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Columnar-structured thermal barrier coatings (TBCs) manufactured by electron
beam-physical vapor deposition (EB-PVD) are well known to exhibit high strain
tolerance. However, as EB-PVD is a high-vacuum process, it is expensive.
Suspension plasma spraying (SPS) and plasma spray-physical vapor deposition
(PS-PVD) are alternatives for the manufacture of similar microstructures. Herein,
the state of the art of manufacturing columnar-structured TBCs by SPS and
PS-PVD is outlined. Both processes have been investigated and further developed
at Forschungszentrum Jülich for many years. The mechanisms leading to the
formation of columnar-structured coatings are described and differentiated from
EB-PVD. Examples are given for SPS and PS-PVD columnar microstructures and
their life performance.

1. Introduction

Thermal barrier coating (TBC) systems have been applied for sev-
eral decades to improve the performance of modern gas turbine
aeroengines, shipboard engines, and land-based industrial gas
turbine engines. On the one hand, TBCs can reduce the temper-
ature of the metallic substrate, which results in improved com-
ponent durability. On the other hand, an increase in efficiency
can be achieved by permitting higher turbine inlet temperatures
even beyond the prevailing critical values implied by the limited
capabilities of single-crystal nickel-based superalloys even in
combination with sophisticated cooling concepts.[1]

TBC systems are complex, multilayered, and multimaterial
systems.[2] They consist of at least two layers, a metallic bond coat
layer and an insulating ceramic topcoat.[3] The bond coat provides
oxidation resistance for the base material and adherence of
the coating. The topcoat is for heat insulation as it shows low

thermal conductivity resulting from mate-
rial characteristics as well as from the
microstructure.[4]

Two methods of deposition techniques
have become well established for ceramic
TBC topcoats, electron beam-physical vapor
deposition (EB-PVD)[5] on the one hand and
atmospheric plasma spraying (APS)[6] on the
other hand, which is based on the deposi-
tion of numerous liquid splats. Coatings
manufactured by EB-PVD are mainly used
for highly thermomechanically loaded
blades of aeroengines.[7] Due to their
specific columnar microstructures, they
show high in-plane strain tolerance.
However, in the vertical direction, the ther-
mal conductivity is relatively high.

The APS process meanwhile displays operational robustness
and economic viability; hence more TBCs are now being devel-
oped with this method.[7] In contrast to EB-PVD coatings, the
pores and voids are mainly in-plane oriented. This is favorable
for the achievement of low thermal conductivities in the vertical
direction. However, APS coatings often show spallation due to
the strain energy that is stored during thermal cycling
processes.[8]

One approach to reduce stress accumulation in APS coatings
is to achieve low-stiffness microstructures by intersplat micro-
cracks and intrasplat pores.[9] Another possibility is the introduc-
tion of so-called vertical segmentation cracks with a length of at
least half of the coating thickness.[10] With optimized plasma-
spraying conditions and powder feedstock, segmented yttria-
stabilized zirconia (YSZ) TBCs with a thickness of 500 μm
and segmentation crack densities above 8mm�1 were success-
fully produced. As the porosity of such coatings was smaller com-
pared to standard porous ones, a higher thermal conductivity had
to be accepted. Nevertheless, these coatings showed good perfor-
mance in thermal cycling tests due to their increased strain
tolerance.[11]

The logical continuation of this approach is the generation
of EB-PVD-like columnar structures also in plasma-sprayed
ceramic topcoatings. This was one major motivation to develop
the suspension plasma spraying (SPS) process[12] and plasma
spray-physical vapor deposition (PS-PVD).[13] Table 1 summa-
rizes the mentioned preparation methods for TBCs, the
corresponding feedstock varieties, and the basic types of micro-
structures that can be obtained.

For many years, SPS and PS-PVD have been intensively devel-
oped at Forschungszentrum Jülich. One major focus is the appli-
cation of these processes to manufacture TBCs. In addition, there
have been strong concerted activities for the development of new
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TBC materials as well as in performance testing of TBC systems
under realistic conditions.[14]

In this work, the state of the art of manufacturing columnar-
structured ceramic TBC topcoats is outlined. The mechanisms
leading to the formation of columnar-structured coatings by
SPS and PS-PVD are described and differentiated from
EB-PVD. Examples of microstructures and life performance
are given for SPS and PS-PVD columnar coatings. In fact, this
article is intended to be a review, however, not in a more general
sense because it focuses on Forschungszentrum Jülich’s work on
producing columnar-structured TBCs. The context with extant
research activities and another technology is established by refer-
ring to the corresponding publications.

