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The solution precursor plasma spray (SPPS) process is a relatively new and flexible thermal spray process
that can produce a wide variety of novel materials, including some with superior properties. The SPPS
process involves injecting atomized droplets of a precursor solution into the plasma. The properties of
resultant deposits depend on the time-temperature history of the droplets in the plasma, ranging from
ultra-fine splats to unmelted crystalline particles to unpyrolized particles. By controlling the volume
fraction of these three different constituents, a variety of coatings can be produced, all with a nanograin
size. In this article, we will be reviewing research related to thermal barrier coatings, emphasizing the
processing conditions necessary to obtain a range of microstructures and associated properties. The SPPS
process produces a unique strain-tolerant, low-thermal conductivity microstructure consisting of (i)
three-dimensional micrometer and nanometer pores, (ii) through-coating thickness (vertical) cracks, (iii)
ultra-fine splats, and (iv) inter-pass boundaries. Both thin (0.12 mm) and thick (4 mm) coatings have
been fabricated. The volume fraction of porosity can be varied from 10% to 40% while retaining the
characteristic microstructure of vertical cracks and ultra-fine splats. The mechanism of vertical crack

formation will be described.

Keywords plasma spray, solution precursor, solution
precursor plasma spray, thermal barrier coatings

1. Introduction

1.1 Thermal Spray

The application of metallic and ceramic coatings using
thermal processes has been commercially employed for
decades. Current methods include electron beam physical
vapor deposition (EB-PVD), high-velocity oxygen fuel
(HVOF), air plasma spray (APS), and vacuum plasma
spray (VPS). The deposition of coatings using a plasma
spray process is one of the most popular commercial
methods, with an annual global market of nearly five bil-
lion dollars (Ref 1). The standard approach involves
feeding fine powder into a plasma jet, where it is melted
and subsequently deposited onto a substrate.

It is widely recognized that deposition of small, melted
particles achieves a fine microstructure, which in turn
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leads to improvements in certain desirable mechanical
properties such as strength and hardness. Unfortunately,
it is generally not possible to feed powders finer than
5-10 pm due to the effects of surface forces on powder
flow. Recently, the suspension plasma spray process (SPS)
was developed, in part to overcome this limitation (Ref 2-
4). In this process, nano-sized particles are suspended in a
liquid before injection into the plasma plume, circum-
venting normal feeding problems.

This article will examine a relatively new technology,
the solution precursor plasma spray (SPPS) and its use
in a specific advanced application: thermal barrier
coatings (TBCs). Similar to existing plasma deposition
methods, the SPPS process deposits melted feedstock
material onto a substrate as ‘splats.” However, the pri-
mary differentiating attribute between SPPS and other
methods is that the feedstock material is in the form of
a liquid solution rather than a powder or a powder
suspension. As a result, the SPPS process is able to
deliver fine splats without the difficulties and limitations
of both fabricating and feeding fine solid powders. In-
stead, SPPS has the challenge of formulating high-
molarity solutions and engineering their chemical and
physical properties.

Although this review will concentrate specifically on
the SPPS process for making TBCs, the process is more
generally versatile. Some attributes that make it amenable
to a wide variety of applications are listed below:

(i) Since the process uses precursor solutions, molecular
level mixing of constituent chemicals results in
chemical homogeneity. The SPPS process also allows
for the possibility of creating metastable coating
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phases due to rapid cooling of ultra-fine splats during
deposition (Ref 5, 6).

(ii) The chemical mixing of solutions also allows new
precursor compositions to be quickly formulated and
deposited as coatings. Multi-component coatings are
easily made by combining liquid precursors in the
appropriate proportions. This compares to other
plasma spray processes where sprayable powders of
each composition must be fabricated and then
homogeneously combined.

(iii) By controlling the injection process, the amount of
unpyrolized material can be modulated. This allows
for deliberate deposition of semi-pyrolized material in
some applications (such as TBCs, where it causes the
formation of beneficial vertical cracking) while in
other applications unpyrolized material can be elimi-
nated (resulting in dense coatings consisting of ultra-
fine splats.)

