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Abstract Two types of precursor solutions, including
lanthanum nitrate and lanthanum chloride, with zirconium
acetate, were used to produce lanthanum zirconate coatings
by solution precursor plasma spraying (SPPS). Thermal
behavior of the precursor solutions, their rheological
properties and atomization patterns were investigated by
TGA-DSC, viscosity, surface tension and droplet size
measurements, respectively. The chloride precursor led to
the formation of impure lanthanum zirconate powder
including LaOCl and ZrO,, while the nitrate precursor
combined with zirconium acetate produced pure lanthanum
zirconate powder after pyrolysis. Increasing the salt con-
centration from 0.125 to 0.5 M led to the formation of
solutions with ~ 2.7 times higher viscosity but ~ 7%
lower surface tension. The ethanol based solutions had
smaller surface tension compared to the water based (24.3
mN/m vs. 62.7 mN/m), while being more viscous (4.8 cp
vs. 3.2 cp). The most significant factor affecting the droplet
size in atomized solutions was their viscosity. The 0.5 M
water-based solutions with about 28 pum median size dro-
plets injected into the plasma plume produced columnar
morphology coatings with ~ 23 vol.% porosity.
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Introduction

Lanthanum zirconate, La,Zr,0; (LZ) is a promising top
coat material for the next generation of thermal barrier
coatings (TBCs) (Ref 1, 2). This ceramic material, with a
pyrochlore structure, has shown superior thermo-physical
properties compared to the other traditional TBC systems.
Currently, 8YSZ (zirconia with 7-8 wt.% yttria addition) is
the most common standard ceramic top coat material for
TBC. It meets most of TBC requirements, i.e., high melting
point (2680 °C) (Ref 3), a relatively low thermal conduc-
tivity (2.0-2.3 W.m™ K" at ~ 1000 °C for a fully dense
bulk; 0.9-1.2 W.m' . K" for 10-15% porosity) (Ref 4, 5), a
relatively high CTE (11x10° /K at ~ 1000 °C) (Ref 3)
and good thermal and chemical stability (Ref 2, 6, 7).
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 bond coat oxidation and the relatively
fast sintering of YSZ. The t’ phase of YSZ decomposes
into equilibrium tetragonal (t) and cubic (c) phases; upon
cooling, the t phase transforms to the monoclinic (m) phase
causing a ~ 4% volume expansion (Ref 1, 8). Addition-
ally, YSZ coatings densify in-service through sintering
which leads to an increase in their thermal conductivity and
Young’s modulus. These changes in the phase composition
and microstructure of the coatings are accompanied by
variations in the TBC properties, contributing to thermally-
induced stresses, reduced coating’s lifetime and eventually
its failure (Ref 3, 9).
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Lanthanum zirconate, on the other hand, has phase
stability (no phase transition from room temperature to its
melting point, i.e., 2295 °C), low thermal conductivity
(1.55-2.15 W.m " .K™" at ~ 1000 °C for dense bulk and
0.68-0.87 W.m LK at ~ 1000 °C for porous one), no
“oxygen transparency” (i.e., relatively low diffusivity of
oxygen) and sintering rate significantly lower than YSZ
(Ref 1). Since LZ powder is not commercially available,
several methods have been applied to fabricate LZ pow-
ders, such as solid-state reaction, co-precipitation, sol-gel,
hydrothermal and molten salt methods (Ref 10-13).
According to the ZrO,-La,05; phase diagram (Ref 1), for
the molar ratio of ZrO, / La,Oj3 is 2:1, only a single LZ
cubic phase is seen from room temperature to its melting
point. 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
(Ref 14).

