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ABSTRACT

Thermal barrier coatings (TBC) is one of the most intensively studied of coatings' applications area. From 1970's
TBC are developed in two independent ways: (i) development in new materials, with lower thermal conductivity,
better erosion resistance and better thermal shock resistance or (ii) development in new deposition techniques.
On this field besides conventional atmospheric plasma spraying (APS) and almost conventional (because of very
common use) EB-PVD method, in the past 20 years two new techniques have been developed, namely
suspension plasma spraying (SPS) and solution precursor plasma spraying (SPPS). In this paper only SPS
method was described, as well as, new materials, which could be used in industrial applications of TBC.
Moreover, the key issues, like suspension preparation, type of suspension injection, interaction between liquid
droplets and plasma jet and deposition mechanism were described.

Keywords: suspension plasma spraying, thermal barrier coatings, microstructure, deposition mechanism,
thermal conductivity

INTRODUCTION

Thermal barrier coatings (TBC) are used from almost 50 years to protect blades,
especially in hot section, of gas turbines. This engines produce the energy from fuel and
convert it into mechanical energy. The gas turbines are used mostly in aviation transport, but
it could be found also in energy industry [1-3]. The main role of TBC is to protect metal
substrate against high temperature and environmental conditions. Especially temperature of
entering gases is important, because it depends on it the efficiency of gas turbine [4, 5]. This
dependence is clearly presented in Fig. 1. But the operating temperature now is in the board of
melting point of materials, from which blades are done, there are mainly nickel-based
superalloys, and it is more than 1500°C [6]. Moreover, there is a big problem with thermal
shocks, when turbine starts and stops the temperature could jump from 0°C up to 1500°C in a
very short time. This generates a big thermal stresses in the blades. It is a reason to very good
protection of metallic elements by ceramic coatings.
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Fig. 1. The influence of turbine inlet temperature on the turbine core power and efficiency [5]

Thermal barrier coating is a complex system composed from three different layers: (i)
ceramic top coat (TBC or TC), (ii) thermally grown oxides (TGO) and bond coat (BC) [7].
The scheme of TBC system with typical materials for each layer and its function is presented
in Fig. 2. It needs to be highlighted that external ceramic coating is exposed for the most
difficult conditions. There are very variable conditions of mechanical, thermal and chemical
loads [8].
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Fig. 2. Scheme of typical thermal barrier coating system [7]
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In the industry there are two main methods of coatings manufactured to obtain ceramic
top coat in TBC system. One of them is electron beam physical vapor deposition (EB-PVD).
In this technique a characteristic columnar microstructure could be obtained, which results in
very high yielding strain tolerance, which occurs during thermal cycle changes. It is realized
by voids between columns, which could open and close during thermal cycles. Moreover,
such structure could reduced the thermal expansion mismatch between BC and TC [9-11]. But
there are also some disadvantages of this method. First is a cost, it is the most expensive
method of industry coatings manufactured and one of the most complicated. Second is linked
to the structured and it is quite high value of thermal conductivity (the range from 1.8 up to
2.0 Wm'K, for YSZ) [12]. Scheme of columnar structure obtained by EB-PVD method is
presented in Fig. 3a. It should be stressed that such type of microstructure promotes longer
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Fig. 3. Scheme of TBC structures obtained by: (a) EB-PVD and (b) APS [14]

Different microstructure, as well as, properties have coatings, which are manufactured by
atmospheric plasma spraying (APS). This technique sometimes is called powder plasma
spraying (PPS).It is used especially for less fragile elements because of much more lower cost
of coatings' production [15, 16]. In this technique the structure have horizontally situated
lamellas with porosity and cracks, which are oriented perpendicular to the heat flow. Such
type of structure, because of many gaps between splats results in lower value of thermal
conductivity, even below 1.0 W/m-K (for YSZ) [17]. Main disadvantage of APS technique is
much lower thermal shock resistance in comparison to the EB-PVD [9]. Scheme of structure
with horizontal splats with interlamellar gaps, which is characteristic for APS technique, is
presented in Fig. 3b.

