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Summary 

The gas turbine industry has shown an extensive use of Thermal Barrier Coatings over past 
30 years. TBCs have a variety of applications and thermal protection for hot section com-
ponents of the aero engine is one of them. Thermal Barrier Coatings are the alternative for 
protecting these components and at the same time improving the engine efficiency. The 
conventional route for making ceramic Thermal Barrier Coatings using thermal spraying 
technique is to use powder feedstock with powder particles of few hundreds of microme-
tres. But spraying powder below 5µm is not possible using conventional route due to sev-
eral problems like flow ability, environmental issue etc. Instead of direct solid powder feed-
stock, use of Suspension and Solution precursor feedstock is the current area of research 
since they can overcome the problems with direct powder feedstock.  

 
In this work five different types of thermal barrier coatings were generated using three dif-
ferent thermal spay processes, Suspension High Velocity Oxy Fuel (SHVOF), Suspension 
Plasma Spraying (SPS) and Solution Precursor Plasma Spraying (SPPS). Suspension used 
for first two processes were prepared from two different sub-micrometric sized powders. 
Experiments carried out include microstructural analysis with Scanning Electron Micro-
scope (SEM), porosity analysis using Archimedes experimental setup, thermal conductivity 
measurements using Laser Flash Analysis (LFA) and lifetime assessment using Thermo-
Cyclic Fatigue (TCF) test. The results showed that SPS coatings produced with suspensions 
with solid particle size D50 between 1µm to 3µm have higher lifetime and are much porous 
and hence lower thermal conductivity than SHVOF coatings with same D50. 
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1 Introduction 

The gas turbine industry has shown an extensive use of Thermal Barrier Coatings (TBC) 
over the past 30 years. Thermal protection of hot section components of the aero engines 
is one of the largest industrial applications of TBCs. Hot section components in engine 
where TBCs are applied include the combustor, turbine inlet guide vanes, turbine blades, 
turbine stator blades and afterburners which can be seen in Figure 1. Basic functional prin-
ciple of the turbine engine can also be seen in Figure 1. Front fans sucks air from atmos-
phere and then in the compression zone the air is compressed. The air is distributed uni-
formly throughout the combustion chamber where it is mixed with fuel and then combust. 
Turbines are then driven by the mechanical energy which results due to the expansion of 
gases after combustion. Temperature in the red hot region is too high for the metallic parts 
to survive and hence require an extensive internal and external cooling which in overall can 
reduce the thermal efficiency of the engine. Hence, TBCs are the alternative for protecting 
these components and at the same time maintaining or even improving the engine efficien-
cy.  

 

 
The conventional route for making ceramic TBC using thermal spraying technique is to use 
powder feedstock with powder particles of few hundreds of micrometres. Decreasing the 
powder size up to few micrometres and below has shown improvement in the properties 
of TBCs [1]. But the problem with spraying the fine powder particles, less than 5µm is that 
they do not have good flow ability and they can’t achieve enough momentum to penetrate 
the high velocity plasma stream [2]. That’s why there is a need of some other alternatives, 
which can overcome this problem. Using suspension or solution precursor as a feedstock 
material has shown to produce much better performance TBCs than conventional thermal 
spraying, which uses solid powder as a feedstock material. 

 
 
 
 
 
 

Figure 1: schematic of jet engine showing the basic components and principals involved 
[courtesy GKN Aerospace]  
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1.1 Aim 

The aim of this work was to experimentally investigate the important characteristics of 
TBCs generated by suspension and solution precursor spraying. In this work five different 
types of thermal barrier coatings were generated and compared using three different ther-
mal spay processes, Suspension High Velocity Oxy Fuel (SHVOF), Suspension Plasma 
Spraying (SPS) and Solution Precursor Plasma Spraying (SPPS). Suspension used for first 
two processes were prepared from two different sub-micrometric sized Yttria Stabilised 
Zirconia powders. Experiments carried out include microstructural analysis with Scanning 
Electron Microscope (SEM), porosity analysis using Archimedes experimental setup, ther-
mal conductivity measurements using Laser Flash Analysis (LFA) and lifetime assessment 
using Thermo-Cyclic Fatigue (TCF) test. 
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2 Background 

2.1 Thermal barrier coating systems 

TBCs are widely used to provide thermal resistances to the hot section components of 
land-based gas turbines, diesel engine and aero engines [3, 4]. The thermal efficiency and 
the durability of the hot section components are significantly improved by employing 
TBCs. TBC is very interesting and important topic in surface engineering science. The 
three most important characteristics for any kind of TBCs are (1) excellent thermal cyclic 
durability, (2) low thermal conductivity, and (3) low cost (this is a relative factor and it is 
not the bigger driver as the performance is). Many researchers throughout the world are 
playing around these three properties and trying to optimize them in the best possible way. 

 
A TBC system is a three layer structure which consists of two ceramic and one metallic 
layer deposited on a top of metal or super alloy body of a turbine blade. Starting from the 
metal substrate to outside the order of the layer is bond coat, Thermally Grown Oxide 
(TGO) and top coat as shown in Figure 2. The important thing to note here is that bond 
coat and TBC/top coat are sprayed using various thermal spraying techniques whereas 
TGO is a layer which is generated due to the oxidation of bond the coat mainly during the 
in-service life of the TBC system.  
 
The major constituents in today’s aero engine components are Titanium and Nickel based 
alloys. Titanium, for its strength and density, is the ideal base material for alloys for 'low 
temperature' compressor blades while it is replaced by Nickel-based super alloys for the 
high temperature components. In order to increase the thermal efficiency of the engine, the 

 
 

 
Figure 2: Typical thermal barrier coating system adapted from Schulz et al [5] 
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hot gas temperature is increased. In today’s engine the hot gas temperature exceeds the 
melting point of the Ni-based super alloys by more than 250oC. The only way for these 
components to survive in such an environment is by providing them an excessive cooling 
which however, reduces the thermal efficiency of the engines. Increasing thrust-to-weight 
ratio further requires even higher gas temperatures. To optimize the engine efficiency and 
the engine surface temperature there is a need to provide an extensive cooling or to pro-
vide a better solution from materials stand point of view by developing advanced Ni-based 
super alloys. The alternative to both of the above mentioned solutions is to provide an 
advanced coating system like TBCs.  

 
The first layer just above the substrate is a metallic bond coat also called oxidation-resistant 
coating, which can be seen in Figure 2. The purpose of this coating is to protect the sub-
strate from oxidation and/or high temperature corrosion and to provide the necessary ad-
hesion of the ceramic to the substrate material. These oxidation-resistant coatings or bond 
coats can be divided in two categories, diffusion (Pt-modified Aluminides) and overlay 
(MCrAlX-type) coatings [6]. Overlay coatings are used for high temperature surface protec-
tion and are represented by a formula shown above. Where M is Ni, Co, Fe or a combina-
tion of these and X is an oxygen-active element, for example Y, Si, Ta, Hf or a precious 
metal, for example Pt, Pd, Ru, Re [7]. Overlay coatings, in a typical thickness of 125-200 
μm, have been deposited mainly by using the plasma-spray or the electron-beam physical 
vapour deposition methods [6]. 

 
During processing and in service of the engine a TGO layer forms in between top coat and 
a bond coat at the metal – ceramic interface [8]. This layer forms due to the oxidation of 
the bond coat which also plays an important role in the adherence of the TBC. At high 
temperatures the porous ceramic top coat allows oxygen to diffuse to the metallic bond 
coat which finally results in the oxidation of the bond coat and hence a layer of oxides 
starts to grow which called TGO. Even if the ceramic top coat were fully dense, the ex-
tremely high ionic diffusivity of oxygen in the ZrO2-based ceramic top-coat renders it ‘ox-
ygen transparent’. The TGO plays an important role for TBCs performance; failure in 
TBCs is almost always initiated at or near the TGO, mostly between TGO and bond coat. 
Thus controlling the growth of this oxide can lead to increase in the life time of the system.   

 
Third and last layer is the ceramic top coat which is also called TBC. The performance of 
any TBC is evaluated by some basic requirements: high melting point, no phase transfor-
mation between room temperature and the operating temperature, low thermal conductivi-
ty, chemical inertness, a thermal expansion match with the metallic substrate, good adher-
ence to the metallic substrate and low sintering rate of the porous microstructure [9]. Over 
the years of development of TBC the 7-8% yttria stabilized zirconia (YSZ) has shown the 
higher thermal and functional performances and thus it became the most commercial op-
tion for industry [10]. The choice of YSZ is because of its relatively high thermal expansion 
coefficient and low thermal conductivity. YSZ is also phase stable up to 1200oC [11, 12]. 