Like other TBC top coats, LZ is commonly deposited by
APS (i.e., using dry powders) or EB-PVD techniques.
Liquid injection of feedstock has made suspension plasma
spraying (SPS) and solution precursor plasma spraying
(SPPS) two promising techniques to produce finely (nano
or submicron sizes) structured coatings. Nanosized LZ
particles were produced by Wang et al. through
hydrothermal method with the precursors of the La(NO3)4
and Zr(NO;)4 solution to deposit LZ coatings by SPS (Ref
15). The deposited coating was a single phase (pyrochlore)
LZ coating with ultrafine splats and 6-10 vol.% porosity.
Weber et al. deposited LZ coatings by spray pyrolysis (Ref
16). In their studies, zirconyl oxynitrate hydrate
(ZrO(NO;),-xH,0) and lanthanum nitrate hexahydrate
(La(NO3)3-6H,0) were dissolved in deionized water at a
molar ratio of 1:1. The precursor solution was sprayed at
the flow rate of 1 ml/min at 240 °C. The deposited coatings
were calcined at 500-600 °C to decompose the nitrates into
carbonates and finally into oxides. Vertical cracks devel-
oped in the coatings at the latest stage of the decomposition
process. This is generally considered as a positive feature
of TBC coating, providing strain tolerance and, thus, aiding
in their thermal cycling resistance (Ref 17, 18).

Solution precursor plasma spraying (SPPS) can produce
finely (nano- or submicron- sized) structured coatings from
metallic salt solutions (Ref 17, 19). SPPS is a recent
development in liquid feedstock spraying, in which the
solution is injected into the plasma as the feedstock. The
salt decomposes and oxidizes in-flight, forming oxide
particles. SPPS coatings have the potential to exhibit high
strain tolerance through introduction of vertical cracks, and
have relatively low thermal conductivity due to the pres-
ence of submicron and nano-sized interconnected porosity
with improved bond strength (Ref 20, 21). These properties
combine the advantages of EB-PVD and APS processes

(Ref 21). Chemical precursors for SPPS (salts or organo-
metallics of the respective ceramic powders, such as
nitrates, acetates, chlorides, isopropoxides, and other
combinations) undergo endothermic or exothermic chemi-
cal reactions, or a combination of both during pyrolysis. It
is possible to have precursors that contain both oxidizing
and reducing agents simultaneously. For instance, YSZ
TBCs are typically deposited from acetate/ nitrate combi-
nations (Ref 18, 19).

When precursor solutions are used as feedstock (SPPS),
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 a 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 (Ref 22, 23). The following steps
include precipitation or gelation, particle pyrolysis, melt-
ing, and finally impacting of the molten droplets with
average sizes up to a few micrometers, onto the substrate
(Ref 20, 21, 24-26). SPPS coating’s microstructure and
therefore its properties result from particle in-flight inter-
action 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. The microstruc-
ture 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 (Ref 23, 27). 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 is limited (Ref 17). Chen et al. investigated
the effect of solution concentration on splat formation and
microstructure of SPPS-7YSZ coatings (Ref 28). They
found that low concentration solutions experienced surface
precipitation in droplets and produce soft and porous
coatings. On the other hand, solutions with higher con-
centrations experienced volume precipitation within the
droplets and thus dense coatings formation by build-up of
dense splats.

Wang et al. worked on preparing dense LZ coatings by
SPPS (Ref 29). They investigated the effect of urea addi-
tion to the precursor solutions on SPPS reactions through
detailed thermal analysis. The results showed that the
exothermic reactions inside the plasma generated less than
30 kW/g, and thus were far smaller than the input power of
plasma torch used in their work (110 kW) so can be
ignored. Duarte et al. studied the effect of precursor
counter-cations (nitrate, chloride, and acetate) on the splat
size of SPPS-LZ coatings (Ref 30). Thermal properties of
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different solutions and splat size were investigated, but not
the coating’s microstructure. To our knowledge, these are
the only studies published to-date regarding LZ coatings
deposited by SPPS, and the coatings microstructural anal-
ysis is not reported yet. Besides, there is a lack of funda-
mental 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 are available on
producing SPPS-LZ coatings for TBC with strain-tolerant
microstructure, i.e., columnar morphology, or vertically
cracked with 15-25 vol.% porosity.