Generally summary of above mentioned issues is develop a new method, which allows to
produce TBC top coats with low thermal conductivity, long lifetime, very good thermal shock
resistance and will be relatively low cost. It should be a mixed of advantages of EB-PVD and
APS techniques. This assumption could be realized by new method, which is modification of
conventional plasma spraying, namely suspension plasma spraying (SPS). On the other hand
new materials for ceramic top coat should be developed because of limited operating
temperature of YSZ [18-20].

An improvement of coatings' properties could be reached by reducing grain size. It is
well known, that nanosized crystal grains modified properties of materials and it was
described like a Hall-Petch law [21]. Nanostructured coatings are produced by physical vapor
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deposition (PVD) or chemical vapor deposition (CVD), but they are time-consuming, as well
as, cost-consuming methods. On the field of thermal spraying some attempts were made to
use a coarse powder, which include nanosized crystal grains [22]. But during melting of
nanograins a sintering of liquid phase take place and results in big grains growth, which
change a structure from nano- to micro- one [23]. Some attempts used fine powder particles in
conventional APS method did not work. It was caused because very low weight of particles
and, as a consequence, low momentum to penetrate hot regions of plasma jet and low flow
ability of dry nanometric and submicrometric powders [23, 24]. Another idea was to use
nanostructured particles, which were agglomerated up to size of powder particles in APS
technique (range from 10 to 100 um) [25].

Completely different approach had a group of researches for Sherbrook University. They
changed a transportation medium from gas to liquid phase [26]. Very fine powders particles
are suspended in liquid phase, then formulate a big droplets, which have enough mass and
momentum to penetrate hot regions of plasma jet. Moreover, transport of suspension is easier
than transport of dry, coarse powder and liquid phase prevent fine powders from hot plasma.
This new technique is called suspension plasma spraying (SPS) [26]. The particles size is
from few up to hundered nanometers or sometimes it is up to few micrometers. Commonly a
solid phase (quantity of powder in wt. %) is in the range from 5 up to 40%.

This method is intensively examined in very wide area, because of improved properties
of obtained coatings in compare to their conventional (by APS) equivalents. Many examples
of different applications of SPS technique could be found in [27-29]. But the most interesting
area of new researches is issue of TBC and improvement of its properties. However, the SPS
technique is more complex that APS method and requires much more preparation and
attention, which will be given in detail below. There are also many process parameters, which
are collected in Fig. 4.
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PREPARATION OF SUSPENSION

At the very beginning it should be stressed that suspension preparation it is not only
mixed of powder particles with liquid solvent. It is a complicated process, which is presented
in Fig. 5. Very important issue is a solid content in suspension. Firstly it is connected with
rheological properties of suspension, because viscosity of liquid feedstock strongly influences
of droplet formulation in plasma jet. Moreover, the heat treatment of droplets in plasma jet is
depend on its size. Besides quantity of solid particles in suspension droplets, as a consequence
of amount of powder in hole suspension, strongly influences on microstructure of obtained
coatings, especially on porosity, morphology and surface topography [31-34]. Of course size
of powder particles is significantly lower than in APS process. Two main approaches to
obtain such powders: bottom up and top down. In practice it is realized by mechanical milling
or mechanical alloying, respectively. The main advantage of both method is low cost of
production the nanostructured powders at low temperatures. Mechanical alloying seems to be
much more useful in obtaining nanostructured materials instead of nanosized powders [35-
38]. Liquid phase (solvent) of suspension could be a distillated water, ethanol, methanol etc.
The choice depend on surface tension and vaporization of liquid phase time in plasma jet.
Many researches was carried out linked to influence of type of solvent. For example water-
based suspension droplets need almost three-times longer time to fully evaporated in plasma
jet or faster fragmentation of suspension droplets was observed for ethanol-based one.
Moreover, require velocity to good penetration of plasma jet is strongly depend on type of
solvent [21, 39-41].
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Fig. 5. Steps of suspension preparation for SPS [45]

One of the most important issue in SPS process is preparation stable suspension. The
solid phase should be homogeneously distributed in solvent and they should not agglomerate.
To improve suspension stability and prevent against agglomeration and sedimentation of fine
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particles some agents are added to suspension. Dispersant agents are added to change an
electrical potential in solid particles by electrostatic and steric stabilization. Sedimentation is
related with the suspension stability, particle size and its density. On the other hand the role of
plasticizers is controlling of the suspension viscosity, because low viscosity is important to
avoid the clogging and to drive suspension toward the injector [42-44].