 

2.2 Thermal Spraying  

Thermal spraying is a coating technique in which feedstock material which can be in form 
of rod, powder, wire, suspension or solution is fed into the spray ‘gun’ by a controlled feed  
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system. The feedstock is heated by electrical (plasma or arc) or chemical means (combus-
tion flame). The heated feedstock is then accelerated by the hot gas/plasma jet towards the 
substrate where it impinge in the form of molten or semi-molten state which under impact 
forms a splat and stick to the substrate by solidifying and quenching rapidly. Today, a nu-
merous thermal spraying techniques are available. Flame spraying (FS), arc spraying (AS), 
detonation gun spraying (DGS), continuous detonation spraying (CDS), atmospheric plas-
ma spraying (APS), twin wire arc spraying (TWAS), low pressure plasma spraying (LPPS) 
or vacuum plasma spraying (VPS), controlled atmosphere plasma spraying (CAPS), high 
velocity flame spraying (HVFS) and high velocity oxygen fuel spraying (HVOF) are widely 
used to produce coatings for different industrial applications. The process and parameters 
of the spraying techniques are described in Refs [13] and 14].  

 
The conventional way of generating TBCs is the APS technique. APS is the earliest thermal 
spray method used in TBC processing. In 1970s-80s the entire TBC was processed by APS. 
However, nowadays APS is mostly used for top coat as it has larger potential for top coat 
than bond coat. The reasons behind this potential are structural advantage in thermal insu-
lating, no size limit on components and relatively low cost with higher efficiency. However, 
the desired microstructure and mechanical and thermal properties for top coat are achieved 
by EBPVD to the large extent. In general EB-PVD TBCs have superior durability but have 
higher thermal conductivity and higher cost compared with APS TBCs [15]. 
 
The plasma spray process belongs to the more general category of thermal spraying meth-
ods. The invention of which dates back to 1909 when Dr. Max U. Schoop developed a 
crude wire metallizing gun using oxygen and acetylene as the heat source and compressing 
air to atomize and project the molten metal. The basic principles of this technique remain 
fundamentally unchanged; the modern thermal spray deposition, in fact, consists of melting 
a consumable (most often powder or wire) and projecting it as molten particles onto the 
substrate as can be seen in Figure 3. The modern plasma spraying process uses a direct 
current (DC) electric arc to generate a stream of high temperature ionized plasma gas, 
which acts as the spraying heat source. The coating material, in powder form, is carried in 
by an inert gas stream into the plasma jet where it is heated and propelled with a particle 
rate of 200-300 m/s towards the substrate; because of the high temperature, that can ex-
ceed 16,000°C and of the high thermal energy of the plasma jet, with this technique even 
materials with high melting points can be sprayed. 

 
 

 

 

Figure 3: Schematic illustration of a plasma torch 
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Upon impact with the substrate, the molten particle flattens, form splats, and solidify very 
rapidly; this, together with the thermal strain due to the expansion coefficient mismatch 
with the substrate, leads to micro cracking through the splats and between the splats 
through the built-up coating[16]. Furthermore, due to the way in which the coating builds 
up, a sprayed coating typically includes voids which are generated usually from un-melted 
or bounced particles. The presence of air in the atmosphere surrounding the process leads 
to cooling and a slowing of the spray stream and also to the inclusion of oxide particles in 
the sprayed coating (if metallic). During the process, in fact, some air enters in the spray 
stream and oxidizes the sprayed material. In order to reduce these drawbacks; a couple of 
variants of the conventional plasma spraying have been introduced: the Low Pressure 
Plasma Spraying (LPPS) and the Vacuum Plasma Spray (VPS). They are identical to plasma 
spraying except for being done in inert gas at low pressure and in vacuum respectively.  

2.3 Spraying of Nano-structured powders/fine powders in ther-
mal spraying 

The conventional route for making ceramic TBC using thermal spraying technique is to use 
powder feedstock. These powder particles have sizes in the micrometric range. Fine pow-
ders (20nm-10µm) have several advantages over conventional micrometric powders (10-
150µm) such as smaller splats (20-200nm) than conventional (1-20µm). Also fine powders 
result in thin, dense and unique nano-structured microstructure whereas conventional 
powders can produce lamellar structure [2]. But, there is a problem in spraying the fine 
powder particles less than 5µm because it does not have good flow ability and it can’t 
achieve enough momentum to penetrate the high velocity plasma stream [2]. Recently, the 
nanostructured coatings by thermal spraying have received widely interest because of their 
extraordinary properties. It was reported that nanostructured YSZ coatings had good wear 
and erosion resistance, low thermal conductivity, high coefficient of thermal expansion, 
excellent thermodynamic and mechanical properties toward thermal cycling in the gas tur-
bine environment [17-23]. Therefore, nanostructured TBCs are expected to provide better 
performance than the conventional ceramic coatings. 

 
Nanostructured (or nano-crystalline) materials are characterized by a microstructural length 
scale in the 1–200 nm range [24]. More than 50 vol. % of atoms is associated with grain 
boundaries or interfacial boundaries when the grain is small enough. Thus, a significant 
amount of interfacial component between neighbouring atoms associated with grain 
boundaries contributes to the physical properties of nanostructured materials [25]. As the 
size reduces into the nanometer range, the materials exhibit peculiar and interesting me-
chanical and physical properties, e.g. increased mechanical strength, enhanced diffusivity, 
higher specific heat and electrical resistivity compared to conventional coarse grained coun-
terparts [26]. 

 
The unique properties of Nano-crystalline materials are due to their large number of grain 
boundaries compare to coarse-grained polycrystalline counterparts. Nano-crystalline metals 
generally exhibit significant higher yield strength and reduced tensile elongation relative to 
their microcrystalline counterparts. This behaviour can be explained by famous hall-petch 
relationship in material science. Similarly, Nano-crystalline coatings with grain sizes in the 
nanometer range are also known to exhibit superior hardness and strength. These coatings 
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are prepared from micrometric agglomerates of nano-powders which can be used as feed-
stock material for thermal spray processes; these includes plasma spraying, HVOF, SPS etc.    

 
Nanostructured ZrO2 coating has demonstrated enhanced properties as compared with 
conventional coarse-grained coatings, such as the higher thermal shock resistance and low-
er thermal diffusivity [27, 33]. Due to these characteristics, the nanostructured ZrO2 coat-
ing may have a wide range of applications as advanced TBCs. One of the biggest problems 
in spraying nanostructured particles using thermal spraying is to retain the pre-existing 
nanostructure of the materials. In the thermal spray process the fundamental issue is melt-
ing of powder particles. Without melting some particles it is extremely difficult to produce 
thermal spray coatings. Some degree of melting helps coating to achieve a sufficient level of 
particle adhesion and cohesion. This is a challenge for thermal spraying nanostructured 
powders.   

 
If the nanostructured particles are fully melted during spraying, the original nanostructured 
features of the particles may be destroyed [34]. In order to retain the pre-existing 
nanostructure of the feedstock, it is necessary to partially melt the powder particles.  How-
ever, the decrease of melting degree of particles may result in the decline of cohesion and 
adhesion of as-sprayed coating. So, it is necessary to control the spray parameters to obtain 
the nanostructured coating with high performance. Many parameters have strong influence 
on the microstructure of TBCs, such as the arc current, argon flow rate, hydrogen flow 
rate; spray distance and substrate temperature [35–37]. Besides, the TBC microstructures, 
both the starting microstructures and the evolved microstructures during the use are of 
great importance to improve the performance and lifetime of TBCs [38–40]. However, it is 
not easy to get satisfactory microstructures of TBCs only by adjusting spray parameters, 
and the development of new plasma spray systems is still a challenge to obtain the high-
performance TBCs with desirable and finer microstructures. 

