)
394–397. https://doi.org/10.1021/je60030a031.
[235] G. Jones, M. Dole, The viscosity of aqueous solutions of strong electrolytes with special
reference to barium chloride, J. Phys. Chem. 51 (1929) 2950–2964.
[236] D. Chen, E.H. Jordan, M. Gell, Effect of solution concentration on splat formation and
coating microstructure using the solution precursor plasma spray process, Surf. Coatings
Technol. 202 (2008) 2132–2138. https://doi.org/10.1016/j.surfcoat.2007.08.077.
[237] H. Donald, B. Jenkins, Viscosity B-coefficients of ions in solution, Chem. Rev. 95 (1995)
2695–2724.

215

[238] Y. Marcus, Effect of ions on the structure of water, Chem. Rev. 109 (2009) 1346–1370.
https://doi.org/10.1351/PAC-CON-09-07-02.
[239] D.R. Lide, CRC handbook of chemistry and physics, 79th ed., CRC Press. Boca Rat. (1998).
[240] C.K. Muoto, E.H. Jordan, M. Gell, M. Aindow, Identification of desirable precursor
properties for solution precursor plasma spray, J. Therm. Spray Technol. 20 (2011) 802–
816. https://doi.org/10.1007/s11666-011-9636-y.
[241] R.T. Candidato, P. Sokołowski, L. Pawłowski, G. Lecomte-Nana, Development of
hydroxyapatite coatings by solution precursor plasma spray process and their
microstructural

characterization,

Surf.

Coatings

Technol.

318

(2017)

39–49.

https://doi.org/10.1016/j.surfcoat.2016.10.072.
[242] F. Tarasi, E. Alebrahim, A. Dolatabadi, C. Moreau, A Comparative study of YSZ
suspensions and coatings, Coatings. 9 (2019).
[243] Z.-G. Liu, W.-H. Zhang, J.-H. Ouyang, Y. Zhou, Novel double-ceramic-layer
(La0.8Eu0.2)2Zr2O7/YSZ thermal barrier coatings deposited by plasma spraying, Ceram. Int.
40 (2014) 11277–11282. https://doi.org/10.1016/J.CERAMINT.2014.03.159.
[244] M.R. Loghman-Estarki, M. Nejati, H. Edris, R. Shoja Razavi, H. Jamali, A.H. Pakseresht,
Evaluation of hot corrosion behavior of plasma sprayed scandia and yttria co-stabilized
nanostructured thermal barrier coatings in the presence of molten sulfate and vanadate salt,
J. Eur. Ceram. Soc. 35 (2015) 693–702.
[245] A.K. Rai, M.P. Schmitt, R.S. Bhattacharya, D. Zhu, D.E. Wolfe, Thermal conductivity and
stability of multilayered thermal barrier coatings under high temperature annealing
conditions, J. Eur. Ceram. Soc. 35 (2015) 1605–1612.
[246] S.B. Weber, H.L. Lein, T. Grande, M. Einarsrud, Lanthanum zirconate thermal barrier