Stability of suspension is described by zeta ({) potential. It is defined as a difference
between electric potential of the particle’s shear plane or shear Stern and the liquid beyond.
The suspension is stable, when value of { is more than + 30 mV or is less than - 30 mV.
Stabilization of suspension is a result of higher repulsion between particles [46]. Besides zeta
potential very important from a sedimentation point of view, is low shear viscosity. These two
parameters should be controlled during suspension preparation very carefully [47].

INJECTION OF SUSPENSION

Transport of suspension from containers to the plasma torch is realized mainly in two
ways: (i) pressure system of compressed air or (ii) peristaltic pumps, both are presented in
Fig. 6. However, regardless on the type of suspension delivery system, it should provide a
constant flow of slurry. The suspension injection influences on droplets formation and results
in coatings' quality, so it is one of the key parameter in SPS process [21, 30]. There are many
possibilities and modes of suspension injection, depends on its type of injection, the angle or
even place of injection. A briefly characteristic of different modes of suspension injection is
given in Tab. 1.
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Fig. 6. Scheme of suspension delivery system in SPS: (a) pressurized vessel and (b) peristaltic pumps [21]
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Table 1. The comparison of different injection modes according to: (i) type of injection, (ii) angle of injection and
(iii) place of injection [30]

TYPE OF INJECTION
Continuous stream injection mode Atomization injection mode
v' injection with constant velocity and no v generation of small and uniform suspension
perturbation caused by atomization gases; droplets, which results in fine splats formation;
v' possibility of changing of injection position; v reduction of unmelted particles;

v better penetration to the hot region of plasma | v possibility to limit clogging in injector and
jet. prevent agglomeration in nozzle;

x low penetration into hot region of plasma jet.

ANGLE OF INJECTION

Radial injection mode Axial injection mode

is connected with construction of the torch

v' atomizer or continuous stream injection could | v" uniform heat treatment in plasma jet;

be used; v fixed position of the injector;
x needs precise selection of injection x problems with clogging.
parameters;

x problems with clogging (less than in axial).

PLACE OF INJECTION

External injection mode Internal injection mode
v' possibility of feedstock injection at the very v’ delivery suspension to the hot region of plasma
beginning; jet;
v" lower inclination to nozzle clogging. v’ limitation problems with instability of
injection.

INTERACTION BETWEEN SUSPENSION AND PLASMA JET

It is obvious, that interactions between suspension droplets and plasma jet are much more
complex than in case of coarse powder in APS process. The influence of the liquid phase on
the hot gas stream is enormous. During injection of suspension into the plasma jet, liquid is
acted by inertia, viscosity and surface tension. Interaction between these forces are described
by Reynolds number (Re) and Weber number (We). Generally, high values of Re and We
promote a more rapid and finer atomization [48]. In the very beginning after suspension
injection an aerodynamic breakup take place. It is a result of acting the aerodynamic forces.
Then, liquid solvent evaporated in a very short time (because of high energy in plasma jet).
Next, the sintering process of fine particles is beginning. It could be problematic, because of
tendency to agglomeration of fine particles into a coarse ones (like in spray drying method).
The time of sintering is strongly depends of temperature in the plasma jet [49]. After sintering
almost immediately, melting of the sintered fine solids took place and they started to
agglomerate. Then partially liquid material started to evaporate and at the end, molten (fully
or partially) particles impact on the substrate [22, 48, 50, 51]. As it was shown in Fig. 7 there
are few types of particles (or droplets) to impact on the substrate (schematically marked from
AtoE).
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Fig. 7. Scheme of droplet formation process in SPS technique [48]