 
Chen et al. have measured the thermal diffusivity of APS nanostructured and conventional 
YSZ coatings up to 1200oC during heating and cooling stages [41]. The thermal diffusivities 
of the nanostructured and conventional YSZ coatings in the measured temperature range 
were 1.80-2.54×10-3 cm2/s and 2.25-3.57×10-3cm2/s respectively. These thermal diffusivity 
values for the Nano YSZ coating are lower than those reported in the literature for con-
ventional YSZ coatings under the same temperature range [43, 44]. The coefficient of 
thermal expansion (CTE) of the Nano and conventional coatings were also measured for 
the same temperature range. From 300oC to 1200oC, the CTE of the Nano YSZ coating 
was slightly higher than that of the conventional one [41]. Liang et al evaluated the thermal 
shock resistance of Nano and conventional (fused and crushed powder) YSZ coatings by 
heating them in a furnace for 30 min at a series of temperatures up 1300oC, followed by 
subsequent cooling (dropping) in cool water for 10 min [42]. For the thermal shock tests 
carried out at temperatures from 1000oC to 1300oC, the number of cycles to failure of the 
Nano YSZ coatings was approximately 2-3 times higher than that of the conventional coat-
ings. 

 
It was observed that the thermal shock behaviour of the Nano YSZ coating was very dif-
ferent from that of the conventional YSZ coating. Vertical cracking propagating from the 
surface, which increased with an increase in the number of thermal cycles, was observed 
for the Nano YSZ. It was reported that the cracks propagated slowly down to the bond 
coat without further horizontal propagation at the top coat/bond coat interface [42]. This 



Degree Project for Master of Science with specialization in manufacturing 
Comparative analysis of Thermal Barrier Coatings produced using Suspension and 

Solution Precursor Feedstock - Background 
 

8 
 

horizontal crack propagation resistance may be attributed to the presence of Nano-zones at 
the interface, as described by Bansal et al [45]. The conventional YSZ coating did not ex-
hibit vertical cracks, instead, horizontal cracks were observed, especially near the top 
coat/bond coat interface [42]. 

 
Transmission electron microscope images of the thermally cycled coatings have shown that 
the Nano YSZ coatings exhibit inter-granular fracture, whereas, for the conventional coat-
ing, inter-granular as well as trans-granular fractures were observed [42]. It was observed 
that inter-granular fracture was beneficial for enhancing the thermal shock resistance due to 
the increased tortuosity of the fracture path [42]. 

 
As it is explained above that deposition of ultrafine submicron and Nano-sized particles 
using conventional plasma spraying is difficult because of its poor flow-ability, agglomera-
tion etc. Hence there is a requirement of such techniques, which can overcome the above 
problems and make it easy to spray these Nano-powders. Few of such techniques have 
already become an interest of research for many researchers, which are SPS, SHVOF and 
SPPS etc. [46-50] where suspensions or solution precursors are used as a feedstock instead 
of direct solid powder.  

 
Spraying Nano-powder may have adverse effect on health and environment. For both 
health and safety reasons as well as to avoid particle agglomeration during storage and feed-
ing into the spray device, a Nano-powder feedstock has to be mixed with a fluid to form a 
suspension or a solution. The liquid injection method not only can overcome the health 
and safety problem but can also increases the momentum of the feedstock particles, aiding 
penetration into the thermal jet core.  
 

2.4 Spraying with liquid feedstock and its role in thermal spraying 

As it is explained above that preparation of TBCs with conventional thermal spraying 
techniques such as APS using Nano-powder feedstock may lead to problems. In order to 
overcome these problems some techniques like SPS, SHVOF and SPPS have been a cur-
rent area of interest for many researchers. Instead of powder feedstock, techniques like 
SPS, SHVOF and SPPS use liquid feedstock in the form of suspension and solution re-
spectively.  
 
In the field of thermal spray, the APS is a well-established technology. The microstructure 
of coatings deposited by the conventional plasma spray is characterized with large splats 
boundaries/cracks parallel to the substrate interface, which may lead to spallation failure of 
the coating and is not desirable in applications. In order to gain a better quality and per-
formance of the coating, liquid precursors are sprayed into the plasma jet to generate finely 
structured coatings [51]. An alternate route to the typically employed powder injection pro-
cess into a plasma or HVOF jet is the injection of a liquid spray composed of droplets con-
taining the dissolved salts of the materials to be deposited [52-54]. In this process, liquid 
solution or suspension feedstock of desired resultant materials is injected into the plasma 
jet either by atomization or by a liquid stream. Rapid heat-up and vaporization of precursor 
droplets result in the formation of particles with different morphologies, which are heated 
and accelerated to the substrate to generate coatings. This technology has been used to 
deposit Yttria-Stabilized Zirconia (YSZ) for application as thermal barrier coatings [52]. 
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In situ processing of liquid precursor containing droplets in a high temperature environ-
ment critically determines the microstructural characteristics of coatings depending on the 
thermal, chemical and physical processes that occur at the droplet scale. Cetegen et al [55] 
explained this with the help of a schematic shown in Figure 4. Depending on the heating 
rate of droplets and the nature of precipitation during heat-up and vaporization phases, 
different particles morphologies can be obtained including solid particles, hollow shells, 
and fragmented shells as shown in Figure 4.  
 
Formation of solid particles as shown in path A occurs when droplets are small and the 
solute diffusivity is high, increase of solute concentration occurs uniformly throughout the 
droplet, leading to the volumetric precipitation and consequently forming path A type of 
solid particles. Path B is followed when there is a rapid vaporization on the droplet surface 
and the solute diffusivity is low such that a high solute concentration builds up around the 
droplet periphery and takes the shape as shown in path B. After achieving this shape there 
could be different possibilities to form the final solid particle shape. These can be Frag-
mented shells (B-I) which is due to internal pressurization for low vapour permeability 
through the formed shell, hollow spherical shells (B-II) which is due to the high permeabil-
ity through the shell, or rapid disintegration of the shell containing some of the liquid lead-
ing to secondary atomization (B-III) which is due to rapid internal pressurization and shell 
rupture. Another path is that of formation of a plastic shell that inflates due to internal 
liquid vaporization and eventual rupture and collapse of the deformed shell (C). 
 
So, in general, bigger precursor droplets injected into the periphery or cold regions of the 
plasma jet may form hollow spherical particles. Small precursor droplets injected directly 
into the core of the plasma jet may form solid particles which then experiences melting and 

Figure 4: Solute containing droplet vaporization and precipitation routes: (A) uniform 
concentration of solute and volume precipitation leading to solid particles; (B) super-
saturation near the surface followed by (I) fragmented shell formation (low permeability 
through the shell), (II) un-fragmented shell formation (high permeability), (III) impermea-
ble shell formation, internal heating, pressurization and subsequent shell break-up and sec-
ondary atomization from the internal liquid; (C) elastic shell formation, inflation and defla-
tion by solids consolidation, adapted from  [55] 
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solidification, and deposit on the substrate as splats. These splats appear identical to 
the molten splat structure of conventional air plasma spray, except that these splats are ten 
times smaller. Moderate precursor droplets passing through the moderately hot volume of 
the jet may form half-melted spherical particles. 
 
Liquid feedstock can be water based or can be any organic solution like ethanol etc. but 
water is the cheapest liquid. Experiments using modified HVOF thermal spraying with a 
liquid feedstock indicated that if the feedstock is water based, poorer coatings might be 
created due to the insufficient flame temperatures when mixing within the combustion 
chamber [56]. However, the water-based feedstock allows higher particle concentrations, 
are less expensive to produce, and are safer to handle compared with the organic alterna-
tives [57]. Better coatings have been obtained when the feedstock is a combustible, organ-
ic-based compound. However, injecting a combustible liquid into the combustion chamber 
raises the pressure and can lead to instabilities in the flow [48]. 

 
The main difference between the conventional APS coatings and the coatings deposited 
using liquid precursors is that the latter consists of many irregular agglomerates containing 
small spherical particles, which are produced from dry agglomerates and part of wet ag-
glomerates. These agglomerates also contribute to the homogeneous pores in the coating. 
The large pores in the coating are due to the stacking of irregular shapes of agglomerates 
(tower-like, plate-like or ball-like). Wet agglomerates with large amount of solvent can form 
bubble-like deposits. Some large size spread deposits are produced from wet droplets. The-
se mechanisms work together to generate Nano and submicron structured coatings [58]. 