2. Formation Mechanisms of Columnar-
Structured Coatings

In EB-PVD, the formation mechanisms of columnar micro-
structures are fundamentally different from those in SPS and
PS-PVD. They are described in the following sections for the sake
of completeness, although Forschungszentrum Jülich does not
have any own EB-PVD activities in the TBC area.

2.1. Electron Beam-Physical Vapor Deposition

EB-PVD is a method of physical vapor deposition in which feed-
stock material in a crucible is converted from solid to vapor by a
high-energy electron beam in a vacuum chamber. The electrons
are generated in a high-voltage gun by a charged tungsten fila-
ment and accelerated toward the crucible, which is connected to a
power source and acts as an anode. The evaporated feedstock
atoms or molecules condense on the surfaces in the vacuum
chamber that are within line of sight, forming a thin layer.
The thickness and homogeneity of the coating can be controlled
by adjusting the power, diameter, and position of the electron
beam. In addition, the substrate can be heated. During deposi-
tion, the sample fixture keeps rotating to get a stable substrate
temperature and uniform coating thickness.[15]

EB-PVD coatings have a relatively homogeneous columnar
structure composed of compact single columns. Figure 1 shows
a typical example. Three characteristic microstructural features
can be distinguished:[17] 1) columns and intercolumnar gaps
originating from macroscopic shadowing and rotation of the
substrate. 2) Globular and elongated rounded pores are a conse-
quence of rotation.[18] They are assumed to be mostly closed.

3) The third type, referred to as “feather arms,” is a consequence
of shadowing by growth steps on the column tips near the center
of a column.[19]

The intercolumnar gaps contribute mainly to the strain toler-
ance of the TBCs, whereas lower thermal conductivities of
EB-PVD TBCs rely mainly on types 2 and 3 intracolumnar porosity;
type 1 intercolumnar gaps are less effective in this regard.[20]

The typical facetted tops of the columns indicate that prefer-
ential growth directions exist as the atoms/molecules can diffuse
after absorption on the surface to preference low-energy sites.
Several studies have been conducted to find relationships
between crystallographic textures and processing conditions.
The most important parameters are the substrate temperature,
the vapor incidence angle, the chamber pressure, and the depo-
sition rate.[21] For YSZ, a fiber texture of (111) was observed at
substrate temperatures lower than 900 �C. In contrast, a pre-
ferred orientation of (200) was dominant above 900 �C.
Columnar grains were observed to exhibit predominantly
<100> orientation. The vapor incidence angle and the substrate
rotation can also affect the texture. Hence, other planes such as
(110), (311), and (211) were found as well.[22]

The main advantage of columnar microstructures manufac-
tured by EB-PVD is the tolerance against tensile stresses, erosion,
and thermal shock resulting from the segmentation of the
coatings by the intercolumnar gaps and the compactness of
the column’s microstructure, respectively.

Table 1. Summary of the mentioned preparation methods for TBCs.

Process Feedstock Microstructure

EB-PVD Solid ingot Compact columns with intercolumnar gaps

Thermal spraying
APS

Conventional Powder, typical particle diameter 10–150 μm Lamellar, in-plane oriented voids and pores; with adapted
powder and spray parameters: dense vertically cracked

SPS Suspension, typical particle diameter <1 μm Porous vertically cracked; with adapted powder and spray
parameters: porous columns with intercolumnar gaps

PS-PVD Powder, typical particle diameter 5–20 μm With adapted powder and spray parameters: porous columns
with intercolumnar gaps

Figure 1. Example of a columnar-structured TBC deposited by EB-PVD.
Reproduced with permission.[16] Copyright 1996, AIP Publishing.
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2.2. Suspension Plasma Spraying

SPS is an emerging plasma-spray technology, in which the pow-
der feedstock is dispersed in a liquid suspension that is injected
into the plasma jet. Finely grained feedstock powders smaller
than �10 μm cannot be processed in dry state because they
are not sufficiently flowable.[23] Hence, the powder flux is
unsteady or even interrupted by clogging. In contrast, the use
of suspensions yields a higher flexibility as feedstock particles
even in the sub-micrometer range can be processed. After injec-
tion, the suspension droplets break up in the plasma jet, and the
particles form small agglomerates which are melted and acceler-
ated. Impinging on the substrate, small splats are formed with a
diameter of a few hundred nanometers to a few micrometers.
Thus, they are significantly smaller compared with conventional
APS.[24]