MECHANISM OF COATINGS DEPOSITION IN SPS

In SPS process of coatings manufacture there are many factors, which could strongly
influence on deposition mechanism. It is caused by greater number of parameters than in APS
process. Moreover, like it was described above, there are few types of thermally treated
particles (molten, resolidified, unmolten etc.). But mostly in coatings produced by SPS could
be found a characteristic two-zones microstructure [52]. Creation of such structure could be
explained by different trajectories, on which different particles moved in the plasma jet. It is
presented in Fig. 8. The sintering of small unmolten particles could take place after their
deposition on the substrate. Because of short spray distance in SPS process much more heat is
generated into the substrate. The major mechanism of coatings buildup is splashing well
molten big particles and then its sintering during short time of solidification and cooling. The
best description of the sintering during SPS process was found a model of surface diffusion
[53, 54].
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Fig. 8. Possible trajectories of droplets and/or particles in plasma jet during SPS with the use of internal
continuous-stream injection mode [54]
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As a result of many researches is conclusion that by SPS process different mechanism of
coatings buildup, as well as, different microstructures could be achieved. The main role
played surface topography and roughness of substrate, however other parameters also
influence on it. Moreover, type of solvent in suspension and solid content, as well as,
injection mode results in different structure of the coatings [30, 31, 34]. Coatings architecture
is strongly dependent on initial roughness of the substrate. It could be found like a "shadow
effect", which promotes growth of the coating in "columnar-like" mode [13, 29]. This type of
structure is especially desirable in TBC applications because of better lifetime. But it was
found, that columnar-like structure could be achieved also on flat substrates [55]. However,
more important issue is relationship between two forces (Fig. 9): drag force (Fp) and adhesion

force (Fp).
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Fig. 9. Scheme of forces acting on an incoming patrticle [34]

Drag force pushed fine solid particles parallel to the substrate surface, whereas adhesion
force caused adherence of particles to the substrate. In case of relatively big particles there is
inequality F5 > Fp because of its moving in the center region of plasma jet, which results of
good heat treatment and fully molten. On the other hand, the small particles are moving on the
periphery of plasma jet and in this case is inverse inequality Fp > Fa, which results in its
moving parallel to the substrate surface. Then small, fully of partially molten particles adhere
to the peaks of substrate roughness (Fig. 10). In this mechanism an important role also played
a "shadowing effect" [34, 55, 56].

Spray direction

Fig. 10. Scheme of mechanism of the columnar-like structure formation in SPS
on the roughened substrate [13, 34]

In case of smooth substrate it is also a possibility to obtained a columnar-like structure of
TBC coatings by SPS process. However it requires a low solid concentration in suspension. It
is presented in Fig. 11. In the first step due to the single surface irregularities, single splats
started to create a root of columns. Then, in second step, particles trajectories depend on the
relations between Fp and F4 and it is similar to the case of roughened substrate. Third step is
connected with growth of columns, which is supported by shadowing effect [34, 55].
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Fig. 11. Scheme of mechanism of the columnar-like structure formation in SPS on the smooth substrate [56]

Besides of different mechanisms of coatings' buildup and substrate topography, as well
as, its roughness dependence, an important role play also type of torch and process
parameters, like plasma gases composition and flow rate, solid content in suspension and its
feed rate, an electrical power, spray distance etc. Different types of columnar-like structures
in TBCs obtained by various types of plasma torch, sprayed with varied parameters were
collected and presented in Figs. 12-14 (in all examples a coating's material is YSZ). It could
be seen, that columns are very irregular, with relatively high width and its growth is not
exactly perpendicular to the surface (except Axial III torch). On the other hand, in Fig. 13b
structure is quite dense and such type of microstructure promotes this coating rather in
application linked to the SOFC.

At the end of this point it should be stressed that deposition efficiency, which is
extremely important in industry applications, is strongly correlated with such process
parameters like solid content, solvent type, injection mode, type of the torch, chemical
composition of the initial powder etc. [48].