2.5 Solution precursor plasma spraying 

SPPS is a recent method to spray TBCs. SPPS is similar to the existing conventional spray-
ing processes with the only difference that instead of powders the feed is given in the form 
of liquid precursor and hence can produce very fine splats. The standard approach to pro-
duce the SPPS coatings is to feed the ceramic salt solution into a plasma jet, where, under 
rapid heating the solution droplets evaporate and solid particles formed which in contact 
with the plasma, are melted and subsequently deposited onto the substrate. Deposition of 
small, melted particles leads to fine microstructure with the improvement in certain me-
chanical properties like hardness and strength. With normal APS process it’s not possible 
to feed powder with size finer than 5-10µm due to the effects of surface forces on powder 
flow [59]. But SPPS can overcome this problem where it is possible to feed Nano size 
powder in the form of solution. The challenge with SPPS is formulating high molarity solu-
tions and engineering their chemical and physical properties. 

 
Most of the researchers are trying to explore the SPPS coatings and trying to find out the 
best possible optimized process parameters and the best performance properties. Very 
important observation in the microstructure of SPPS coating was noted by Jordan et al. 
that there are four important microstructural features that the deposited YSZ ceramic is 
tetragonal phase [53], presence of vertical through thickness cracks, presence of ultrafine 
splat morphology and micron and nanometer-sized interconnected porosity (18%).  
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It is also found that the SPPS mean life is longer in the cyclic furnace test and is 2.5 times 
that of the APS TBCs, using the same substrate and bond coat, and 1.5 of the EB-PVD 
TBCs [15]. The crack failure (crack initiation and propagation) of these SPPS coatings simi-
lar to APS starts predominantly in the ceramic just above the TGO to ceramic interface. 
Thus, the SPPS coatings are still susceptible to similar failure mechanisms as other plasma 
sprayed coatings, but such processes take longer for SPPS coatings. 

 
The SPPS method lends itself particularly well to the development of new TBCs. The 
unique coating microstructure created by SPPS offers: 
(i) Lower thermal conductivity than EB-PVD coatings and comparable thermal conductivi-
ty to the very best APS coatings. (1.5 W/mK for EB-PVD, 0.8 W/mK for APS and 1 
W/mK for SPPS) [15] 
(ii) Comparable, or in some cases higher, cyclic furnace durability than APS and EB-PVD 
coatings. (2.5 compared to APS, 1.5 compared to EB-PVD [15,60-66]).  
(iii) Costs comparable to APS coatings and lower than EB-PVD coatings. 

 
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 [62]. This is be-
cause of finer splats having higher surface area to volume ratio more uniform cooling oc-
curs in SPPS coatings than 2500X larger splats containing APS coatings. Vertical cracks in 
TBCs are known to increase the coatings ability to tolerate the thermal strain generated 
during thermal cycling [03]. The vertical cracks found in SPPS coatings form by the pyroly-
sis and subsequent volume shrinkage of un-decomposed precursor embedded in the coat-
ing during deposition. 

 
SPPS TBCs 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. 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 micro-
structure and higher splat-to-splat contact area [52]. The thermal conductivity as a function 
of temperature [52] measured using the laser flash method for a non-optimized SPPS coat-
ing. Figure 5 shows the comparison of conductivities of SPPS with other TBC methods. 

 
Important thing to be noted that the SPPS coating has lower conductivity than EB-PVD 
coatings but in the upper range found in APS coatings. Mechanical properties of SPPS 
coatings like fracture toughness and hardness are measured to be higher than APS coatings. 
Both in plane and out of plane compressive strength for SPPS are lower than the APS but 
in plane elastic modulus is higher and out of plane is lower for SPPS than APS [77]. Jordan 
et al. have the cost analysis of making SPPS taking into consideration the utilization cost of 
the facilities, material costs, operator costs, and deposition rate/efficiencies. From this 
analysis, they found that the SPPS coatings are expected to be much less costly than EB-
PVD coatings and similar to the cost of APS coatings [63]. 
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It is well known that the spallation life of APS coatings is markedly reduced with thickness 
due to the increase in stored strain energy [3, 4]. Since it is very important in some industri-
al application to have a very thick coating like combustors and blade outer air seals the 
production of thick coatings is desirable. An interesting observation about the coating 
thickness Jordan et al. noted is that in the case of SPPS coatings, thick coatings can be 
made without any special processing other than coating for a longer time. But, the produc-
tion of very thick EB-PVD coatings is not practical because of low deposition rate. For 
APS coatings, with careful attention to residual stress build-up, thick APS coatings can be 
produced. Interestingly in SPPS TBCs, the vertical crack spacing scales with the coating 
thickness such that the aspect ratio of the regions between the cracks remains roughly con-
stant with a coating thickness to crack spacing, typically around 2 [65]. 

 
So, briefly the discussion about SPPS can be summarized as in comparison to APS that the 
very important and easily notable difference in the SPPS and APS coatings appeared to be 
related to the vertical cracks and smaller splats in SPPS coatings and much smaller or not at 
all, horizontal cracks compared to APS. It is known that cracks lower thermal conductivity 
normal to the crack plane in proportion to the cube of the crack radius[65] making the 
larger cracks in APS coatings more effective at lowering thermal conductivity for a given 
crack density than the smaller cracks in SPPS coatings. This possibly explains somewhat 
better the thermal performance of APS coatings. From fracture mechanics it is known that 
strength generally goes down with the square root of the crack length, suggesting one pos-
sible reason for the superior mechanical performance of SPPS coating compared with APS 
coatings. There is not any specific explanation for the formation of these vertical cracks; 
however, a possible explanation to this could be that as deposited coatings always contain a 
significant amount of material not fully pyrolized, which shrinks dramatically after it gets 
pyrolized [63]. But the explanation is a bit tricky to generalize as the experiment was done 
with very old equipment in which case there can exist some non pyrolized material but with 
advanced spraying equipment if we can inject the liquid precursor properly then there may 
be very less amount of these non pyrolized material which can ask us to arrive at some 
other explanation. 

Figure 5: Thermal conductivity vs. Temperature for EBPVD, APS and SPPS, adapted 
from [52] 
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2.6 Suspension plasma spraying 

SPS is also one of the recent thermal spraying technique and many researchers have shown 
great interest in it. The standard approach to produce the SPS coatings is to feed the sus-
pension of very fine powder into a plasma jet. These fine powder particles present in the 
suspension then can undergo sintering, partially or fully melting and may form agglomer-
ates and then subsequently gets deposited with a heavy impact on the substrate [66]. As 
mentioned above that this technique can overcome the problem of feeding very fine pow-
ders by using suspension and injecting it into the stream instead of direct solid powders 
unlike in APS where feeding is direct solid powder. 

 
These fine powders are mixed in certain ratio with a solvent to form a suspension. Mostly 
used solvents are water and ethanol but using ethanol has many benefits over water but 
these will come at the cost of price. Cost of using water is much cheaper than the ethanol 
but the heat required to vaporize ethanol is one-third that of water [68]. Also the deposi-
tion efficiency (DE) and the ratio of the coating mass to the powder mass sprayed toward 
the substrate doubled when switching from a water-based YSZ suspension to an ethanol-
based YSZ suspension [69]. 

 
There are several advantages of SPS over other traditional spraying methods. The unique 
coating microstructure created by SPS offers fine microstructure with fine grains, higher 
strength, durability, density etc. along with relatively low cost compare to Chemical or 
Physical Vapour Deposition (CVD/PVD) coatings. Presence of non-molten nanostruc-
tured zones in YSZ coatings obtained by atmospheric plasma spraying (APS) decrease the 
thermal conductivity and increases the thermal shock resistance of the coatings [70]. But 
nanoparticles cannot be injected directly in the plasma plume, due to their low weight and 
poor flow ability [71] which is possible using SPS. TBCs obtained by SPS exhibit lower 
thermal conductivity and higher thermal shock resistance without substantially varying the 
hardness or elastic modulus due to higher segmentation crack densities [72-74]. Though it 
is very difficult to get thick coatings with SPS due to their low deposition rate, literature 
showed that TBCs obtained by SPS usually display a lower thermal conductivity than other 
types of TBCs allowing coatings with lower thickness and similar thermal resistance [73]. 

 
The major characteristics in the microstructure are the presence of vertical cracks and or 
columnar like features. It’s been shown in the literature [75] that the lamellas were visible in 
zones where the molten particles impacted the previously deposited molten particles. Nev-
ertheless, some fine powder was also deposited and sintered during coating growth. This 
fine particle microstructure contains several cracks growing in the direction normal to the 
substrate called vertical-cracks. The vertical-cracks go through the entire thickness of the 
coating starting at the bond coat-top coat interface ending up in the surrounding. This type 
of cracks is evidencing stresses generated in the coating probably due to the differences of 
the volumetric expansion of the system substrate coating and by the temperature gradients 
occurring during the spraying process. However, several cracks grow parallel to the sub-
strate which are the most undesired defects because they can induce delamination failures 
[76, 77]. 