The plasma jet impacts the substrate and forms an adherent
boundary layer. If the spray direction is more or less perpendic-
ular to the substrate surface, the flow stagnates near the point of
impact and is deflected in the direction parallel to the substrate
surface. This is also dependent on the overall substrate shape
(e.g., flat or cylindrical).[25] Anyhow, the plasma gas encounters
substantial changes of flow velocities and directions close to the
substrate.[26]

If the characteristic time for momentum transfer from fluid to
particles, τp, is significantly larger than the characteristic time of
the direction change of the flow, τg, particles are prone to detach
from the flow due to their inertia. In the reverse case, particle
trajectories and fluid streamlines are virtually coincident and par-
ticles follow the fluid narrowly. τp depends on the particle density
and diameter as well as on the viscosity of the gas, whereas τg is a
function of the streamline’s local curvature and velocity. The
ratio of these characteristic times constitutes the dimensionless
Stokes number St¼ τp/τg. The two principal cases of St< 1 and
St> 1 are schematically shown in Figure 2.

Stokes numbers were calculated for typical SPS conditions.[27]

The results show that for smaller particles (d≤ 1 μm) close to
the substrate, Stokes numbers are subcritical (St< 1), as shown
in Figure 3a. This means that the particle trajectories are almost
coincident with the streamlines of the fluid, as also found in the
simulations of Jadidi et al.[28] If the spray distance is increased
from 60 to 100mm, a further decrease in the Stokes numbers
is observed (Figure 3b) because the particle relaxation times,
τp, remain virtually unchanged, whereas the characteristic times
for the directional change of the flow, τg, rise. The governing
parameters are mentioned earlier. The same trend was observed
by Jadidi et al.[29] for suspension high-velocity flame spraying
(S-HVOF); however, it was more pronounced. To sum up,
it is likely that small particles under SPS conditions can either
create defects as they tend to impact on the sides of surface pro-
trusions or are carried away by the gas and thus do not contribute
to the coating deposition. In the following sections, it is described
how such kind of defects can be the nuclei to initiate stacking
errors and columnar growth.

Van Every et al.[30] characterized the effect of different rela-
tions of drag and inertial forces as a function of the particle size.
However, it would have been more precise to refer to the Stokes
numbers.

Depositing smallest particles, plasma drag forces dominate
the particle inertia and redirect the velocity from normal to
parallel to the surface; particles impact on the sides of asperities.
These are either roughness peaks or irregularly distributed single
splats on the substrate surface, referred to as “roots.”[31] At
further deposition, the coating grows competitively as smaller
protrusions are shaded by larger ones. This results in the

Figure 2. Schematic illustration of the development of particle trajectories
in an axisymmetric plasma jet normal to a flat substrate, principal cases of
St< 1 and St> 1.

Figure 3. Stokes numbers St along the trajectories of three different particle sizes plotted against the normal z coordinate through the boundary layer
(substrate surface at z¼ 0); a) 60mm spray distance (Reproduced with permission.[27] Copyright 2019, Springer Nature) and b) 100mm spray distance.
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formation of typical conically shaped columns. For larger par-
ticles, the velocity is predominantly directed normally, but paral-
lel components still affect the deposition; convergent porosity
bands between surface asperities can be created. Beyond a spe-
cific particle diameter, plasma drag forces virtually do not affect
particle trajectories and the microstructural evolution. Hence, a
uniform coating is obtained leveling the surface profile. This par-
ticular particle size depends on the substrate roughness and on
particular plasma parameters such as temperature, pressure, and
velocity.

Bernard et al.[32] illustrated the formation of typical tapered
columns by the concurrence of small and large particles by
the scheme shown in Figure 4. The schematic also reveals that
the scale of the substrate surface asperities must be large with
respect to the diameter of the impacting particles; otherwise,
these roots are quickly evened. In SPS, the particle size is mainly
determined by the particle size and solid load in the suspension
as well as by the injection conditions.

Seshadri et al.[33] designed a process map on the basis of spray
experiments. Different microstructure evolution zones were
identified at different torch operating conditions considering also
the effects of suspension fragmentation in the plume and differ-
ent melting regimes. In addition, the substrate roughness was
found to have a strong impact on the column morphology.