Fig. 12. Coatings' microstructures depend on SPS process parameters used of F4 VB low-power plasma torch
with external radial injection [57]

Fig. 13. Different coatings' microstructure depending on parameters of SPS process used of hWSP high-power
plasma torch with external radial injection [58]
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Fig. 14. Columnar-like microstructure with different process parameters obtained by SPS used of
Axial Ill high-power plasma torch with internal axial injection [59]

MECHANICAL AND THERMAL PROPERTIES OF SPS COATINGS

The main mechanical property of each coating is its adhesion to the substrate. Until now,
although different microstructures and nanometric crystal size, coating adhesion values in
SPS technique is comparable with conventional APS method [48]. On the other hand, another
mechanical properties, such microhardness and wear-resistance, are improved [60-63].

On the field of TBC, its mechanical properties, apart from adhesion, is mainly connected
with microhardness, erosion resistance, fracture toughness and ballistic impact resistance. The
values depend on chemical composition of based material, type of the torch and parameters of
the SPS process. In some studies also a scratch test was used. It is a very good method to
determine cohesion in the coating, according to ASTM G171-03 standard. For SPS coatings
of zirconia stabilized yttria and yttria with ceria values of scratch hardness varied from 3 up to
even 6 GPa, depending on process parameters [36, 64]. Microhardness values of YSZ
coatings for TBC application produced by SPS technique varied form 6 up to 14 GPa,
depending on torch type, particles size distribution and solid content in suspension [65, 66].
Erosion resistance of TBC produced by SPS was found that the microstructure is a key factor,
which strongly influences on erosion behavior. Density, grain and crystallite size could also
influence on erosion resistance but in poorly way [67].

Properties of thermal transport, especially thermal conductivity, Ar, are strongly depend
on type of coating's microstructure. To determine its value a following formula is needed:

Pann

AL

ﬂT:HI"Cp'
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where ar is the thermal diffusivity, ¢, is the specific heat, p3g9 1s the apparent density in
room temperature, includes coating's porosity and 4L/L is thermal dilatation. The values of ar
are measured by LFA method [68]. On the other hand, the values of specific heat, density and
thermal dilatation (all as a function of temperature) could be taken from materials base or they
could be determine in additional tests. Experimental results confirmed the assumption about
the dependence between coating's microstructure and its thermal conductivity. In case of YSZ
coatings manufactured by SPS process with use of one cathode torch and radial injection
mode, depend on many others parameters, the values of thermal conductivity at room
temperatures were as follow: 0.69-0.97 [64], 0.47-0.86 [69], 0.70-1.25 [57] or 0.56 and 0.90
[70]. It was found, that YSZ coatings for TBC application produced via SPS exhibit relatively
low thermal conductivity in high temperatures. For example in [71] thermal conductivity
values were below 1 W/m-K in the temperature range from RT up to 1100°C. On the other
hand, in case of axial injection mode at room temperature values of thermal conductivity are
in the range from 0.5 to 0.8 W/m-K, but it was found in one coating even 0.3 W/m-K, what
extremely low value for YSZ. For this coating thermal conductivity evolution up to 1200°C
exhibit value around 0.6 W/m-K [72].

In thermal cycle testing one regularity is visible - better thermal shock resistance is
connected with columnar-like structure in the coating. Fan et al. [73] reported that for
structure with relatively big gaps between "columns" the number of cycles in lifetime testing
was more than 2 times higher than for others coatings. On the other hand, Zhai et al. [74]
obtained lower number of thermal cycles for SPS coating than for nano-structured APS one in
case of initial spallation. But for 10% of coating's spallation number of cycles was greater for
SPS coating. Another investigations were carried out by Curry et al. [75]. They tested thermal
shock resistance for different surface of bond coat treatment. The results showed slightly
higher number of cycle for polished BC in compare to as-sprayed one. Grit blasted of BC and
especially polishing and grit blasted, given significantly worse results.