The solution precursor process was initially explored as
a coating technology by Karthikeyan et al. (Ref 7-9).
While demonstrating that the method was feasible, quality
coatings could not be generated. SPPS material systems
were first reported in 2001 (Ref 10-12) and in the 6 years
since, extensive research on deposition mechanisms and
coating properties has been conducted by the University
of Connecticut (UConn) and Inframat Corporation col-
laborative research group (Ref 12-36).

Due to the unique technology that SPPS affords,
resultant coatings offer a diverse spectrum of possible
applications with coating properties controllable via spray
and processing conditions. This review article will focus on
the SPPS technology that is most highly developed: TBCs.
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Droplets Coating

<

1.2 Thermal Barrier Coatings

Thermal barrier coatings are multi-layered material
systems designed to insulate metallic components
employed in hot sections of gas turbine engines (Ref 14,
37). Due to the nature of the operating environment, a
successful TBC must be able to endure severe cyclic
heating and the difference in the coefficient of thermal
expansion (CTE) between the ceramic topcoat and the
metallic substrate causes severe strains during these cyclic
heating events. Additionally, within the commercial sec-
tor, cost is a critical metric.

The SPPS method lends itself particularly well to the
development of new TBCs. The unique coating micro-
structure created by SPPS offers:

(i) Lower thermal conductivity than EB-PVD coatings
and comparable thermal conductivity to the very best
APS coatings. (~1.5 W/mK for EB-PVD, ~0.8 W/mK
for APS, ~1 for SPPS (Ref 19))

(i) Comparable, or in some cases higher, durability than
APS and EB-PVD coatings. (2.5x compared to APS,
1.5x compared to EB-PVD (Ref 20, 25-27))

(iii) Costs comparable to APS coatings and lower than
EB-PVD coatings.

2. The SPPS Process

The SPPS coating system consists of a pressurized li-
quid reservoir from which the chemical solution is injected
into the plasma plume. Figure 1 shows this schematically

Temperature
Control Unit

Substrate

Fig. 1 Schematic of the solution precursor plasma spray delivery system
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where injection takes place outside of the nozzle using an
atomizing injector. The precursor consists of an aqueous
solution of zirconium and yttrium salts (Inframat Corp,
Farmington, CT) and, in the present case, the plasma jet is
generated by a direct current 9 MB plasma torch (Sulzer
Metco, Westbury, NY) attached to a six-axis robotic arm.
Operating power ranges from 35 to 45 kW, with argon as
the primary gas and hydrogen as the secondary gas.
Injection pressurization is accomplished with nitrogen.

2.1 Deposition Mechanisms

The plasma plume into which the liquid precursor is
injected can be divided into three main regions: (i) a cold
temperature region on the periphery, (ii) a moderate
temperature area around this inner core, and finally (iii)
the hot inner core. These regions are shown schematically
in Fig. 2.

The droplet momentum and injection location deter-
mine which area of the plasma plume that a droplet will
entrain and this in turn determines the thermal, or time-
temperature, history of that droplet. This is shown
schematically in Fig. 3. Since the chemical and physical
processes that a droplet undergoes are dependent on the
heating that it experiences, the deposition state of the
coating is a direct function of this thermal history.

Once entrained, a droplet undergoes some or all of the
following processes depending on the amount of heat
transferred to it from the plasma: precursor solvent
evaporation, droplet breakup, precursor solute precipita-
tion, pyrolysis, sintering, melting, and crystallization.
These processes are shown in Fig. 4. Droplets may deposit
onto the substrate after undergoing some or all of theses
processes.

Previous work has aimed to identify deposition mech-
anisms by investigating droplets inside the plasma plume
(via impact sampling), high and normal speed single scans
onto substrates, shielded spraying that isolate regions of
the plume, and stationary torch experiments with a high-
speed moving substrates (Ref 13, 15, 24, 26). Each of these
experiments sought to either isolate some spatial region of
the plume or some temporal section of the process from
which a more complete picture of deposition could be
established. As a result of this experimentation, a rela-
tionship between the droplet trajectory and the resulting
deposit microstructure has been established.