 
An important thing to be noted in SPS is its unique microstructure, which resembles like 
EB-PVD but sprayed with normal plasma spraying.  VanEvery et al [67] explained for-
mation of columnar like features using SPS and the hypothesis given are based on the mi-
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crostructural observations and predictions of droplet flight paths, which ultimately depend 
on the droplet size. The information suggests that the change in relative influences of drag 
and inertial forces with YSZ droplet size can result in three types of spray deposition as 
presented in Figure 6 i.e. Type 1, Type 2 and Type 3. Assuming that each deposition has 
same drag force by the plasma on the droplet, the factors responsible for the formation of 
these three types are parallel and normal component of velocity of the droplet. Micromet-
ric, sub-micrometric and Nano sized droplets particles are analysed and based on that these 
three types are discussed.  

 
Type 1: If the droplet inertia is completely influenced by the plasma drag forces (Nano 
case) then the droplet will change its velocity from normal to parallel to the substrate and 
hence there will be a build up at the substrate asperities as shown in Figure 6 (a) with a 
linear porosity band.  

 
Type 2: If the droplet size is partially influenced by the plasma drag forces (Sub-
micrometric case) then the droplet velocity will be mostly normal to the substrate, but the 
impinging plasma drag influences the droplet trajectories such that surface asperities block 
deposition in downstream regions and create porosity bands. The coating growth rate dif-
ferences between the resulting shadowed and non-shadowed regions cause faster growing 
deposits to overgrow slower ones, producing a convergence of porosity bands. 

 
Type 3: Due to relatively large droplet inertia the droplet will not be influenced by drag 
forces (>Micrometric case) from the plasma impingement. These droplets follow a path 
with a substrate normal component larger enough to prevent any preferential deposition on 
surface asperities or asperity shadowing. 

 
So, summarizing all three types we can say that Type 1 microstructure has columns with 
linear porosity bands whereas the Type 2 has convergence of the porosity bands and Type 
3 has no columns but the flat splats.  
   
   

 

 
Figure 6: Schematics illustrating the deposition characteristics occurring on and away from 
substrate surface asperities during (a) Type 1, (b) Type 2, and (c) Type 3, adapted from [67] 
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Several authors have tried to measure the thermal diffusivity and hence the conductivity of 
SPS coatings and made different conclusions on their results. Latka et al. calculated the 
thermal diffusivity and conductivity for 8YSZ SPS coatings, which are 0.196×10-6 to 
0.352×10-6 m2/s and 0.47 to 0.86 W/ (mK) respectively at room temperature depending 
on the spray parameters and spray run [73]. Whereas Kozerski et al. measured the conduc-
tivity for 8YSZ SPS and were found to be between 0.69 W/(mK) and 0.97 W/(mK) at 
room temperature depending on the spray distance of the coatings [84]. On the other side, 
thermal conductivity for EB-PVD zirconia coatings was above 1.5 W/(mK) in the same 
temperatures as of Latka et al. measured [73].  Also Raghavan et al. [86] showed that ther-
mal conductivity of conventional APS coatings used for thermal barriers was about 1.2 
W/(mK) for high-density coatings and about 0.9 W/(mK) for low-density coatings, which 
is also relatively higher than SPS coatings. 

 
Berghaus et al. [78] compared the mechanical and thermal properties of coatings sprayed 
with suspensions of two different submicron sized powders using two different spraying 
techniques (APS and HVOF). It was found that the thermal properties and hardness are 
higher with smaller submicron sized powder particles than larger ones. Also it was found 
that SHVOF can produce coatings with lower volume loss, lower conductivity and excel-
lent resistance to crack propagation. 
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3 Experimental Methods and Materials  

This thesis work is completely experimental and no simulation has been performed. Most 
of the experiments were performed at PTC, University West which include sample prepara-
tion, SEM and optical characteristics, porosity measurement using Archimedes set up and 
life time assessment using TCF testing machine and thermal conductivity measurement 
which was performed at Jönköping University. 

3.1 Materials  

Four types of suspension and one solution precursors were used in this study. Hence, five 
types of different samples were produced for this investigation; two of each SHVOF (3µm 
& 1µm) and SPS (3µm & 1µm) and one of SPPS. SHVOF and SPS top coats are sprayed 
using aqueous suspension of 93% ZrO2- 7% Y2O3 (HC stark) with D50:3µm or 1µm 
(specified in Table I) and with solid content of 30 wt. %; all the details about the samples 
produced are summarized in Table I. Whereas, SPPS top coats were sprayed with a salt 
solution of YSZ. 

Table I: Spray specifications for all coatings 

Sample 
Name 

D50 
(in µm) 

Plasma Gun Thickness 
(in µm) 

Injection  

SHVOF-3 µm 3 Top Gun-System( GTV) 349 Stream (Axial) 

SHVOF-1 µm 1 Top Gun-System( GTV) 380 Stream (Axial) 

SPS-3 µm 3 F6(GTV) Plasma booth 356 Stream (Radial) 

SPS-1 µm 1 F6(GTV) Plasma booth 402 Stream (Radial) 

SPPS - Robotic DC 9MB plas-
ma spray system 

262 Atomizing (Radial) 

 
This table shows all the necessary specifications used during spraying all five top coats, 
including the type of plasma gun, injection of suspension and solution in to the gun, D50 
used to prepare the suspension and the final thickness produced after spraying. 

 
Three different dimensions substrates of Hastalloy-X were prepared at PTC of dimensions 
(25mm Buttons, 25mm square plates and (50 * 30) mm rectangular plates) with specific 
thickness. 

3.2 Coating deposition & Metallographic preparation 

Bond coat on all of them were first plasma sprayed using a NiCoCrAlY (Amperit 410.429) 
powder and a F4-MB APS gun (Sulzer Metco, Switzerland) at PTC. The samples were then 
sent for top coat spraying at different places. The approximate coating target thickness was 
200µm.Top coat for SHVOF-3µm, 1µm & SPS-3µm, 1µm were deposited at Fraunhofer 
IWS, Dresden by the SHVOF and SPS techniques respectively using an F6 (GTV) plasma 
booth and a Top Gun-System (GTV) respectively. Top coat for SPPS was deposited at 
ARCI, Hyderabad, India by the SPPS technique using a robotic DC 9MB plasma spray 

mahdey
Sticky Note
extra paranthesis.
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system (Sulzer Metco AG, Switzerland) attached with a SPS-II liquid delivery unit (In-
framat Corporation, USA).   

 
Samples produced for microstructural investigation were first sectioned using a diamond 
cutting blade and then the cross sections were mounted in low viscosity epoxy resin. Pol-
ishing of samples was carried out semi-automatically using a Buehler PowerPro 5000 
(Buehler, USA) and a TBC polishing program. Samples were investigated using optical and 
scanning electron microscopy. 

3.3 Microstructural analysis & thickness measurement  

For microstructural characterization microscopes used are Scanning Electron (TM 3000 
HITACHI) and optical (Olympus BX60M) microscope. Microstructural observation in 
SEM was done on all across the cross section of the coating prepared for all five types of 
coatings generated in this work. For each type, the microstructure was observed at several 
magnifications(x50, x100, x150, x250, x300, x500, x1000, x1200, x1500, x2000, x3000 and 
x5000) the convention was kept same which helped in good comparison.   
 
Thickness measurement was done using Infinity analyser in built with the optical micro-
scope. Thickness measurement was performed using an optical microscope. Around 200 
measurements were taken all across the coating at x100 and both to measure both bond 
coat and top coat thickness. Average of all the measurements was taken to get the accurate 
thickness for all five types of coatings. Also, for SHVOF and SPPS types distance between 
two vertical cracks was measured and more than 100 measurements were carried out and 
then the average was taken to get the accurate width.   