NEWS IN THE FIELD OF THERMAL BARRIER COATINGS

As it was introduced, the efficiency of gas turbines is strongly depend on inlet
temperature and its value still raising (according to Fig.1). New method of coatings
manufacturing, suspension plasma spraying, only partially solved this problem. Although that
microstructure is much finer than in conventional coatings, produced by APS, the functional
properties, like thermal shock resistance and erosion resistance are not enough improved. On
the other hand, it was found, that only thermal conductivity of coatings made by SPS have
lower values than the ones produced by APS. Moreover, high density of vertical cracks is
characteristic feature for these coatings. It results in increasing coating's strain tolerance.
Additional, the unique types of microstructures could be obtained by SPS process, which are
not available in APS method [48].

In industrial practice the most frequently used material for the top coat in TBCs is still
YSZ. It is caused by its unique properties, like low thermal conductivity, good mechanical
properties (especially toughness) and relatively high value of thermal expansion coefficient
[76]. However, the maximum value of operating temperature for YSZ thermal barrier coatings
is limited to 1200°C (for long term), because of phase transformation of zirconia in this
temperature and sintering [9, 77-79]. In such case, there is a possibility in developing new
materials for top coat in TBC systems. The requirements are presented in Fig. 15. The most
important issue is of course low value of thermal conductivity, but significant role play also
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phase stability (no metastable phases), thermal shock resistance and mechanical fatigue
resistance, which increase lifetime of TBC. Additional properties of new material for top coat
of TBC system are sintering resistance and CMAS (calcium-magnesium-aluminum-silicon
oxide system) resistance [18, 80].

Application
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Fig. 15. The graph of requirements and proposed solutions in new generation of TBC [18]

Above mentioned requirements of ceramic top coat give some searching directions in
new materials, which could be promised in such application. Cao et al. [81] made one of the
first description of materials for thermal barrier coatings. They characterized the most popular
replacement materials, such mullite, alumina, yttria with ceria stabilized zirconia, lanthanum
zirconate and silicates. The main conclusion from these studies was that rare-earth oxides are
promising materials for TBC's top coat [81]. Also the same conclusion could be found in [82].
Whu et al. tested a few rear-earth zirconates. They compare thermal conductivity at 700°C and
possible maximum operating temperature (in short term). The results are very good,
especially in case of Gd,Zr,07, Nd,Zr,07 and Sm,Zr,07, which have lower values of thermal
conductivity, similar thermal expansion coefficient and higher (even up to 2300°C) short term
operating temperature [82]. In another studies, made by Zhu and Miller [83], it was shown,
that very promising issue is defect clustering, where YSZ was doped by an equal molar ratio
of paired rare-earth oxides (in this study there were Nd,Os3-Yb,O3; and Gd,03-Yb,03).
Examinated coatings revealed lower thermal conductivity and better durability than baseline
YSZ ones [83]. Similar rare-earth oxides used Gong et al. [84] with additional Nd,03-Gd,03,
which all were sprayed by SPS. Some differenced in coatings' structures could be observed,
doped coatings exhibit more porous microstructures with more numbers of voids. In case of
thermal conductivity it was found that dopant of Gd,O3-Yb,0O; given the best results [84]. On
the other hand Wang et al. [85] examinated nanocomposite lanthanum zirconate deposited by
SPS like an alternatively material and structure for TBC application. The coatings have been
successfully sprayed and XRD analysis confirmed that only single-phase of pyrochlore
lanthanum zirconate was found. Moreover, in the coatings remains a full-nanosized structure
with grain size were about 40 nm [85]. To improve lifetime of TBC top coats another idea
was found, namely two-layer ceramic coating system [86]. The bottom layer is YSZ and top
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layer should be a material with phase stability in high temperature. Such types of materials are
perovskite and pyrochlore [87]. Schematic view of such structure presented in Fig. 16.

a) Hot Gas b) Hot Gas ) Hot Gas
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YSZ: diffusion barrier providing
higher toughness close to TGO
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thermal barrier top coat
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Fig. 16. Comparison between conventional single layer TBC (a) and single layer of alternatively material (b)
with double layer TBC (c), which improve the possibility of working in higher operational temperature [87]