The following five deposition mechanisms have been
identified:

(i) Droplets that entrain in the hot inner core of the
plasma plume experience the most heating and exhibit
mechanisms, A, B, and C, shown in Fig. 4, eventually
depositing as melted material. Given a known injected
droplet size, it has been observed that arriving drop-
lets are smaller than predicted by simple mass balance
leading to the conclusion that some breakup process
occurs after the droplet has been injected. This
breakup is discussed in later sections of this article.
The smaller droplets then undergo further heating to a
fully melted state and crystallize on impact to form
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Fig. 2 Regions of the plasma plume. (I) cold outer region, (IT)
moderate inner core, and (III) the hot inner core

Fig. 3 Possible trajectories of a droplet injected into the plasma
plume. (A) underpenetration, (B) ideal penetration, and
(C) overpenetration

ultra-fine (0.5-2 pm) splats seen in Fig. 5(a). This is
the primary deposition mode for SPPS (Ref 15, 24,
26, 27).

(i) At certain torch stand off distances, droplets will
undergo all mechanisms shown in Fig. 4(a-d), re-
solidifying and crystallizing before impact with the
substrate to form fine crystalline spheres (Fig. 5b).
These spheres adhere in small fractions to the sub-
strate after being captured by gel or softer deposit
phases and are a very small fraction of total deposit
volume (Ref 15, 26).

(iii) Droplets can also be entrained in the cold region of
the plasma plume and undergo processes shown in box
(a) in Fig. 4. Here, droplets experience sufficient
heating to cause solute evaporation leading to the
formation of a gel phase, which deposits on the sub-
strate. Alternatively, some cold region droplets form a
pyrolized shell containing unpyrolized solution. These
droplets then fracture during deposition (Fig. 5c)
(Ref 24, 26, 31, 34).

(iv) Some precursor solution can arrive at the substrate in
liquid form, having undergone none of the processes
shown in Fig. 4. This deposition method can be largely
eliminated by spray parameters.

Journal of Thermal Spray Technology



Breakup,
Precursor Gelation,
Droplet Evaporation  Precipitation

—<

ro lysis

Sinter

Melt

o
OOc

Crystallization

Fig. 5 Several deposition modes of SPPS. (a) Fine splats, (b) crystallized spheres, (c) ruptured shell, and (d) vapor deposited film

(v) Precursor has also been found to reach the substrate
as a vapor deposited thin film (Fig. 5d). This film has
not been found in coatings (it was instead discovered
during a high-speed single pass experiment), but this
may be to due to its small relative feature size (100 nm
compared to <2 pm splats). These deposits are very
small fraction of the total deposit volume (Ref 26).

It is possible to control each of the deposition mecha-
nisms, and hence the coating microstructure. The porosity
level, density, hardness, and vertical cracking can be
altered by spray parameters such as plume temperature,
plume velocity, injection location, injection velocity,
droplet size, standoff distance, and substrate tempera-
tures. These parameters were systematically studied in
model spray experiments (Ref 13, 24, 34). Xie et al. found
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that the plume penetration depth of liquid precursor was
governed by droplet momentum and plasma plume
momentum at the injection location. By holding the plume
at constant conditions, droplet penetration depth could be
varied by changes in solution feed rate and atomizing
pressure. This penetration depth was correlated to the
location of adherent substrate deposits and the deposition
efficiency (Ref 24).