Likewise, Racek[34] described the formation of large columnar
stacking defects if the substrate surface roughness is significantly
higher than the average diameter of the impacting particles.
Increasing the surface roughness intensifies the accumulation
of deposited particles on asperity sides and thus column forma-
tion. On smooth surfaces, however, the column sizes and their
dimensions become more dispersed.[35] This can affect the strain
tolerance negatively as the intercolumnar gaps that can open and
provide stress relaxation are less distinct.[32]

To conclude, a small ratio of splat size to asperity size favors
column formation. Such an effect can be used to tailor micro-
structures of SPS coatings from dense vertically cracked to
columnar structures.[36] This is illustrated by the examples
shown in Figure 5. The coatings shown were sprayed with the
Axial III torch (Northwest Mettech Corp.), a torch allowing
the axial injection of the feedstock materials. This type of
injection has certain advantages for SPS coatings as it leads
to a rather complete penetration of the droplets into the plasma
plume.

2.3. Plasma Spray-Physical Vapor Deposition

To prevent oxidation, for a long time already, bond coats are
deposited by plasma spraying under a protective argon atmo-
sphere and low pressure (<10 kPa; low pressure plasma spray-
ing, LPPS). Several years ago, the pressure was decreased
(<500 Pa) to obtain particular thin and dense coatings. This
process is termed “very low plasma spraying (VLPPS).”[37] It
was developed further, increasing electrical currents up to
3 kA so that an input power level of 150 kW and more was
achieved. If appropriate parameters and powders are applied,
it is even possible to evaporate feedstock material. This partic-
ular process is termed “plasma spray physical vapor deposition
(PS-PVD).”[13] Computational fluid dynamic simulations for a
typical PS-PVD process to deposit columnar YSZ revealed that
64% of the plasma net power was absorbed by the feedstock
particles and 57% of the feedstock mass flow was transferred
to vapor.[38]

Evaporated feedstock atoms and molecules are suspended by
the plasma gas and follow the streamlines. In the boundary layer
of the substrate, supersaturation is likely so that stable clusters
can be formed. However, they are very small as they grow from
small nuclei only during the short time interval, and they travel
through the boundary layer. Thus, it can be expected that such
clusters also follow the gas streamlines closely even under
PS-PVD conditions, which are characterized by very low plasma
densities and thus pronounced noncontinuum effects.[27]

As molecules and clusters are diverted parallel to the substrate
surface, columns are generated by shadowing due to the inter-
action between surface roughness and angular directions of
arriving particles. This shadowing intensifies as the coating
grows. Thus, the microstructure shows typical tapered columns
with a featherlike inner structure and domed tops, separated by
voids, as shown in Figure 6. This formation mechanism is prin-
cipally similar to SPS albeit molecules and clusters are deposited
in PS-PVD, whereas in SPS the coating is built up from impact-
ing small liquid droplets.

The similarity of the formation mechanisms is confirmed by
Monte Carlo simulations conducted by Wang et al.[40] It is dem-
onstrated that the shape, inclination, and porosity of the columns
are significantly determined by the distribution of the particle
impact angles. Figure 7 shows some typical results. The broader
the distribution of the vapor incident angles, themore pronounced

Figure 4. Schematic representation of the formation of typical tapered columns by the concurrence of small and large particles in SPS. Reproduced with
permission.[32] Copyright 2017, Springer Nature.
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is the shape of the columns. These findings were obtained with
regard to the PS-PVD process, but are principally valid for other
spray processes like SPS, where the feedstock particles are suffi-
ciently small, so they are diverted by the plasma gas stream in a
parallel direction to the substrate surface when they approach it.
Thus, the distribution of incident angles is broadened.

Figure 8 shows the electron backscatter diffraction (EBSD)
results of a YSZ columnar-structured TBC deposited by
PS-PVD.[42] The image quality map (Figure 8a) shows that viable
diffraction patterns were obtained which could be well resolved.

Although X-ray diffraction (XRD) analyses exhibited tetragonal
lattice symmetry, the orientations determined by EBSD given
in the orientation map (Figure 8b) were indexed with reference
to the cubic system because the patterns appeared symmetric
within the resolution of the imaging system. Initially, the coating
consists of small and randomly orientated equiaxed crystalline
grains. Similarly, this was also found in EB-PVD coatings where
the first lamina (about 0.1 μm thick) exhibits equiaxed grains of
�30 nm diameter.[43] Subsequently, with increasing coating
thickness, the grains grow as large columns with specific crystal

Figure 5. Cross-sectional scanning electron microscope (SEM) images of as-sprayed YSZ topcoats deposited by SPS on bond-coated substrates with
different surface treatments: a) mirror polishing, b) grinding, c) grit blasting, and d) as-sprayed. Reproduced with permission.[39] Copyright 2017, MDPI.