Intensive researches carried out by Mahade et al. [88, 89] concern double (DL) and triple
layer (TL) thermal barrier coating systems. In DL they propose in ceramic top coat first layer
as YSZ and second one from pyrochlore, in this case gadolinum zirconate (GZ). On the other
hand in TL system the third one layer is made from dense GZ. The scheme of architectures of
manufactured coatings are shown in Fig. 17. They tested thermal properties of both systems in
compare to single layer YSZ. All coatings were made by SPS. First tests of thermal cyclic
fatigue performed in 1100°C and 1200°C. The results were better for DL and TL systems than
one layer YSZ, but the differences were not significant. Also values of thermal conductivity
are better for multilayer architectures than for YSZ [88]. In [89] Authors slightly changed
spray parameters and raised temperature of thermal cyclic fatigue up to 1300°C. The results of
this test clearly shown that in temperatures higher than 1200°C coatings with external layer of
YSZ have poorly thermal shock resistance. Number of cycles to failure was a few times
higher for DL and TL systems than for YSZ single layer TBC. Values of thermal conductivity
were slightly higher for TL than DL but it was considered, that dense layer of GZ should
improves CMAS and erosion resistance [89].

Single Layer TBC Double Layer TBC Triple Layer TBC

"~ vsz(eoum) |

YSZ (300 um)
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Fig. 17. Scheme of single- or multi-layered TBC manufactured by SPS [89]

Double layer system was also investigated by Schlegel et al. [90]. However, they used as
the top layer another material, rare-earth complex perovskite La(Al;sMg,Tai4)O3 (LAMT).
This material has relatively low thermal conductivity and good CMAS resistance. Results of
thermal cycling test shown significant increase of lifetime double layer system in compare to
single layer. It should be stressed that these tests carried out at 1390°C, so out of the range of
YSZ coating [90]. Different approach had Wang et al. [91]. In their studies they used
pyrochlore lanthanum zirconate (LZ) and YSZ. Authors produced optimized functionally
graded coating (OFGC) as a mixture of two ceramics. Additional they manufactured single
ceramic layer coating (SCLC) with LZ and double ceramic layer coating (DCLC) with top
from LZ and below YSZ layer. All coatings produced by SPS process. The thermal shock
resistance (in 1000°C and 1200°C) was significantly better for OFGC (Fig. 18). Moreover,
functionally graded architecture of coating allows to reduce thermal mismatch which appears
between two ceramic [91].

as-sprayed

after 1000°C
thermal shock

after 1200°C
thermal shock

Fig. 18. Comparison of different types of TBC after thermal cycling tests [91]

New trends of TBC researches are connected with developing of multilayer systems, as
well as, functionally graded ones. On this field interesting preliminary studies done in [92].
Authors introduced three layer system with YSZ on the bottom, gadolinium zirconate low
thermal conductivity layer in the middle and two version of top layer, which should have
better CMAS and erosion resistance than dense GZ. In one case it is an yttria layer and second
case is yttrium aluminum garnet (YAG) layer [92]. Scheme of this multi layer systems is
presented in Fig. 19. Unfortunately, in this studies there was no information about thermal
shock, CMAS and erosion resistance, as well as, thermal conductivity of such systems.
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Fig. 19. Scheme of multi-layered architecture of TBC with functions of each layer: (a) with yttria top layer
and (b) with yttria aluminum garner [92]

On the other hand developing on the field of YSZ as a top coat material in TBC system is
still visible, but produced like multilayered or functionally grade. Interesting researches were
made by Carpio et al. [93], in which multilayered and functionally-graded structures of YSZ
were compared due to different CMAS resistance. The architectures of tested systems are
shown in Fig. 20. The results confirmed that nanometric structure of the top in multi-layered
coating more successfully blocking CMAS-1 penetration. Slightly better results achieved for
both functionally-graded coatings. In case of CMAS-2, which was more aggressive, both
multi-layered coatings were damaged. Functionally-graded ones had better resistance.
However, G1 (with nanostructured layer on the top) exhibits higher penetration depth of
CMAS-2 than in case of G2 layer (with micrometric structure) [93].