3.4 Porosity evaluation 

Porosity measurement was done using normal Archimedes experimental setup which in-
cludes a beaker with water and weighing machine. Porosity measurement was performed 
on several samples of each coating type to get more accurate information. For first four 
types of coatings which are SPS-1µm, SPS-3µm SHVOF-1µm and SHVOF-3µm the poros-
ity measurement was performed on 4 samples for each type. An average of all those four 
samples was calculated to get the accurate porosity of each type. However for SPPS coating 
type the porosity measurement was performed on eight different samples and then the 
average was taken to get the accurate porosity of this type.   

 
There are several techniques to measure the porosity of TBCs, but in general Image analy-
sis is used everywhere since it is most convenient and easy. Suspension and solution based 
TBCs are much porous with a pore size of around few microns to nanometers and normal 
image analysis may not be able to detect these very small pores and hence cannot predict 
the correct porosity. That’s why for this work porosity measurement was carried out with 
the help of Archimedes principle. Firstly, coatings were removed from the substrate prior 
to the experiment by placing the sample in aqua regia, a highly corrosive mixture of acids (1 
part of HNO3 and 3 parts of HCl by volume).  The coatings were placed in aqua regia for 
24 hours, after that the top coat has been removed from the substrate. Each coating is then 
cleaned with alcohol and well dried to weigh them. Coatings are then kept in a beaker con-
taining water and kept in a vacuum for 10 minutes to force the water into the pores. All the 
wet samples then were weighed one by one with the help of an electronic balance. 
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The calculation of porosity has been done using the following mathematical relation: 
  

         
  

  
  

{
 

 
    

    

[
    

    
 

    

    
]
}
 

 
                         

 

Here,            ,                        are Volume of voids/ pores, total volume, 

weight of water droplets present in the pores, weight of wet sample, weight of dry sample, 
density of 7wt% YSZ and density of water respectively. All the parameters were measured 
in CGS unit system. Density of water was assumed to be 1 gram per cc. 

3.5 Thermal conductivity measurement 

All the samples used in this study were evaluated using the LFA technique. A Netzsch laser 
flash apparatus LFA 427 system (Netzsch Gerätebau GmbH, Germany) was used to meas-
ure the diffusivity of the coating system at room temperature and at higher temperatures in 
air and dynamic argon atmosphere respectively. This LFA equipment is able to measure 
thermal diffusivity of samples. Thermal conductivity is directly related to thermal diffusivity 
and it can be mathematically calculated using the following formula [9] 

       .    

where α is the thermal diffusivity, CP is the specific heat capacity,   is the density and λ is 
the thermal conductivity. In order to calculate thermal conductivity, several materialistic 
constants need to be found at the measured temperature points, such as the specific heat 
capacity and density. In this thermal conductivity experiments, four samples for first four 
types and eight samples for last type were investigated. During the laser flash experiment 
each diffusivity measurement was an average of 5 shots at each temperature.  

 
Experimental sample preparation for laser flash experiment was done by cutting the 
SHVOF and SPS coated plates with the complete TBC system into 10mm discs whereas 
SPPS coating plates into 10mm square plate using water jet cutting. As the coating is rela-
tively transparent to light of the wavelength used in the laser flash experiment, hence all the 
samples were coated with a layer of graphite to prevent the laser pulse from travelling 
through the zirconia layer. Absence of this additional graphite layer may lead in sensing 
false readings by the sensors because of the signals coming from the bond coat or TGO. 

 
During the laser flash experiment a laser pulse is fired at the substrate face of the sample, 
to minimize any issues with zirconia transparency. The heat pulse travels through the sam-
ple and the resulting temperature increase is measured with an InSb infra-red detector. The 
signal is normalized and thermal diffusivity is calculated from the following formula [9].  

                    

Where α is thermal diffusivity, L is the thickness of the sample and t (0.5) is the time taken 
for the rear face temperature to reach one-half of its maximum rise. An average of five 
laser shots was made for each measurement when the sample is at a steady state condition. 
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Thickness of the layers under investigation was measured from experimental calculation 
with the help of optical microscope.  

 
All SPS and SHVOF samples in this investigation were measured in a multilayer case; that 
the complete TBC system is measured for thermal diffusivity; whereas all SPPS were meas-
ured in a single layer case. For SPS and SHVOF samples of substrate and substrate plus 
bond coat were measured for thermal diffusivity and specific heat capacity separately in 
order to have data on the influence of each. By using the measured properties and the 
known thickness for each layer, the diffusivity of the ceramic in the system can be calculat-
ed. All SPS and SHVOF samples were measured at room temperature and high tempera-
ture whereas SPPS samples were only measured at room temperature. Because of very thin 
free standing SPPS coating LFA machine was not able to calculate the diffusivity at high 
temperature as it involves a risk of breaking the coating.  

3.6 Thermal cyclic fatigue 

The last experiment performed was lifetime assessment which was performed using TCF 
machine. Similar to porosity and thermal conductivity measurement life time assessment 
test was also performed on several samples for each coating type to get the accurate results. 
In this test, four samples for SHVOF-1µm and SPS-3µm, three for SHVOF-3µm, two for 
SPS-1µm and six for SPPS were produced for the experiment. An average of life time of 
different samples for each type was calculated to get the accurate life time of the coating. 
 
Thermo-cyclic fatigue (TCF) testing is an important lifetime assessment tests performed on 
TBCs. Oxidation of the bond coat and the subsequent growth of the thermally grown ox-
ide (TGO) layer is an indication of failure in TCF testing. The ceramic layer is subjected to 
high temperature sintering and must also demonstrate resistance to the stress induced by 
the growing TGO and the thermal mismatch during cooling cycles. In TCF testing used in 
this study samples were heated in a furnace (in air and normal atmospheric conditions) to 
1100°C for a period of 1 h followed by rapid cooling using compressed air to approximately 
100°C within 10 minutes. Samples were repeatedly cycled in this fashion until failure. After 
each cycle a visual record of the samples surface is made which allows crack evolution to 
be observed and cycles to failure to be estimated. The criterion for failure in TCF testing is 
when the coatings show more than 20% spallation of the whole coating surface. In this 
test, four samples for SHVOF-1µm and SPS-3µm, three for SHVOF-3µm, two for SPS-
1µm and six for SPPS were produced for the experiment. 

3.7 Sources of error and error margins  

Since the thesis work is completely experimental and no experiment is completely error 
free unless it is fully automated. While spraying SPPS top coats at ARCI, the cooling sys-
tem was not completely automated and were adjusted several times manually which could 
be the major source of error in the final life time results. The deviation in TCF results for 
SPPS coatings were more than 50% which is huge. Also, Archimedes experiment was 
completely manually carried which could have to some extent manual error. Somewhat 
large deviation in porosity results and hence the thermal conductivity results could be due 
to the same.     
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4 Results and discussion 

4.1 Microstructure  

Figure 7 shows the microstructure images taken by SEM for five different TBCs, SHVOF-
3µm, SHVOF-1µm, SPS-3µm, SPS-1µm and SPPS respectively. It can be seen that bond 
coats for all five different samples are similar since they are sprayed under similar condi-
tions whereas all of them possesses very different topcoats. Figure 7 (a) and (b) shows the 
microstructure of SHVOF-3µm, and SHVOF-1µm respectively, it can be seen that the 
obtained microstructure is a vertically spaced cracked microstructure. The distance between 
two adjacent vertical cracks have been observed with the help of optical micrograph at 50X 
magnification for both samples and it is noted that the results are very much similar for 
both. Similar microstructure can be because of the same thermal spray process used which 
is SHVOF. Vertical cracks in TBCs are known to increase the coatings ability to tolerate 
the thermal strain generated during thermal cycling [10]. 
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e) 

Formation of this type of dense vertical cracks (DVC) with conventional APS technique 
was first shown by Taylor et.al [87]. Splats with high amount of micro cracks are the main 
characteristics of APS coatings and vertical cracks in APS are generated through the align-
ment of these micro vertical cracks produced in each splat layer due to shrinkage of the 
deposited splat [87]. A reduced amount of these micro cracks was observed in SPS coatings 
while splats cooling compare to conventional APS coatings [88]. It is because SPS gener-
ates splats which are very much smaller than the splats generated in APS and hence de-
creases cooling rate for SPS splats. Decreased cooling rate cannot allow sufficient energy 
for micro crack propagation. Presence of these micro-cracks minimizes the tensile stresses 
present in the coating. It is because of the distribution of the tensile stress along these mi-
cro cracks. In order to generate this segmented vertical crack, tensile stress acts as a driving 
force to propagate the crack from the substrate asperity through the whole coating in to 
the surrounding. Hence SPS coatings can form these vertical cracks more easily [88].  
 