2.2 Liquid Injection

In the SPPS process, it is desirable to control both the
size and melt state of the delivered splats. While the splat
sizes depend primarily on the molarity of precursor
solution and final droplet size, the degree of melting
depends on the droplet trajectory and injection location.
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When making TBCs, it is desirable to have a controlled
fraction of the injected liquid entrained in the cooler
periphery region of the jet in order to deliver semi-pyrolized
material to the substrate. As will be discussed in later
sections, this unpyrolized material is critical to the forma-
tion of vertical cracks. The TBCs discussed in this article
were produced using a transverse air blast cone spray
atomizer. This atomizer delivers a cone pattern distributing
spray over a region of the plasma jet, entraining some in the
hot inner core and some in the colder regions of the plume.
This enables the deposition of unpyrolized material in a
regulated manner. Droplet sizes determined by Phase
Doppler Particle Aanemometry (PDPA) range from 1 to
100 pm with an average size of 40 ym and a standard
deviation of approximately 5 pm (Ref 18).

Part of the flexibility that the SPPS process offers is
based on the potential control of liquid injection. For
example, dense coatings, where no unpyrolized material is
desired, require different injection techniques than TBCs.
The best results to date for dense coatings have been
achieved by custom made capillary atomizers and direct
stream injection using the plasma itself as the atomizing
gas. The custom made atomizer consisted of two capillary
tubes, one carrying atomizing gas and mounted redial to
the jet center line and another carrying solution precursor
mounted circumferential to the jet axis. With its influence
on droplet entrainment, injection technology is an area of
active research.

2.3 Droplet Formation

The behavior of droplets after injection is not yet fully
understood, due in large part to the hostile environment
and small particle sizes that make direct observation very
difficult. By simple mass balance, if no breakup process
occurs, splat sizes on the substrate would have a mean size
of approximately 5-10 um. However, as previously men-
tioned, observed splats are found to be 0.5-2 pym. Addi-
tionally, the size of the droplets required to make the
observed splat sizes 0.5-2 um have been shown in simu-
lation to be too small to entrain in the hot core of the
plasma jet and the population of those droplets are not
sufficient to explain the observed deposition rates. Clearly,
post-injection droplet breakup occurs.

Extensive modeling efforts have provided insight into
how this occurs, including, but not limited to, the possible
breakup mechanisms described below (Ref 18, 30-34).

2.3.1 Aerodynamic. The injection of solution into the
plasma plume and subsequent potential breakup processes
are highly dependent on the relative velocities experienced
by injected droplets. For most applications, aerodynamic
droplet breakup should be avoided as it can cause uncon-
trolled final droplet sizes. The tendency for aerodynamic
breakup is given to a first-order by the Weber number

_ pvi
o

We
where p is the fluid density, v the relative velocity, / the

characteristic length, and o the fluid surface tension.
Modeling has shown that for nominal plasma plume

128—Volume 17(1) March 2008

velocities of the 9 MB gun used here, droplets smaller than
50 pm will not undergo aerodynamic breakup. Thus, the
post-injection breakup cannot be explained by these forces.

However, since aerodynamic breakup is a direct func-
tion of the relative velocity experienced by the droplet,
consideration has been given to the effects of plasma
plume arc root fluctuations. Moreau (Ref 38) has shown
that localized particle velocities can vary by as much as
30% due to these arc fluctuations. However, the magni-
tude of these variations are significantly less than the
magnitude of the velocity difference at the instant of
injection. In other words, despite any velocity variation, if
aerodynamic breakup is to occur, it will do so immediately
after being injected, not because of later arc root fluctu-
ation induced velocity changes.

There is the case, however, that two droplets may be
injected into the plasma and experience two different
plume velocities. If the extreme case is considered, where
one droplet enters at the peak of a velocity cycle and
another at the trough, minimum size for undesirable
aerodynamic breakup will likewise be at two different si-
zes. Since the high-velocity (cycle peak) case will be the
limiting factor in injection capabilities (the need to inject a
smaller droplet to preclude breakup), modeling has shown
that given a 2x velocity increase, the maximum droplet
size would have to be 33 pum.

Thus, another non-aerodynamic breakup process must
operate. This process is believed to be related to the series
of physical states the droplet undergoes due to chemical
and physical changes associated with heating. The fol-
lowing sections give the current state of understanding of
this stage of the SPPS process.