In the present study, two types of precursor solutions,
lanthanum nitrate and lanthanum chloride with zirconium
acetate were used to produce lanthanum zirconate coatings
by solution precursor plasma spraying (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, respectively. Based on the results of ther-
mal analysis and coating 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.

Materials and Methods
Solutions Preparation and Characterization

La,05 precursors with two different counter-cations (ni-
trate and chloride) were utilized in this study. Lanthanum
nitrate hexahydrate, denoted as LaNT, (La(NO;);.6H,0,
Sigma-Aldrich Corp., USA), lanthanum chloride heptahy-
drate, denoted as LaCL, (LaCl;.7H,0O, Sigma- Aldrich
Corp., USA) and zirconium acetate, denoted as ZrAC,
(Zr(CH3CO,)4, 15-16% in dilute acetate acid, Sigma-
Aldrich Corp., USA) were used as the reactants. The sol-
vents were deionized water, absolute ethanol and their
mixture at 50/50 vol.%.

To prepare the solution 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 precur-
sors with different chemical compositions were studied to
investigate their effects on lanthanum zirconate (La;Zr,O)
synthesis by SPPS:

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

@ Springer

e 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 furnace at 1000 °C for 2 h, followed with thermal
analysis and phase identification tests.

In the next step, LaNT-ZrAC precursor mixture was
selected to study the effects of solution concentration and
solvent on the solution as well as the SPPS coatings’
microstructure. LaNT-ZrAC precursor mixture was pre-
pared 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 (LaNT-ZrACH solution), ethanol (LaNT-
ZrACF! solution) and 50/50 vol.% mixture of water with
ethanol (LaNT-ZrAC™F' solution). Table 1 presents the
chemical compositions of all the five different precursor
solutions studied in this article. Surface tension and rhe-
ology of the precursors were studied to reveal the influence
of precursor concentration and solvent type on the pre-
cursor properties which in turn affect the SPPS coatings’
microstructures.

2 ml of each precursor solution was evaluated by a
Simultaneous Thermal Analyzer (STA) 6000 (Perk-
inElmer, Waltham, MA, USA), in nitrogen flowing at 20
ml/min and heating each sample to 1000 °C at a rate of 10
°C/min. The test procedure remained the same for all the
samples. The Thermal Gravimetric Analysis (TGA) and
Differential Scanning Calorimetry (DSC) data were
obtained simultaneously from the same sample. Phase
analysis of the dried and calcined powder was conducted
using an x-ray diffractometer (Rigaku, Multiflex XRD)
with Cu K, radiation. The XRD patterns were collected in
a 26 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 rheological characteristics of the solutions 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. A Force Ten-
siometer (KRUSS-K100 GmbH, Hamburg, Germany)
device was used to study the surface tension of precursor
solutions. All the measurements were made using Du 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 sur-
face tension of HPLC grade Hexane solution in triplicates.
For all the samples, the surface tension was measured
thrice, and average value is reported with standard
deviation.

Droplet size distribution measurements were conducted
in the University of Toronto, Centre for Advanced Coating
Technologies, using the setup shown schematically in
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Table 1 Chemical compositions of the precursor solutions

Solution name Precursor mixture composition Solvent Concentration (M)
LaCL-ZrACH LaCl;.7H,0 + Zr(CH3CO,), Water 0.5
LaNT-ZrACH La(NO;)3.6H,O + Zr(CH;CO,), Water 0.5
LaNT-ZrAC" (0.125) La(NO3)3.6H,0 + Zr(CH5CO,)4 Water 0.125
LaNT-ZrACH® La(NO3)3.6H,O + Zr(CH5CO,)4 Ethanol 0.5
LaNT-ZrACHE La(NO;);.6H,0 + Zr(CH;CO,), 50/50 vol.%-water/ethanol mixture 0.5

Camera

94 mm

Airbrush

Fig. 1 A schematic of the setup used for making comparison of
droplet size distribution in different solutions

Fig. 1. The solution droplets were produced by an airbrush
(Paasche H-Set Single Action Siphon Feed Airbrush Set)
with 14 psi pressure. A home-made Dropsizer (DMCHO001)
was used to capture the images of droplets and by using
ImageJ software (ImageJ— version 1.52a, National Insti-
tutes 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 esti-
mate of the droplet size for each atomized solution. All the
measurements were done under the same atomization
condition for different samples.