Figure 6. SEM images of columnar YSZ microstructures deposited by PS-PVD. a) Fracture surface of the coating and b) cross section of single columns.
Reproduced with permission.[41] Copyright 2013, Springer Nature.
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orientations. This is a clear indication that molecules and small
clusters were deposited mainly from the vapor phase. As differ-
ent columns have individual orientations, the overall coating
appears to be randomly orientated. This was principally con-
firmed also by transmission electron microscope (TEM) analyses
and is obviously the reason why no crystallographic textures
could be found by XRD.[44] Thus, PS-PVD columnar structures
are just apparently polycrystalline while this is actually true for
SPS coatings that are formed from many fast-solidifying liquid
splats.

3. Life Performance of Columnar-Structured TBCs

As mentioned earlier, Forschungszentrum Jülich is not active in
EB-PVD of TBCs. Thus, life performance results are given
here only for columnar-structured TBCs deposited by SPS and
PS-PVD and examined in Jülich. As experimental lifetimes
are highly dependent on the way of testing, no external lifetime
data of EB-PVD coatings was considered for comparison.

3.1. Suspension Plasma-Sprayed Coatings

Columnar microstructures made by SPS have been tested in gra-
dient rig tests in Jülich as a close to service test bed. Cycling was
stopped when an obvious delamination (with an area larger than
25mm2) occurred on the disk-shaped IN738 superalloy samples
(30mm in diameter). More details on the setup of the burner rig
facility were given by Traeger et al.[45] In these tests, the micro-
structure of the coatings and by that the mechanical properties
such as Young’s modulus and fracture toughness have been var-
ied in a rather wide range. At first, the stability of the microstruc-
ture during thermal treatment has been investigated.[46] As
expected, sintering takes place and leads to an increase in
Young’s modulus and fracture toughness within the columns.
Important for the application is that the column gaps are not
closed but even further opened due to the sintering. So it is
expected that the strain tolerance of the coating should remain.

Looking at the SPS coatings with different microstructures
and hence mechanical properties, the lifetime of these coatings
could be described by a subcritical crack growth law. Lifetime
divided by the defect size in the as-sprayed condition was plotted
against the toughness of the material divided by the actual stress
intensity, Figure 9. The figure shows a linear dependence which
indicates a power law with an exponent of 3.5.

The optimization of the coating microstructure, i.e., low
Young’s modulus combined with high toughness, could improve

Figure 7. Monte Carlo simulation of the formation of typical columnar
microstructures for different distributions (the colors represent individual
columns); the standard deviation of the vapor incident angle is a) 10�,
b) 30�, and c) 60�. Reproduced with permission.[40] Copyright 2018, Elsevier.

Figure 8. EBSD analysis of an YSZ columnar-structured TBC deposited
by PS-PVD. a) Image quality map and b) orientation map. Reproduced
with permission.[42] Copyright 2018, Elsevier.

Figure 9. Lifetime divided by the initial defect size as a function of critical
to apparent stress intensity factor (Reproduced with permission.[39,48]

Copyright 2017, MPDI; Copyright 2019, Forschungszentrum Jülich).
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the performance of the SPS system; however, a comparison with
standard APS coatings still revealed a reduced lifetime. New
strategies have been developed to further improve the perfor-
mance. One very effective way is the use of thin intermediate
APS layer underneath the SPS topcoat.[47] With this approach,
TBC systems with a higher lifetime than APS systems could
be obtained. Improved lifetimes compared with APS systems
could also be demonstrated for YSZ/Gd2Zr2O7 double layer sys-
tems. In Figure 10, an SEMmicrograph of a double layer coating
after burner rig test is shown, indicating that failure occurs very
late after rather complete β-phase depletion of the bond coat. In
addition to their excellent burner rig performance, optimized
multilayered systems also show an improved resistance against
calcium, magnesium, aluminum, and silicon oxide (CMAS)
attack, which is a severe issue, especially for aeroengines (e.g.,
in the form of volcanic ash).[49]

3.2. Plasma Spray-Physical Vapor Deposited Coatings

The failure analysis of a TBC system with an YSZ topcoat depos-
ited by PS-PVD after cyclic thermal gradient test is shown in
Figure 11. Details of the experimental setup and procedure
can be found in the study by Traeger et al.[45] The test conditions
are specified in the caption.