2.3.2 Sphere Rupture. Additional investigation con-
centrated on the selective surface solvent loss and forma-
tion of solid shells that was mentioned earlier in this article.
The formation of these shells has been modeled, observed
in laser heating experiments, and as actual deposited
material (Fig. 5¢). These shells of concentrated precursor
are believed to lead to pressurization and rupture, resulting
in smaller droplets. This method of breakup depends
greatly on the gas permeability of the precursor gel and
solute shell and is believed to be one of the primary breakup
mechanism for droplets smaller than 40-50 um.

2.3.3 Shedding. In other cases utilizing aluminum
precursors, the droplet surface was observed to detach
from the droplet core during laser heating experiments.
The process of shedding is not yet understood and is still
under investigation.

Despite extensive modeling efforts, complete under-
standing of the droplet breakup processes at the high-
heating rates relevant to the SPPS process is not yet
available. However, some additional insight may be ob-
tained from spray pyrolysis literature (Ref 39-43).

3. Results

Certain performance characteristics of SPPS deposited
TBCs are a direct result of unique microstructural features.

Journal of Thermal Spray Technology



Fig. 6 Features of SPPS TBCs, including vertical cracks, dense
regions of ultra-fine splats, small and uniformly dispersed
porosity, and unmelted particles

These features include: ultra-fine splats (which form dense
coating regions), through thickness vertical cracks,
embedded unpyrolized particles, and porosity. These fea-
tures are shown in Fig. 6.

3.1 Bond Strength

As with APS, splats are created when molten feedstock
impacts the substrate. However, the creation of ultra-fine
splats by SPPS imparts increased bond strength and
durability compared to the large-scale splats characteristic
of APS coatings. When deposited onto mild steel sub-
strates and tested by specifications set forth in ASTM 633,
the bond strength of conventional APS deposited coatings
was found to be 19.9 MPa, while the bond strength of
SPPS coatings was 22% higher, at 24.2 MPa (Ref 27).

The improved bond strength is probably a direct result
of the finer splat size, as SPPS deposited splats experience
more uniform cooling due the increased surface area to
volume ratio. Larger APS splats, with an area 2500x that
of SPPS, experience non-uniform cooling and can become
distorted during the process, resulting in poorer bonding
with the underlying splats. The improved bonding in SPPS
TBC:s leads to increased resistance to splat boundary crack
initiation and propagation compared to APS TBCs.

3.2 Vertical Cracks

Vertical cracks in TBCs are known to increase the
coating’s ability to tolerate the thermal strain generated
during thermal cycling (Ref 37). The vertical cracks found in
SPPS coatings form by the pyrolysis and subsequent volume
shrinkage of un-decomposed precursor embedded in the
coating during deposition. The amount of un-decomposed
precursor can be controlled by spray parameters, primarily
droplet injection momentum and the formation of these
cracks can be controlled by heat exposure, either by plasma
torch passes or post-processing treatment (Ref 20). Addi-
tional support for this explanation of the formation of
vertical cracking is found in dense coatings also made by the
SPPS process. In these coatings, unpyrolized material is
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Fig. 7 Cyclic durability comparison of APS, DVC, EB-PVD,
and SPPS TBCs for 1 h cycles at 1121 °C

deliberately eliminated as a deposit, and subsequently no
vertical cracking appears.

It should be noted that the formation mechanism of
these vertical cracks is different than those obtained in
dense vertically cracked (DVC) APS TBCs. Developed by
Taylor (Ref 44), DVC coatings form vertical cracks during
deposition by the thermal stress of repeated coating lay-
ers, followed by subsequent cooling, and occur only in
coatings with of 88% density or higher. The durability and
failure mechanisms of these coatings have been reviewed
elsewhere (Ref 23).