216

coatings deposited by spray pyrolysis, Surf. Coat. Technol. 227 (2013) 10–14.
https://doi.org/10.1016/j.surfcoat.2012.09.019.
[247] Y. Tong, Y. Wang, Z. Yu, X. Wang, X. Yang, L. Lu, Preparation and characterization of
pyrochlore La2Zr2O7 nanocrystals by stearic acid method, (2007).
[248] Z. Xu, L. He, R. Mu, X. Zhong, Y. Zhang, J. Zhang, X. Cao, Double-ceramic-layer thermal
barrier coatings of La2Zr2O7/YSZ deposited by electron beam-physical vapor deposition, J.
Alloys Compd. 473 (2009) 509–515. https://doi.org/10.1016/j.jallcom.2008.06.064.
[249] Z.-G. Liu, J.-H. Ouyang, Y. Zhou, J. Li, X.-L. Xia, (Ln0.9Gd0.05Yb0.05)2Zr2O7 Ceramics with
Pyrochlore Structure as Thermal Barrier Oxides, Adv. Eng. Mater. 10 (2008) 754–758.
https://doi.org/10.1002/adem.200800079.
[250] J. Xiang, S. Chen, J. Huang, W. Liang, Y. Cao, R. Wang, Q. He, Synthesis kinetics and
thermophysical properties of La2(Zr0.7Ce0.3)2O7 ceramic for thermal barrier coatings, J. Rare
Earths. 30 (2012) 228–232. https://doi.org/10.1016/S1002-0721(12)60028-3.
[251] L. Wang, Y. Wang, X.G. Sun, J.Q. He, Z.Y. Pan, C.H. Wang, Thermal shock behavior of
8YSZ and double-ceramic-layer La2Zr2O7/8YSZ thermal barrier coatings fabricated by
atmospheric plasma spraying, Ceram. Int. 38 (2012) 3595–3606.
[252] L.Wang, Y. Wang, W.Q. Zhang, X.G. Sun, J.Q. He, Z.Y. Pan, C.H. Wang, Finite element
simulation of stress distribution and development in 8YSZ and double-ceramic-layer
La2Zr2O7/8YSZ thermal barrier coatings during thermal shock, Appl. Surf. Sci. 258 (2012)
3540–3551. https://doi.org/10.1016/j.apsusc.2011.11.109.
[253] H. Chen, Y. Liu, Y. Gao, S. Tao, H. Luo, Design, preparation, and characterization of
graded YSZ/La2Zr2O7 thermal barrier coatings, J. Am. Ceram. Soc. (2010).
https://doi.org/10.1111/j.1551-2916.2010.03610.x.

217

[254] A.M. Khoddami, A. Sabour, S.M.M. Hadavi, Microstructure formation in thermallysprayed duplex and functionally graded NiCrAlY/Yttria-Stabilized Zirconia coatings, Surf.
Coatings Technol. 201 (2007) 6019–6024.
[255] P. Carpio, M.D. Salvador, A. Borrell, L. Navarro, E. Sánchez, Molten salt attack on
multilayer and functionally-graded YSZ coatings, Ceram. Int. 44 (2018) 12634–12641.
https://doi.org/10.1016/j.ceramint.2018.04.062.
[256] S. Zhao, Y. Zhao, B. Zou, X. Fan, J. Xu, Y. Hui, X. Zhou, S. Liu, X. Cao, Characterization
and thermal cycling behavior of La2(Zr0.7Ce0.3)2O7/8YSZ functionally graded thermal
barrier coating prepared by atmospheric plasma spraying, J. Alloys Compd. 592 (2014)
109–114. https://doi.org/10.1016/j.jallcom.2014.01.001.
[257] P. Carpio, M.D. Salvador, A. Borrell, E. Sánchez, Thermal behaviour of multilayer and
functionally-graded YSZ/Gd2Zr2O7 coatings, Ceram. Int. 43 (2017) 4048–4054.
https://doi.org/10.1016/j.ceramint.2016.11.178.
[258] P.R. Taleghani, Z. Valefi, N. Ehsani, Evaluation of oxidation and thermal insulation
capability of nanostructured La2(Zr0.7Ce0.3)2O7/YSZ functionally graded coatings, Ceram.
Int. 47 (2021) 8915–8929. https://doi.org/10.1016/j.ceramint.2020.12.012.
[259] M. Saremi, Z. Valefi, Thermal and mechanical properties of nano-YSZ-Alumina
functionally graded coatings deposited by nano-agglomerated powder plasma spraying,
Ceram. Int. 40 (2014) 13453–13459. https://doi.org/10.1016/j.ceramint.2014.05.068.
[260] X. dong ZHAO, K. li ZENG, J. gang XIE, Z. duo LI, Nanostructured lanthanum zirconate
coating and its thermal stability properties, J. Iron Steel Res. Int. 14 (2007) 147–151.
https://doi.org/10.1016/S1006-706X(08)60069-2.
[261] C. Wang, Y. Wang, L. Wang, X. Sun, C. Yang, Z. Zou, X. Li, Hydrothermal assisted