Coatings Deposition and Characterization

Based on the solutions’ characterization results, the opti-
mized solutions of LaNT-ZrAC precursor mixtures (solu-
tion A) were used as the feedstock materials for solution
precursor plasma spraying (SPPS). Inconel 718 sheet (2
mm thickness, cut into 0.6 mm x 0.6 mm square coupons)
was used as the substrate material. The coupons were sand
blasted and CoNiCrAlY bond coat (CO-210-24, Praxair
Surface Technologies, Indianapolis, IN 46222, USA) was
sprayed by Mettech Axial III (Northwest Mettech Corp.,
Surrey, Canada) APS system, Table 2. The ceramic top
coats were deposited from the optimized solutions using
the same Mettech Axial III high power plasma torch, but
additionally equipped with a continuous stream solution
injector system (LP-BT100-2J Peristaltic pump including a
YZII15 pump head with three rollers). The SPPS parame-
ters are also summarized in Table 2. The phase content and
composition of the coatings were determined by XRD
(Rigaku, Multiflex with Cu K, radiation). The coated
coupons were mounted in a low viscosity epoxy resin after
vacuum infiltration, then, grinded and polished according
to standard metallography procedures for TBCs. Mor-
phology and microstructure of the coatings were investi-
gated with Zeiss Sigma standard Field Emission Scanning
Electron Microscope (FE-SEM). Porosity of the coatings
was evaluated from SEM micrographs using image ana-
lyzer 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: x1000 (x1K) and x10,000 (x10K).
Features like inter-columnar spacing, big vertical cracks,
and micro-sized pores can be captured in the low magni-
fication images, while features like submicron and nano-
sized pores can be found in the high magnification images.
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Table 2 Atmospheric plasma spraying (APS) and solution precursor plasma spraying (SPPS) parameters utilized for bond coat and top coat

deposition, respectively

Process  Powder Solution Current Spray Total plasma Plasma gas Total torch Atomizing Nozzle
feed rate feed rate (A) distance  gas flow rate composition power during  gas flow rate internal
(g/min) (mL/min) (mm) (SLM) (Ar%/N,%/H,%)  spraying (kW) (SLM) diameter
(mm)
APS 90 N/A 230 200 250 70/10/20 95 N/A 11
SPPS N/A 30 230 60 180 40/40/20 105 25 9
To evaluate the relative porosity values of the coatings, a (a)4 120
total of 20 SEM micrographs were captured across each
coating’s cross section for both magnifications. All the 2f 100
images were threshold adjusted and converted into binary 2N
(black and white) images to calculate the porosity. w0 / — -1 80
Results and discussion i 2
4 | & 40
Thermal behavior of precursor solutions ‘1‘ f:
6 \“ }‘; 20
TGA-DSC analysis results attributed to the precursor /

solutions A (LaNT-ZrAC) and B (LaCL-ZrAC) are pre-
sented in Fig. 2. Two distinct successive mass loss regions
are present for both samples; the first is attributed to sol-
vent (water) evaporation starting from room temperature to
around 100 °C, which is consistent with a broad
endothermic peak in the same temperature range. In the
case of precursor solution including lanthanum chloride
(solution B), an exothermic peak is observed at around 450
°C, related to the formation of LaOCl compound as
reported previously (Ref 31). The exothermic peak at 340
°C for solution A indicates pyrolysis of zirconium acetate
and lanthanum nitrate (Ref 29, 31). Most of the weight loss
occurs for both solutions before 500 °C, due to solvent
evaporation and precursors decomposition. However, DSC
curve for solution A indicates continuous exothermic
reaction, while no comparable heat flow to sample B can be
observed above 500 °C. Such heat flow pattern could be
related to the formation of lanthanum zirconate compound.