3.3 TBC Cyclic Durability

Vertical cracking, along with improved bonding, and
higher in-plane fracture toughness increase the coating’s
cyclic durability in the thermal cycling environments
experienced by TBCs. The durability of SPPS TBC samples
was tested using a bottom loading, custom designed, auto-
mated furnace (CM Inc., Bloomfield, NJ). Samples were
mechanically lifted into the furnace chamber and brought
to 1121 °C during a 10-min ramp up. After soaking at the
programmed temperature, the samples are lowered and air
quenched by an electric fan. Temperature control was
accomplished using a thermocouple welded to a dummy
disc sample and a stand-alone data acquisition system
recorded temperature throughout the cycle. Figure 7 shows
the spallation lives of a number of production TBCs com-
pared to SPPS TBCs. It can seen that SPPS TBCs have a
2.5x spallation life improvement compared to APS coatings
on the same bond coat and substrate and an equivalent life
advantage compared to production DVC coatings. UConn
has tested at least six production EB-PVD TBCs and Fig. 7
represents the best obtained spallation life. SPPS TBCs
exhibit a 1.5x improvement in life compared to very good
EB-PVD TBCs (Ref 22, 27-29).

These favorable results for SPPS TBCs are seen when
spallation occurs predominantly in the ceramic layer near
the thermally grown oxide (TGO), a common failure
mode for TBCs (Ref 14, 37). In these instances, the ben-
efits of the vertical cracks and higher in-plane toughness
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are manifest. With other bond coats, where spallation is
predominantly in the TGO, at the ceramic/TGO, or TGO/
bond coat interfaces, or mixtures of these spallation
modes, the benefits of the vertical cracks are not realizable
and SPPS TBCs exhibit equivalent lives to APS TBCs.

3.4 Thermal Conductivity

As with APS, the embedded porosity in SPPS TBCs
provides for the critical thermal resistance required in
TBCs. In APS coatings, this porosity is concentrated in
splat boundaries in the planar direction, perpendicular to
the heat flux across the ceramic. In SPPS coatings, the
porosity is smaller (50-200 nm) and more uniformly
dispersed.

The thermal conductivity, as measured by laser flash
technique from 100 to 1000 °C, of SPPS coatings has been
compared to coatings generated by both EB-PVD and
APS. Normal SPPS TBC’s have been found to have a
thermal conductivity of approximately 1.0-1.2 W/mK. This
value is lower than EB-PVD coatings, but higher than
conventional APS coatings (see Fig. 8). The cause for this
high conductivity (relative to APS coatings) is believed to
be due to the increased internal contact area that results
from the significantly finer microstructure and higher
splat-to-splat contact area (Ref 10).

Two methods have been developed to lower the ther-
mal conductivity of SPPS TBCs.

3.4.1 Layered SPPS. The microstructure of SPPS
coatings can be engineered to provide layers of high
porosity between layers of normal porosity (Fig. 9). This
layering of porosity is achieved by optimal selection of
raster scan step height during deposition. These high-
porosity layers act in the same manner as the planar
porosity found in APS coatings, but without the associ-
ated reduction in durability and have been shown to
reduce the thermal conductivity to 0.75 W/mK. The
results of detailed object orientated numerical modeling
of the microstructure shown in Fig. 9 have matched
experimental thermal conductivity results. This strongly
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supports the assertion that the reduction in thermal
conductivity is a direct result of these engineered
microstructures (Ref 19).

3.4.2 Multicomponent Coatings. Due to the rapid
compositional exploration that is possible with solution
mixing, novel precursor solutions that reduce coating
conductivity (Fig. 8a) have been developed with relatively
modest effort. These coatings were created by co-doping
the precursor solution with rare earth oxides such as
neodymium oxide and gadolinium oxide. These multi-
component coatings structures retain the nominal SPPS
microstructure while reducing coating thermal conductiv-
ity to 0.55 W/mK, one of the lowest reported values for
TBCs (Ref 29, 36).

3.5 Thermal Stability

The thermal cyclic stability of SPPS coatings was
examined and found to show no significant microstructural
or phase changes during 1,090 1-h cycles at 1121 °C. Two
critical SPPS features, vertical cracks and ultra-fine splats,
remained stable throughout the test (Ref 21).