218

synthesis and hot-corrosion resistance of nano lanthanum zirconate particles, Ceram. Int. 40
(2014) 3981–3988. https://doi.org/10.1016/j.ceramint.2013.08.048.
[262] S. Sivakumar, K. Praveen, G. Shanmugavelayutham, Preparation and thermophysical
properties of plasma sprayed lanthanum zirconate, Mater. Chem. Phys. 204 (2018) 67–71.
https://doi.org/10.1016/j.matchemphys.2017.10.031.
[263] V. Narayanan, P. Lommens, K. De Buysser, R. Hühne, I. Van Driessche, Thick lanthanum
zirconate buffer layers from water-based precursor solutions on Ni-5%W substrates, J. Solid
State Chem. 184 (2011) 2887–2896. https://doi.org/10.1016/j.jssc.2011.08.035.
[264] B.-L. Wang, Y.-W. Mai, X.-H. Zhang, Thermal shock resistance of functionally graded
materials, Acta Mater. 52 (2004) 4961–4972.
[265] Z. Gan, H.W. Ng, Experiments and inelastic finite element analyses of plasma sprayed
graded coatings under cyclic thermal shock, Mater. Sci. Eng. A. 385 (2004) 314–324.
https://doi.org/10.1016/J.MSEA.2004.06.053.
[266] L. Gao, H. Guo, L. Wei, C. Li, S. Gong, H. Xu, Microstructure and mechanical properties
of yttria stabilized zirconia coatings prepared by plasma spray physical vapor deposition,
Ceram. Int. 41 (2015) 8305–8311. https://doi.org/10.1016/j.ceramint.2015.02.141.
[267] Formulaction, Stability of suspensions for electronic applications, Appl. Pap. (2009) 1–6.
www.formulaction.com.
[268] Turbiscan Stability Index | Formulaction

- Smart scientific analysis, (n.d.).

https://www.formulaction.com/en/knowledge-center/turbiscan-stability-index
September 2, 2021).
[269] Formulaction, Turbisoft LAB Manual, (2018).

219

(accessed

Appendix: Complementary data for Turbiscan measurement
procedure and computations
Turbiscan LAB Expert (Formulaction, France) is a multiple light scattering equipment measuring
the variation of backscattered and transmitted light with time in the suspension in a glass cell. The
heart of this optical scanning analyzer is a detection head moving along the height of a cylindrical
glass cell. The detection head includes a pulsed near-infrared light source (λ = 880 nm) and two
synchronous detectors [267]. The transmission detector, placed at 180°, receives the light that
passes through the sample. The backscattering detector, placed at 45°, on the other hand, received
the light scattered backward by the sample. While the detection head scans the entire height of the
sample, it collects transmission and backscattering data every 40 µm [267].
The Turbiscan scans the sample at all the pre-set times and produces the profiles overlayed on one
graph which presents the destabilization. It is common to display the graphs in reference mode to
enhance the variations, in which the first scan profile is subtracted to all the other profiles.
Migration phenomena (sedimentation or creaming) cause local variation in the concentration of
suspended particles in the sample, which can be detected by the optical device and displayed by
local variations of the intensity of the light backscattered by the sample [267]. Figure A. 1
illustrates typical backscattering profiles for a sedimentation phenomenon. At the top of the sample
(right part of the graph), the backscattering level decreases due to a decrease in the concentration
of particles representing a clarification. However, at the bottom of the cell (left part of the graph),
the backscattering level increases as a result of increase in the particles concentration, which
reveals a sediment formation.
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Figure A.1 Typical graph of backscattering profiles for sedimentation phenomenon [267].

The Turbiscan Stability Index (TSI) is a specific mathematical parameter developed to compare
and characterize the physical stability of various formulations with the ease of a single click in
TurbiSoft LAB software (TLAB 1.3, Formulaction S.A., France). The TSI can be used over the
whole formulation’s life cycle including research and development, reformulation, process scaleup, and quality control [268].
Dispersions are thermodynamically unstable, i.e., complex formulations evolve with time to reach
the lowest energy state, which usually results in complete phase separation. Destabilization can
happen from a couple of seconds up to several years for the most stable formulations. Sometimes
it takes time to get visible. Therefore, Turbiscan technology and its high sensitivity can help to
detect the destabilization up to 200 times faster than naked eye [268].
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Using the Turbiscan LAB instrument and the Turbisoft LAB program, each phenomenon can be
detected and quantified based on BackScattering (BS) and/or Transmission (T) signal intensities.
To compare the stability of formulations, the global destabilization should be considered which is
possible by comparing the amplitude of destabilization in the whole sample in a quantitative
manner [268]. Thus, the TSI calculation, in a single click, provides a robust, objective and global
parameter which takes into account all the destabilization reflecting the overall stability of a given
sample [268].
In fact, any destabilization phenomenon that happens will have an impact on the BS and/or T signal
intensities during aging. The highest intensity variation reflects the least stable sample. The TSI
calculation is based on an integrated algorithm which sums up the evolution of T or BS light
intensity at every measured position (h), based on a scan-to-scan difference over the total sample
height (H) [268]:

𝑇𝑆𝐼(𝑡) =

1
𝑁ℎ

∑𝑡𝑡𝑚𝑎𝑥
∑𝑧𝑧𝑚𝑎𝑥
|𝐵𝑆𝑇(𝑡𝑖 , 𝑧𝑖 ) − 𝐵𝑆𝑇(𝑡𝑖−1 , 𝑧𝑖 )|
𝑖 =𝑧𝑚𝑖𝑛
𝑖 =1

(A.1)

where tmax is the measurement point corresponding to the time t at which the TSI is calculated, zmin
and zmax are the lower and upper selected height limits, respectively, 𝑁ℎ = (𝑧𝑚𝑎𝑥 − 𝑧𝑚𝑖𝑛 )/∆ℎ is
the number of height positions in the selected zone of the scan, and BST is the considered signal
(BS if T < 0.2%, T otherwise).
In another way, TSI is equal to a cumulative sum of all the BS or T variation of the entire sample.
The destabilization kinetics graph shows the TSI evolution over time. Having the TSI calculated at
time t, state of destabilization for the series of samples can be ranked and compared.
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Figure A.2 TSI scale [268].

Therefore, the stability state of the sample can be in one of these categories:
A+ Visually Excellent
No significant destabilization is observed with the Turbiscan and the sample remains visually
stable. A+ ranking is the best stability mark.
A Visually Good
Destabilization is detected but is at a very early stage (migration or size variation). In the A
ranking, no visual destabilizations are observed at this stage.
B Visual Pass
The variations detected by the Turbiscan are higher than the “early” stage and correspond to the
beginning of the destabilization. However, the destabilizations remain non-visual in most cases
(>90%).
C Visual Warning
Important stability destabilization corresponding to large sedimentation/ creaming, wide particle
size variation, or small phase separation. The destabilization may or may not be visible at this
stage and the sample in the C ranking sample must be carefully monitored.
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D Visual Fail
Extreme and important variation and the destabilization most likely visible corresponding to large
sedimentation or creaming, phase separation, wide change in the particle size or color.
Using “Advanced Calculation” feature of TurbiSoft LAB software (TLAB 1.3, Formulaction S.A.,
France), “peak thickness” can be calculated to characterize the thickness of the separated phases,
either in top or bottom of the sample. Once the setting (Transmission or Backscattering, zones
where to compute, and threshold to use) is defined, the user can obtain the corresponding peak
thickness kinetics by clicking on “Thickness” tab.
Figure A.3(a) illustrates the delta backscattering profiles of a sample with sedimentation
phenomenon. The height of the sediment layer is determined by the peak thickness at the bottom
of the sample at a specific time. This is a more accurate way of measuring the sediment layer
height than the visual measurements, shown in Fig. A.3(b).
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Figure A.3 (a) Delta backscattering profile of a suspension with sediment peak thickness illustrated
at a specific time; (b) Sediment height of a suspension measured visually at a specific time.

In this study, delta backscattering peak thickness was plotted versus time for bottom part of the
vial, which resembles the height increase of the sediment layer over time (migration/ sedimentation
rate). To define the migration (sedimentation) rate of the sample, the slope of the linear part of the
curves was computed by the software and presented in “Hydrodynamics” tab. Figure A.4 illustrates
the general procedure of measuring the migration rate for a specific case study.
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Figure A.4 Measurement procedure of sedimentation (migration) rate by TurbiSoft LAB software
[269].
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