M1

50% YSZ_c + 50% YSZ_n
75% YSZ c +25% YSZ n
100% YSZ_c

Substrate

100% YSZ_c

Bond coat

Substrate

100% YSZ_c
75% YSZ_c + 25% YSZ_n
50% YSZ_c + 50% YSZ_n

100% YSZ_c

Substrate

Substrate

Fig. 20. Scheme of different architectures of TBC (M - multilayer coatings, G - functionally graded coatings,
¢ - conventional feedstock, n - nanostructured feedstock) [93]

SUMMARY
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New develops on the field of thermal barrier coatings are: (i) new materials, which are
used like a replacement of yttria stabilized zirconia, (ii) different coating's architecture, ex.
Multi-layered or functionally-graded and (iii) new technologies, which allow obtained finely
grained microstructures. The last one issue concerns suspension plasma spraying and solution
precursor plasma spraying. In this article only SPS method was described, nevertheless SPPS
process is also intensively studied and developed. The reasons of searching new solutions are
following: lower thermal conductivity because of higher operating temperatures of turbines,
longer lifetime and better thermal shock resistance, lower tendency to sintering at high
temperature, better CMAS and erosion resistance and last but not the least - production costs.
It should be stressed that in SPS process a fundamental role plays suspension preparation and
its properties. It is a critical point in whole process and the depth researches should be done
on the fields of colloidal chemistry and rheology. Suspensions should be well-dispersed,
stable and easily in storage. Moreover, the phenomena characteristic for SPS are still not well
understand. An advanced method of diagnostic should be implemented for get to know
dependencies between them and process details. On the other hand, a numerical modeling,
especially a dynamic one, is more often used in SPS process descriptions. Among all these
issues, SPS method seems to be a promising technology of the TBC's top coat manufacturing.
According to Fig. 21, it could be seen, that SPS is a multi-factor compromise method between
EB-PVD and APS techniques. Presented features of SPS technique are still in develop state,
so they may be improved. Very important issue is that it is possible to join APS and SPS
methods in one set-up, changing only feeding system.

Bondcoat
Substrate
APS EB-PVD SPS
* Cheap and easy set-up = Very expensive and difficult set-up = Relatively cheap and easy set-up
* Horizontal splat structure * Columnar structure * Feathery/Columnar structure
+ Mechanical bonding (very rough * Chemical bonding {smoaoth + Mechanical bonding (rough
bondeoat surface required) bondeoat surface required) bondeoat surface required)
* Low thermal conductivity * High thermal conductivity * Very low thermal conductivity
+ Short lifetime + Very long lifetime + Relatively long lifetime

Fig. 21. Schematic comparison of structures obtained by APS, EB-PVD and SPS methods
and their characteristics [76]

Current trend in top coat's microstructure is manufacturing of columnar-like one. But,
depending on process parameters different types of columns could be achieved. The three
main types of the columnar-like structures collected in Fig. 22. The fundamental differences
between them concern with thermal conductivity values (the lowest for type 1 and it raises up
for type 2 and more for type 3) and contrary for strain tolerance (the best for type 3 and it
getting worse for type 2 and more for type 1).
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Type 1 Coating Type 2 Coating

Columnar Feathery Columnar

Fig. 22. Scheme of different types of TBC manufactured by SPS [94]

The main conclusions from a huge number of researches concern TBC ceramic top

coatings are following:

fine microstructure (even nanosized) with high value of porosity but small size and often
spherical ones provide very low value of thermal conductivity;

choosing the properly SPS process parameters it is possible to obtained columnar-like
structures in ceramic coatings;

coatings produced by SPS have improved thermal shock resistance in compare to the
ones obtained by APS.

Nevertheless, regular columnar structure similar to the one, which is achieved by EB-

PVD method is not possible to obtain with use of suspension plasma spraying. The main
explanation of this fact is a comparison of particles size used in SPS method with single
atoms and/or molecules used in EB-PVD. This small molecules formed fundamental, called
"islands", on which very narrow and regular columns building-up.
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