X-ray diffraction patterns for the powders A and B
calcined at 1000 °C for 2 h are shown in Fig. 3. The
diffraction peaks attributed to LaOCI compound are pre-
sent for powders B; pure lanthanum zirconate pyrochlore
peaks are seen for powders A. It appears that formation of
LaOCl hinders formation of lanthanum zirconate; this is in
accordance with DSC results (Fig. 2) indicating insignifi-
cant 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 pre-
cursor (Ref 16). Accordingly, the precursor solution A

@ Springer
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Fig. 2 TGA-DSC analysis results attributed to the (a) precursor
solution A and (b) precursor solution B

(LaNT-ZrAC) was selected for further investigations as
reported below.

Properties of the Precursor Solutions

The effects of salt concentration and type of solvent on the
resulting precursor solutions’ viscosity are shown in Fig. 4.
Water based solutions have lower viscosity (1.2 and 3.2 cp
for 0.125 and 0.5 M concentrations, respectively) in
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Fig. 3 X-ray diffraction
patterns for the powders 0e
calcined at 1000 °C for 2 h:
(a) precursor solution A and
(b) precursor solution B
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Fig. 4 Viscosity as a function 14
of shear rate for: (a) water-based
solution of 0.125 M LaNT- 12
ZrACH, (b) water-based
solution of 0.5 M LaNT-ZrACY, o0
(c) ethanol-based solution of 0.5 o~ i
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vol.%-water/ethanol-based ey 3
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comparison with those including ethanol (4.8 and 6.2 cp for
ethanol based and mixed water/ethanol based 0.5 M solu-
tions, respectively). The maximum viscosity was measured
for the solution with 50/50 vol.%-water/ethanol mixture,
indicating that addition of ethanol to water has led to a
substantial increase in viscosity. Such phenomenon has
been attributed to enhanced water-ethanol molecules
interactions (Ref 32). Increasing salt concentration in water
based solutions from 0.125 to 0.5 M increased solution
viscosity, as predicted by Jones-Dole expression, Eq. 1:

1 —14+xVC+YC (Eq 1)

Mo

where 7 is the solution viscosity, #, is the solvent viscosity,
X and Y are constants, and C is the salt concentration (Ref
33). It has been reported that formation of kosmotropic ions
(structure-makers), because of salt dissociation in aqueous
solutions, leads to increase in viscosity since such ions
order the hydrogen bonding network in water. In contrast,

200 250 300 350 400

Shear Rate (s1)

formation of structure-breaker ions (chaotropes) in water
leads to decrease in viscosity by weakening the hydrogen
network bonding (Ref 32, 33). 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 (Ref
28, 34, 35).

Figure 5 illustrates the variation in precursor solution
surface tension as a function of its chemical composition.
As seen, a decrease in surface tension from 62.7 + 0.8 to
24.3 £ 0.2 mN/m is observed when the type of solvent is
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

@ Springer



1856

J Therm Spray Tech (2021) 30:1850-1861

o«
<

Fig. 5 Precursor solution
surface tension for: (a) water-

2
<
L

based solution of 0.125 M
LaNT-ZrACY, (b) water-based
solution of 0.5 M LaNT-ZrACY,
(c) ethanol-based solution of 0.5
M LaNT-ZrAC* and (d) 50/50
vol.%-water/ethanol-based
solution of 0.5 M LaNT-ZrAC™
Et The dashed lines indicate
surface tension of pure solvents

(=)
=
L

wn
<
L

Surface tension (mN/m)
w £
= >

N
<
L

—_
=
L

>
I

Water 0.125 M

vol.% mixture of water/ethanol, respectively, in agreement
with the literature data (Ref 36, 37).