More extensive non-cyclic, thermal stability work was
conducted by Chen et al. (Ref 35). In that study, the
thermal stability of both SPPS and APS coatings were
compared in a temperature range of 1200-1500 °C.
Despite having very different as-coated microstructures,
APS and SPPS TBCs exhibited similar grain growths,
density increases and hardness increases between 1200
and 1400 °C. Above 1400 °C, APS TBCs exhibited a fas-
ter rate of grain growth and transformation to the mono-
clinic phase. These effects initiated in SPPS TBCs at
1500 °C. Vertical cracks were retained or reformed, even
after exposure to 1500 °C. Figure 10 shows grain coars-
ening as a function of temperature for SPPS TBCs.

3.6 Mechanical Properties

The mechanical properties of SPPS coatings have been
tested and compared directly with APS coatings on

SPPS

Layered-SPPS

Thermal Conductivity (Wm-'K-")

0 200 400 600 800 1000
Temperature (°C)

(b)

Fig. 8 (a) Thermal conductivity of advanced composition SPPS TBCs, (b) comparison of the thermal conductivity of SPPS, APS, and
layered-SPPS coatings. Dense data represent the thermal conductivity of fully dense 7 wt.% YSZ
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Fig. 9 Mictrostructure of layered SPPS coatings (a) low magnification, (b) higher magnification, (c) highest magnification-dashed lines

approximately represent interpass boundaries

identical 304 stainless substrates (Ref 28). These values
are shown in Table 1. Some features are notable. The
difference between out of plane and in plane compressive
strength of APS coatings vary by approximately 17% and
elastic modulus by 5%. However, in SPPS coatings, the
out of plane and in plane compressive strength and elastic
modulus differ by 52% and 55%, respectively. Despite the
isotropic nature of the porosity of SPPS coatings, it is
apparent by this comparison that the SPPS vertical
cracking has significant non-isotropic effects on certain
mechanical properties.

3.7 Cost

SPPS technology is easily adapted to existing thermal
spray systems. Additionally, the mixing and feeding of
precursor solution is comparatively less intensive than the
powder systems used in APS. The cost of SPPS coatings
estimated by current practices and deposition efficiencies
is significantly less costly than EB-PVD coatings and
slightly higher in cost than APS coatings (Ref 29). This
modest increase of cost for SPPS coatings compared to
APS is the result of lower deposition rate. This is due to

Journal of Thermal Spray Technology

two primary causes: first, the need to evaporate solvent
with some of the plasma jet enthalpy, and second, the
need to embed some unpyrolized material into the coating
(in the case of TBCs).

Since the main cost associated with lower deposition
rates are operator costs, the overall cost differential
between APS and SPPS deposition methods could be
minimized by the use of larger, higher powered plasma
guns such as Mettech Axial III, Metco Triplex, or Praxair
Plazjet, where the Mettech gun has the added potential
advantage of axial injection leading to better entrainment
and more effective heating of the solution droplets.

3.8 Thick TBCs

It is also important to note that the microstructural
features discussed in this section, which impart beneficial
TBC qualities, are retained in very thick coatings. It is
well known that the spallation life of APS coatings is
markedly reduced with thickness due to the increase in
stored strain energy (Ref 14, 37). However, with SPPS
coatings, the spallation lives are significantly less thick-
ness-sensitive and demonstrate superior lives as seen in
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Fig. 10 Surface morphologies evolution as a function of heat treatment temperature (a) 1200 °C for 100 h, (b) 1300 °C for 100 h,

(c) 1400 °C for 100 h, and (d) 1500 °C for 100 h

Table 1 Comparison of mechanical properties for TBCs

generated by SPPS and APS (Ref 28)

SPPS APS
Indentation toughness
In plane 1.7 MPa m®? 0.5 MPa m®®
Out of plane 1.2 MPa m®® Cracks not