As can be seen in Figure 7, these vertical cracks seem to go through the entire thickness of 
the top coat starting to grow near the top coat-bond coat interface and ending up to the 
surrounding. These types of cracks are evidencing stresses generated in the coating proba-
bly due to the differences of the volumetric expansion of the system substrate-coating and 
by the temperature gradients occurring during the spraying process. Vertical cracks are de-
sirable in the coatings because they help in minimizing the thermal expansion mismatch 
between the substrate and a coating. These cracks expand or open up in the transverse 
direction due to thermal stresses and hence the coating will not expand from longitudinal 
or horizontal direction which ultimately minimizes the longitudinal expansion. But branch-
ing with these vertical cracks being horizontal cracks as branches is not desirable since the 
tensile thermal stresses can open up these cracks very fast and may lead to the failure of the 
coating. 
 
Apart from these vertical cracks which are normal to the substrate surface; branching 
cracks which are parallel to the substrate surface also observed in both SHVOF-3µm and 
SHVOF-1µm which are considered as branching cracks. But it was observed that there are 
very few branching cracks in SHVOF-3µm (Figure 7 (a)) compare to the SHVOF-1µm 
(Figure 7 (b)).  

Figure 7: Cross section SEM microstructures for (a) SHVOF-3µm, (b) SHVOF-1µm, (c) 
SPS-3µm and (d) SPS-1µm (e) SPPS 
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Interpass porosity band 
 
Columnar Feature 
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These cracks grow parallel to the substrate. These branching cracks are the most undesired 
defects because they can induce the delaminate failures [76, 77]. Formation of the coating 
depends very much on the droplet size formed in the plasma or flame during the suspen-
sion spray. Berghaus et.al has discussed the dependence of droplet path on droplet size 
[78]. Figure 8 explains this behaviour where it can be seen that smaller droplets of size 1µm 
follows the plasma path hence they can be treated very well and arrive hot at the substrate 
and form a splat whereas the larger one of size 3µm and more are deviating from the plas-
ma path largely and can arrive cold after well treatment or can arrive as untreated [78]. 
 
Because of the variation in the droplet path and hence parallel and normal component of 
its velocity, leads to a well-known shadowing effect. Depending on the droplet velocity, 
whether it is completely parallel or normal to the substrate or intermediary it will have a 
different impact on the substrate asperity which is shown in Figure 9. As it can be seen that 
largest droplet does not have a parallel component and has a direct impact on the substrate 
hence with the help of Figure 8 it can be said that this droplet is not influenced by the 
plasma gas. As the droplet size is decreasing in Figure 9 the parallel component is increas-
ing and it can be seen that the smallest droplet has the least parallel component. 
 
Using two of the above mentioned concept VanEvery et.al [67] has presented a hypothesis 
where he discussed the three different types of SPS microstructures with sub- micrometric 
and micrometric powder suspensions as presented in more detail in subchapter 2.6. 
 
Figure 7 (c) and (d) shows the microstructure of SPS-3µm and 1µm respectively and it can 
be seen that both are very much different than SHVOF-3µm and 1µm. This microstructure 
looks like an intermediary between types of microstructures what VanEvery et.al has ex-
plained which are columnar/ cauliflower and lamellar [67].  It was found that a suspension 
with sub-micrometric powder sized particles can produce the columnar/ cauliflower micro-
structure depending on other properties of the suspension; whereas suspension of micro-
metric sized powder particles can produce lamellar structure similar to the normal powder 
feedstock APS microstructure. Since in this work a suspension with powder size of 1µm 
and 3µm is used which is in between the sizes what VanEvery et.al has used [67], it can be 
concluded that this type of microstructure is an intermediary microstructure with few struc 

Figure 8: Numerical simulation results replotted from Ref 67 showing that how the large 
diameter zirconia particles deviate from the plasma gas 
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tures resembling as a column which we can see from both Figure 7 (c) and (d). Interpass 
porosity band can also be observed in both samples as shown in Figure 7 (c) and (d) which 
can also influence the failure life time of coating. Interpass porosity is a weak link in the 
coating which can lead to faster failure due to rapid propagation of a branching crack. 
 

 

Figure 7 (e) shows the microstructure of SPPS which also showed vertically spaced cracks 
similar to SHVOF all across the cross section of the coatings. Unlike SHVOF, these coat-
ings are not completely flat which can be observed from Figure 7(e). The cross section 
shown also conveys the information that some of the features similar to SPS coatings 
which grow out of plane of the cross section were also observed in SPPS. These features 
resemble like columns or a part of column and hence called as columnar features. Apart 
from these vertical cracks and columnar features, interpass porosity bands, similar to SPS 
were also observed in these coatings. Interpass porosity bands present in these coatings are 
in larger density than in SPS which is because of the larger rate of material deposition per 
pass in SPS than SPPS. The SPPS coating produced for this work is thinner than SPS coat-
ings because of less deposition rate of the gun used to spray SPPS coatings. As discussed 
earlier, the cause of formation of these vertical cracks in SPPS coatings can be due to the 
pyrolysis and subsequent volume shrinkage of un-decomposed precursor embedded in the 
coating during deposition. Using advanced equipment and feeding the liquid precursor 
correctly can reduce the un-pyrolyzed material.   
 
The difference between microstructures of SHVOF-3µm, 1µm; SPS-3µm, SPS-1µm and 
SPPS can be due to the different thermal spray processes used to produce them. Suspen-
sion sprayed with a HVOF process may not allow few micron diameter droplets to deviate 
its path in the flame due to very high velocity of the droplets than the flame. On the other 
hand suspension sprayed with APS could allow the droplets to deviate from the spray di-
rection in the plasma flame because of relatively same velocity of the plasma flame and the 
droplets. This can be one of the reasons behind the formation of vertically cracked micro-
structure in SHVOF-3µm and 1µm whereas intermediary between columnar and lamellar in 
SPS-3µm and 1µm as discussed earlier. SPPS coatings showed both vertical cracks and co-
lumnar features similar to SHVOF and SPS respectively. 

Figure 9: Dependence of variation in droplet velocity components on the droplet 
Impact on substrate asperity 
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4.2 Porosity analysis  

The porosity measurement results using the Archimedes method are presented in Figure 
10. It can be seen that SHVOF-3µm has least porosity whereas SPS-1µm has the highest 
with a porosity of almost double than SHVOF-3µm. SHVOF-1µm and SPS-3µm on the 
other hand has almost same porosity. Comparing SHVOF-3µm and 1µm it is very much 
clear from the microstructure (Figure 7 (a) and (b)) that the higher porosity of SHVOF-
1µm is due to the branching cracks present in it whereas there are very few branching 
cracks in SHVOF-3µm. The large standard deviation can be because of randomly present 
branching cracks. 
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Figure 10: Porosity results measured by Archimedes principle for all four samples 

Figure 11: Surface morphology of (a) SPS-3µm and (b) SPS-1µm by SEM at very high 
magnification 
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As discussed in the previous section that the formation of coating depends on the droplet 
size Figure 11 shows those different features. In Figure 11 (a) and (b) we can see all these 
features, spherical shaped are well treated but arrived cold, splat shaped are well treated and 
arrived hot whereas the shapes other than these two are not well treated. Comparing SPS-
3µm and 1µm it can be seen from Figure 10 that SPS-1µm has higher porosity than SPS-
3µm and also SPS-1µm has more splats than SPS-3µm (Figure 11). Large standard devia-
tion in SPS-3µm can be because of the randomly oriented interpass porosity bands.   
 
The possible reasons for higher porosity in SPS-1µm than SPS-3µm can be the presence of 
too many inter and intra splat cracks which also can be seen in Figure 11 (b).  Since the 
droplet size is floating around 1µm to 3µm we can expect the splats formed are of same 
size. Most of the splats formed are around 1µm to 3µm but few of them are relatively large 
which can be seen in Figure 11 (b). Larger splats are formed because of the agglomeration 
and some of the cracks which seem like Inter-splat cracks (Figure 11 (b)) can be due to the 
partial agglomeration of two large splats. The Intra splat cracks are due to the shrinkage. 
 