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). This is
while the surface tension of 0.5 M LaNTH, 72.4 mN/m, was
close to that of water because nitrate (NO5) ion can be
solvated and water has surface tension value similar to that
of nitric acid (72.6 mN/m). The surface tension of 0.5 M
ZrACH, on the other hand, was measured as 59.7 mN/m,
which is lower than that of the water solvent. The acetate
ion (CH3COQO") is an amphiphilic compound (i.e., con-
taining hydrophilic (COO”) and hydrophobic (CHjz)
groups) and acts as a surfactant to decrease the surface
tension. The acetate ion cannot solvate in aqueous media
and converts to acetic acid which has a surface tension of
27.1 mN/m (Ref 36, 37); the surface tension of ZrACH is
determined by both water and acetic acid. Consequently, it
can be concluded that the effect of the acetate ion is more
dominant than that of the nitrate ion in LaNT-ZrAC™ and
LaNT-ZrACH ! solutions. The surface tension of alcoholic
LaNT-ZrAC® solution (24.3+ 0.2 mN/m) is close to that
of the ethanol solvent (22.8 mN/m). Such observations
prove that nature of the precursor counter-cation controls
the interactions with the solvent and therefore the surface
tension of the solution at a constant concentration. The
influence of mineral ions (such as NO3) on the surface
tension of solutions is minimal, whereas organic ions (such
as CH;COO") can considerably affect the solution’s sur-
face tension. Moreover, increasing salt concentration from
0.125 to 0.5 M results in only a slight decrease in the
surface tension values from 67.14 0.9 to 62.7+ 0.8 mN/m.
This also can be explained by the increased concentration
of the acetate ion (CH3;COQO") around the water molecules,
which acts as a surfactant and decreases the surface ten-
sion. Therefore, it seems that surface tension is not as
effective as viscosity in determining the atomized droplet
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size of solutions and the SPPS coatings’ morphology as
will be discussed in the following sections.

Droplet size distributions for different atomized pre-
cursor solutions are shown in Fig. 6. The median droplet
size increases as the salt concentration increases in pre-
cursor solution (17.4 pm for 0.5 M concentration vs. 15.9
pm for 0.125 M concentration in water based solutions,
LaNT—ZrACH). Increase of ethanol concentration from
zero to 50 vol.% does 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 um for water based LaNT-
ZrACH t0 17.5 um for water/ethanol based LaNT-ZrACH
E was observed. Further increase in ethanol portion (from
50 to 100% vol.%) of the solvent, led to a more consid-
erable increase in the droplet median size to 19.5 um for
ethanol based LaNT-ZrAC™ solution. It has been reported
that solutions with lower viscosity and surface tension
would be atomized to smaller droplets due to having less
resistance against liquid break up (Ref 22, 23). In this work
we observed that the most prominent factor influencing the
change in droplet size is the change in solution viscosity,
i.e., by increasing the salt concentration or replacing water
with ethanol, larger droplets will be formed in the atomized
solutions.

Coatings Characteristics

XRD patterns for coatings deposited from different pre-
cursor solutions are presented in Fig. 7. All the solutions
led to the formation of pyrochlore lanthanum zirconate
coatings regardless of differences in their concentration
and solvent type, in agreement with thermal analysis for
LaNT-ZrAC. Cross-sectional morphologies of such coat-
ings, all deposited at conditions listed in Table 2, are
illustrated in Fig. 8. While the same number of spray passes
(105) were applied for all the top coat depositions, results
showed that the coatings deposited from dilute 0.125 M
solutions are thinner (~ 22 to 35 um) as compared to 0.5
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Fig. 6 Droplet size distributions for atomized precursor solutions
(shown as subfigures above) of: (a) water based solution of 0.125 M
LaNT-ZrACY, (b) water based solution of 0.5 M LaNT-ZrACY,