During thermal cycling, a thermally grown oxide (TGO) layer
consisting of compact alumina is generally formed at the inter-
face of bond coat and ceramic topcoat. On PS-PVD samples, the
latter was locally bulged and highly deformed. However, fail-
ures within the ceramic TBC were not observed indicating a
high strain tolerance. For conventional TBCs deposited by
APS, such failure mode is unusual. The bulges result from
the nonuniform fast growth of transient oxides (Cr2O3, spinel
(Co,Ni)Cr2O4) later.[50] This is initiated by the pronounced
depletion of the aluminum-rich β-phase in the bond coat so that
the aluminum diffusion toward the TGO is tied off. Obviously,
the durability of the columnar-structured topcoat exceeded the
service capability of the bond coat. Compared with standard
APS coatings, the lifetime was improved by factor of larger
than two.[50]

Because of their open porosity, it is an obvious question
whether columnar TBC microstructures are more susceptible
to erosive and high-temperature corrosive attack than conven-
tional APS coatings. In aeroengines and land-based gas turbines,
dust, sand, volcanic ash, and runway debris are ingested with the
intake air. In addition to mechanical degradation by erosion,
such contaminants can cause a special form of corrosion attack.
Their main constituents are glass-forming oxides of calcium,
magnesium, aluminum, and silicon (CMAS). At temperatures
above 1200 �C, these contaminants melt, adhere to the surface,
and can penetrate the TBC. Due to the chemical interaction and
the volume expansion at crystallization, TBCs may be severely
degraded and lose their protective function.[52]

The erosion resistance of columnar PS-PVD coatings was
found to be lower compared with that of conventional APS coat-
ings. However, this could be significantly increased even beyond
that by adjusting the plasma parameter, thus creating a denser

Figure 10. SEM micrograph of a GZO/YSZ double layer after test in
burner rig with rather complete β-phase depletion of the bond coat.
Reproduced with permission.[49] Copyright 2019, Wiley.

Figure 11. Particular failure mode of a YSZ columnar-structured TBC deposited by PS-PVD, thermal cycling conditions Tsurface¼ 1382 �C,
Tbondcoat� 1113 �C, 1185 cycles (�99 h at high temperature). a) Failure due to transient oxide formation (marked by the arrow) and b) β-phase distri-
bution (contrasted by image editing, the dotted lines demarcate the zones of β-phase depletion). Reproduced with permission.[51] Copyright 2017, IOP
Publishing.
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microstructure. With regard to the stability against CMAS under
thermal cycling with temperature gradients, it was found that
the lifetimes of TBCs deposited by PS-PVD were comparable
to those deposited by EB-PVD or APS.[52]

4. Conclusions

In this work, the basic mechanisms leading to the formation of
columnar-structured TBCs in SPS and PS-PVD are outlined.
Columns are generated by shadowing due to the interaction
between surface asperities and angular directions of arriving
particles. The surface asperities are either roughness peaks or
irregularly distributed single splats on the substrate surface.
In principle, columns are stacking defects that are formed if
the scale of the substrate surface asperities is sufficiently large
with respect to the average diameter of the impacting particles.

In addition, the specific plasma parameters and the substrate
geometry have a considerable impact on the tendency to generate
columns as they determine the formation of the streamlines
around the part to be coated. The particle acceleration due to
directional changes of the plasma flow on the one hand and
the particle inertia on the other hand govern the particle impact
angle on the substrate.

Life performance tests showed that columnar-structured TBCs
have the potential to be superior to conventional APS coatings
and even to exceed the service capability of the bond coat. To
achieve this, specific measures with respect to the substrate
preparation and layer architecture are required.

This research is part of manifold efforts to improve TBCs to
come to terms with the growing demands of modern energy tech-
nology.[4a,53] Important future research directions, particularly at
Forschungszentrum Jülich, will be the improvement of the depo-
sition rates using suspensions with high solid loads and
increased powder feed rates in SPS and PS-PVD, respectively.
Initial activities on processing topcoat materials other than
YSZ, e.g., Gd2Zr2O7, will be continued. Moreover, there is a
strong need to adapt and develop process diagnostics to support
the improvement of the reliability and robustness of SPS and
PS-PVD. Even though optical emission spectroscopy was already
successfully applied to characterize the plasma and evaporated
feedstock material in these processes, tiny droplets and particles
need to be detected under in-flight conditions. The development
of corresponding equipment is only at the beginning.
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