Comparing SHVOF-3µm, 1µm; SPS-3µm, 1µm and SPPS it can be seen from Figure 10 
that SPS-3µm, 1µm have much higher porosity. Since SHVOF-3µm and 1µm are sprayed 
with HVOF in which the particle speed is very much higher than in APS and hence the 
impact of particles on substrate will be much rapid than SPS-3µm, 1µm which are sprayed 
with APS. Rapid impact leads to more splat formation and also the high speed manages to 
restrict the particles from deviation so that they can also be well treated. This explains that 
suspension samples sprayed with APS results in more porous structure than one sprayed 
with HVOF. On the other had SPPS samples showed the porosity less than almost all SPS 
and SHVOF coatings except SHVOF-3µm, where the error bars are overlapping indicating 
almost similar porosity. 

4.3 Thermal conductivity analysis  

Thermal conductivity is one of the important characteristic which drives the performance 
of any type of TBC. In general the presence of porosity in the coating has an inverse effect 
on thermal conductivity. Because of the presence of air inside the pores which is a very bad 
conductor of heat the overall thermal conductivity of the coating decreases. Thermal con-
ductivity results at room temperature for coatings as-sprayed and after one cycle are shown 
in Figure 12 for all samples except SPPS. One cycle in this experiment is the time taken in 
bringing the sample temperature to 1190°C from room temperature which is around four 
hours. 
 
All the conductivity results are consistent with the porosity results which we can see from 
Figure 12, SPS-1µm showing the least conductivity and SHVOF-3µm with highest one. 
Whereas SHVOF-1µm and SPS-3µm are nearly same with slightly lower value for SHVOF-
1µm compare to SPS-3µm. The increase in all the coatings after one cycle which can also 
be seen in Figure 12 can be due to sintering, however the results after one cycle shows the 
same trend as for as-sprayed coatings at room temperature. 
 
Figure 13 shows the variation of the thermal conductivity during one cycle. It can be seen 
from Figure 13 that conductivity for all the coatings is increasing with the temperature. 
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This increase can be due to the sintering in the coatings. A steep jump in the conductivity 
plots can be seen after 1000°C for all coatings. This jump can be because of the dominance  
of the effect of radiant heat transport on overall thermal conductivity of the coating which 
is only pronounced at temperatures greater than 1000K [16]. Over 1000oC the protective 
graphite layer is destroyed on the samples surface during LFA. That is also a reason why 
there is such abrupt jump after 1000oC in all the coatings.  
 

 

 

 
An interesting behavior can be seen in Figure 13 for SHVOF-3µm coating. It is very much 
unusual to see the immediate increase in the conductivity during the cycle. All of our previ-
ous results showed that such an increase is very much less below 1000°C which is also ob-
served with rest of the three coatings in this work. This unusual immediate increase can be 
related to the microstructure as all of the other coatings show branching cracks or interpass 
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Figure 12: Thermal conductivity at room temperature for coatings as-sprayed and after 
one cycle 

Figure 13: Thermal conductivity of all coatings during one cycle 
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porosity whereas SHVOF-3µm does not. However, there is no strong explanation behind 
this behavior, the exact mechanism need to be understood which will be looked in future 
work.   

4.4 Thermo-cyclic fatigue analysis  

The lifetime results measured using thermo-cyclic fatigue test are presented in Figure 14. 
Comparing SHVOF-3µm and 1µm it can be seen in Figure 14 that the lifetime for both of 
them is almost similar; 197 cycles for SHVOF-3µm and 211 for SHVOF-1µm.  The slightly 
lower lifetime of SHVOF-1µm is due to the presence of many horizontal cracks in it com-
paring to other one. Presence of these horizontal cracks creates a low energy path for crack 
propagation which results in propagating the crack very fast and hence the failure of the 
coating will be faster. Again the standard deviation which is very high in SHVOF-1µm can 
be because of randomly presented horizontal cracks. 
 
Comparing SPS-3µm and SPS-1µm, on an average SPS-3µm has higher lifetime which is 
323 cycles than SPS-1µm which is 308 cycles. It is due to the presence of many interpass 
porosity bands in SPS-1µm than SPS-3µm. These porosity bands can lead to faster crack 
propagation and hence faster failure of the coating.  Again the huge standard deviation in 
SPS-1µm can be due to the presence of these randomly oriented interpass porosity bands. 
Comparing SHVOF-3µm, 1µm and SPS-3µm, 1µm it can be seen from Figure 14 that later 
one have higher lifetime.  
 

 
 
 

SEM microstructures after TCF for all samples can be seen in Figure 15. Figure 15 (b) 
shows that SHVOF-1µm has more horizontal cracks than SHVOF-3µm (Figure 15 (a)). 
Similarly the presence of more interpass porosity bands can be seen in SPS-1µm (Figure 15 
(d)) than SPS-3µm (Figure 15 (c)). The failure is occurring near the TGO in SHVOF-3µm 
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Figure 14: Lifetime measured by thermal cyclic fatigue test 
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and 1µm which can be seen in Figure 15 (a) and (b) that the cracks are starting to propagate 
near TGO. Similar to SHVOF-3µm and 1µm the failure for SPS-3µm and 1µm is also oc-
curring near the TGO which can be seen from Figure 15 (c) and (d). SPPS coatings showed 
a huge error bar which can be due to the manual cooling system used during spraying 
which was adjusted manually after spraying every sample. This difference in cooling might 
have affected the microstructure of different samples for the same parameters. This can be 
the reason to have such a large deviation in TCF testing. 
 
Since the oxidation behavior is same in all the samples which can also be observed from 
Figure 14, the only factor responsible for different lifetimes of these two different process-
es is strain tolerance of the coatings. Hence the possible explanation for this trend can be 
that the SPS coatings are more strain tolerant than SHVOF. Because the former one has 
more columnar oriented microstructure whereas the later one has flat microstructure and it 
can also be observed from Figure 7 and Figure 15. Flat microstructure can provide lower 
energy path for crack propagation than the columnar oriented microstructure and therefore 
SPS samples have longer lifetime than SHVOF samples. 
 
 

  

a)   b)                                    

  

  

c)   d) 
 

 
                e) 

Figure 15: Cross section SEM microstructure after TCF testing for a) SHVOF-3µm, b) 
SHVOF-1µm c) SPS-3µm, d) SPS-1µm and e) SPPS 
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5 Conclusion 

Five different types of thermal barrier coatings sprayed with three different processes, 
SHVOF, SPS both with 1 µm and 3 µm size powder suspensions and SPPS and then they 
are compared with each other. In this work it was shown that SHVOF process produces 
vertically cracked microstructure with more horizontal cracks for 1 µm than 3 µm powder 
size suspension whereas SPS process produces intermediary between columnar/ cauliflow-
er and lamellar with few column like structure for both 1 µm and 3 µm powder size sus-
pensions. SPPS coatings also showed similar to SHVOF which is vertically cracked micro-
structure with few columnar like features. SPS with 1 µm powder suspension has generated 
the most porous coating and least thermal conductivity whereas SHVOF with 3 µm pow-
der suspension has generated least porous and highest thermal conductivity. SPS coating 
with 3 µm powder size suspension has shown longest life time whereas SHVOF coating 
with 1 µm powder suspension has shown smallest life time in TCF analysis. From the 
whole discussion it can be concluded that SPS produces much porous, lower thermally 
conductive and longer lifetime Thermal Barrier Coatings than SHVOF process with a sus-
pension of powder size (D50) in between 1 to 3 µm. Also SPS can produce much porous 
and more durable in TCF testing than SPPS coatings produced in this work.  

 
In future, the detailed high temperature effects like sintering effect on porosity and hence 
on conductivity, grain growth, phase changes can be evaluated and compared for all three 
types of coatings. 

5.1 Critical Assessment  

Some of SPS and all SPPS coatings have shown large standard deviation in lifetime and 
porosity. Large standard deviation in SPS coatings can be because of the randomly present 
columnar features and/or horizontal cracks. In SPPS coatings the deviation can be because 
of the inconsistent cooing system while spraying these coatings at ARCI. The cooling can 
have huge impact on the formation of columnar features, cracks, pores etc. If the cooling is 
not consistent then though the spraying parameters are same, each coating can have differ-
ent characteristics.     

5.2 Generalization of the result 

All the results generated in this study can be generalized since they are consistent with the 
literature and also all the experiments were carried out on number of samples. The results 
obtained can be used to select proper D50 powder for suspension to generate better TBCs.  
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