M solutions (~ 120 to 140 pum). Such observations have
been also reported in the case of other types of thermal
barrier coatings that have been deposited by thermal
spraying techniques (Ref 18, 38). The fact is that applica-
tion of dilute precursor solutions results in formation of
thinner coatings, at the fixed other deposition conditions
like number of spray passes etc., because of shortage of
starting material for the coating formation. Notably, the
application of water-based precursor solutions resulted in
the formation of coatings with 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 (Ref 18, 39). Stokes number St,
Eq. 2, can be used to determine the influencing factors on
the droplets’ preferred approach angle to the substrate:

pd*v

=" Eq 2
1870 (Eq 2)

where p is the droplet density, d is the droplet diameter, v is
the droplet velocity, u is the plasma dynamic viscosity and

Relative Frequency (%)

0 20 40 60 80 100 120 140
(b) Droplet Diameter (um)

Relative Frequency (%)

o 0 4 6 80 100 120 140
(d) Droplet Diameter (um)

(c) ethanol based solution of 0.5 M LaNT-ZrAC® and (d) 50/50
vol.%-water/ethanol based solution of 0.5 M LaNT-ZrACH®*

[ is the boundary layer thickness. Relatively small Stokes
number (St< 1) indicates increased probability of droplets
approaching the substrate at more oblique angels (Ref
18, 39). Formation of columnar coatings from water based
precursor solutions could be related to the small droplet
sizes increasing the chance of having small Stokes numbers
(Ref 40, 41). This is in accordance with the droplet size
distribution measurements of atomized solutions as dis-
cussed above (17.4 and 159 pm for 0.5 and 0.125 M
concentrations of water based solutions, 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 is not likely to occur in the
present case since x-ray diffraction peaks of such com-
pounds were not observed in the XRD patterns of the
deposited coatings (Fig. 7).

Porosity of the coatings deposited from different pre-
cursor solutions is presented in Fig. 9. As seen, more
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Fig. 7 XRD patterns for the
coatings deposited from *
different precursor solutions:
(a) water based solution of
0.125 M LaNT-ZrAC",

(b) water based solution of 0.5
M LaNT-ZrACY, (c) ethanol
based solution of 0.5 M LaNT-
ZrACE® and (d) 50/50 vol.%-
water/ethanol based solution of
0.5 M LaNT-ZrACH®

Intensity

20

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 enhances void for-
mation as the new semi-molten particles join 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 (Ref 18, 23).
Increasing the concentration from 0.125 to 0.5 M had no
effect on coating porosity. The 0.5 M concentration for
LaNT-ZrAC solution can still be considered as a relatively
low concentration with respect to the salt’s saturation limit.
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. The ethanol-based coating was the most
dense one (with 8.25 4 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
(Ref 42, 43).

Conclusions
Applicability of precursor solutions including lanthanum

nitrate and lanthanum chloride with zirconium acetate to
deposit lanthanum zirconate coatings by solution precursor

@ Springer

+ LﬂzZl'zOy
. j\ ¢ @
©
)
(@)
35 40 45 50 55 60
20(degree)

plasma spraying (SPPS) was assessed. Thermal analysis
(TGA-DSC) and phase analysis (XRD) results showed that
unlike the nitrate precursor mixtures, the chloride precursor
solutions cannot provide pure lanthanum zirconate pyro-
chlore structure. Therefore, four different precursor solu-
tions including lanthanum nitrate and zirconium acetate
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 results in
higher viscosity and smaller surface tension values.
Replacing water with ethanol solvent resulted in more
viscous solutions with smaller surface tensions. Applica-
tion 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. In the selected
solution concentration values, the 0.5 M concentration can
be considered as the best one for our system, based on the
achieved coating’s thickness of about 120 to 140 pm and
columnar morphology. This unique microstructure is rela-
ted to the relatively low viscosity of such solutions (~ 1 to
3 cp) that results in the formation of relatively small dro-
plets in the plasma plume, which then approach the sub-
strate at more oblique angles preferable in the formation of
the columnar microstructures.
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