Compressive strength
In plane

Out of plane

Heat treated in plane

Elastic modulus

In plane

Out of plane

Heat treated In plane

Secant modulus
Cycle 1
Cycle 2
Cycle 3

Hardness

540 (722-301) GPa
258 (306-190) GPa
629 (697-504) GPa

49 (77-44) GPa
22 (30-9) GPa
100 (122-71) GPa

3.1 GPa
7.7 GPa
13.6 GPa

5.4 GPa

well defined

578 (648-423)
476 (591-335)
Not tested

40 (47-35) GPa
38 (41-32) GPa
Not tested

10.3 GPa
13.4 GPa
17.3 GPa

3.9 GPa

Fig. 8 (Ref 17, 28). Coatings up to 4 mm have been
created on CMSX-4 substrates with APS-deposited
NiCrAlY bond coats (Fig. 11). These coatings have
demonstrated characteristic vertical cracking and low-
thermal conductivity found in normal thickness
(~250 um) coatings while not suffering the same reduc-
tion in durability found in thick APS coatings (Fig. 12).
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These thicker coatings can be applied to combustors,
stator vanes, and turbine abradable outer airseals and
their potential is discussed in greater detail in Ref 17, 28.

4. Summary

The development of TBCs produced by the SPPS
process has been reviewed.

e The SPPS method involves the injection of a precur-
sor solution into a plasma plume, where the solution
feedstock undergoes chemical and physical changes
before being deposited on a substrate.

e The substitution of liquid feed over the powder feed
results in:
(i) Rapid and complete mixing of precursor material
(ii) Precursor composition flexibility
(iii) Rapid screening of compositions
(iv) The creation of nano-structured coatings
(v) The creation of unique compositions, phases, and

microstructures
e Current challenges of the SPPS method include:

(i) Precursor solution chemistry
(ii) Control over droplet entrainment
(iii) Control of deposit homogeneity

Journal of Thermal Spray Technology



4 mm

Fig. 11 Micrograph of thick SPPS sample (4 mm). (a) Low magnification, (b) higher magnification showing vertical cracking and
retained microstructure
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Fig. 12 Comparison of cyclic durability between SPS and APS
coatings as a function of thickness

e The SPPS process lends itself particularly well to the
creation of TBCs. By controlling injection parameters,
it is possible to create a microstructure characterized
by:

(i) Strain relieving through thickness vertical cracks

(ii) Fine, dispersed porosity

(iii) Ultra-fine splats with enhanced splat-to-splat
bonding

e The deposition state of SPPS coatings is a function of
the thermal history of solution droplets. This history is

Journal of Thermal Spray Technology

in turn a function of droplet entrainment in the
plasma plume and can be extensively varied through
injection parameters such as gas pressures and feed
rates.

e Compared to production TBCs, coatings produced by
the SPPS process demonstrate:

(i) Equal or greater durability
(i1) Lower thermal conductivity
(iii) Higher in-plane toughness and bond strength

(iv) Lower costs than EB-PVD and comparable costs
to APS

e The flexibility of the SPPS process can be used to
create durable TBCs, thick TBCs (4 mm), and TBCs
with unique compositions.

Future work with the SPPS process to create TBCs
includes additional exploration and fabrication of ultra
low-thermal conductivity coatings, combining composi-
tional engineering (rare earth compositions) with micro-
structural engineering (porosity layering). The fabrication
of thick coatings by SPPS, already demonstrated, is being
explored to create practical components such as abrad-
able outer air seals. Also, by manipulation of process
parameters, it is possible to fabricate hard, dense, and
crack free coatings by the SPPS process (Fig. 13) with
numerous applications. Additional descriptions of these
coatings can be found in Ref 16 and in publications still
under review.

And finally, there is much to be learned in the area of
fundamental understanding of many aspects to the SPPS
process, including a better understanding of droplet
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Fig. 13 Micrograph of 95% dense alumin-YSZ coating deposited by SPPS. (a) Low magnification and (b) higher magnification

breakup and the chemical and physical changes that result
from heating.
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