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Summary 

Thermal barrier coatings (TBC) are used in the hot sections of gas turbine engine in order to 
insulate the substrate at high temperature. Molten salt infiltration retards the durability of 
TBCs. The current standard material, i.e. 8YSZ is susceptible to molten salt infiltration. 
Therefore, alternate TBC materials are desirable. In addition to material composition, the 
TBC microstructure plays an important role in mitigating molten salt infiltration.  Therefore, 
in this work, three different TBC variations were investigated. The first variation was a 
columnar microstructured 48YSZ TBC processed by SPS (48YSZ-SPS). The second 
variation was a columnar microstructured 8YSZ TBC processed by SPS (8YSZ-SPS), and 
the third variation was a lamellar microstructured 8YSZ TBC deposited by APS (8YSZ-APS).  
 
The as-sprayed TBC specimens were characterized by SEM/EDS, porosity analysis and 
XRD measurements. Later, the TBC specimens were exposed to hot corrosion test and their 
interaction with the molten salts were investigated using SEM (EDS and XRD). It was shown 
that an increase in stabilizer content (yttria content) in zirconia (in the case of 48YSZ) leads 
to an improved hot corrosion resistance due to the adequate amount of yttria content, which 
restricts the molten salt infiltration by forming needle like YVO4 phase. In terms of 
microstructure comparison, the infiltration behavior was similar for columnar 
microstructured 8YSZ and lamellar microstructured 8YSZ-APS as the molten salts infiltrated 
the coatings completely compared to the 48YSZ TBC. Furthermore, it seems that the molten 
salt infiltrates the TBC through globular pores, delamination cracks and splat boundaries in 
the case of APS-TBCs whereas the column gaps favor easier infiltration of molten salts in 
the case of columnar microstructured SPS processed TBCs.  
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1 Introduction 

1.1 Aim and approach 

Thermal spray is one of the surface engineering techniques utilized to deposit coatings for 
imparting corrosion resistance, wear resistance and thermal insulation functionalities to the 
underlying substrate. Thermal barrier coatings (TBC) are utilized to insulate the metallic 
substrates from higher operating temperature in applications such as gas turbine blades and 
vanes, thus improving the gas turbine efficiency and durability of the engine components. 
There are several routes for depositing TBCs. However, the most widely used TBC 
processing routes include the atmospheric plasma spraying (APS) and the electron beam 
physical vapor deposition (EB-PVD). Suspension plasma spray (SPS), which is a 
modification of APS, is the recent addition to the existing list of depositing TBCs. In this 
study, the atmospheric plasma spraying (APS), and the suspension plasma spraying (SPS) 
were utilized to deposit TBCs. The reason for opting SPS as one of the TBC processing 
routes is that it can provide the possibility to deposit finer feedstock to achieve low thermal 
conductivity and higher durability TBCs [1,2].  
The aim of this work was to understand the effect of TBC composition and microstructure 
on the hot corrosion performance. Therefore, two compositionally different TBCs having 
columnar microstructure were produced by SPS, i.e. 48YSZ and 8YSZ. Hereafter, these 
TBCs will be referred to as ‘8YSZ-SPS’ and ‘48YSZ-SPS’ respectively.  Furthermore, 8YSZ 
TBC having lamellar microstructure was deposited using APS, which will be hereafter 
referred to as ‘8YSZ-APS’. The as-sprayed TBCs were subjected to hot corrosion test in the 
presence of Na2SO4 and V2O5 salt mixture. The as-sprayed TBCs and corroded TBCs were 
analysed by SEM/EDS and XRD to examine the microstructural and phase evolution before 
and after corrosion. Based on the results, hot corrosion mechanisms were proposed for the 
microstructurally different TBCs. i.e. 48 YSZ-SPS, 8YSZ-SPS and 8YSZ-APS.  

1.2 Research Question 

The following research questions were framed in this work:  
 

1) What is the effect of yttria content in zirconia on the hot corrosion resistance of plasma 
sprayed TBCs?  
 
2) How does the microstructure of a TBC influence its hot corrosion behaviour? 

1.3 Limitations 

The results obtained in this work are for a specific composition of the hot corrosion salt until 

900°C. Exposing the coatings to different salt compositions (e.g. Na2SO4 and NaCl etc.) 
could result in a different penetration depth, based on factors such as their reactivity with 
the top coat, melt viscosity of salts etc. Furthermore, cyclic hot corrosion test is desirable to 
rank the durability of the coatings. The current work investigates only the reactivity of the 
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corrosive species with the top coat rather than their durability. Therefore, the findings from 
this work should be interpreted cautiously instead of generalizing. 
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2  Background 

2.1 Thermal barrier coating (TBC) 

Thermal barrier coatings (TBC) are utilized in the hot section of gas turbine [3,4]. TBCs are 
multi-layered systems comprising of several layers. The top ceramic layer is called top-coat 
(TC) and the underneath metallic layer called as bond coat (BC). The ceramic top coat has 
low thermal conductivity and provides thermal insulation against hot gases. The bond coat 
acts as an oxidation and corrosion resistance layer. Thermally grown oxide (TGO) is an 
intermediate layer (between top coat and bond coat) which grows in-situ during the service 
life of the TBC coated component at high temperatures. Fig. 1 shows the schematic of a 
TBC system comprising of individual layers. Each layer is explained in detail the following 
sections. 
 

 
 

Figure 1 Schematic of Thermal barrier coating system  

2.2 Top coat 

The top coat offers low thermal conductivity and thus, insulates the metallic substrate when 
the gas turbine engine components are exposed to high temperature. Additionally, the top 
coat material should possess phase stability in the service temperature range [5]. Typically, 
topcoat thickness of 0.1-0.5 mm provides a temperature drop of approximately 100-300° C 
on the substrate, depending on the thermal conductivity of the ceramic [3]. Fig. 2 shows the 
temperature drop across a TBC when the metallic substrate is cooled from the backside 
 

 
Figure 2 the gradient of temperature in different layers [3] 
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Even after several decades of research, yttria-stabilized zirconia (YSZ) has established itself 
as the standard topcoat material. Yttria (Y2O3) is the stabilizer, which contributes to phase 
stability in zirconia at high temperature by inhibiting the martensitic transformation. Without 
the stabilizer, phase transformation in zirconia from tetragonal to monoclinic is adequate to 
cause catastrophic failure in pure zirconia-based coatings [6]. Typically, Yttria (Y2O3) is added 
to zirconia to establish a non-transformable tetragonal prime (t') in the range of 7-8 wt. % 
which inhibits the phase transformation [7]. Fig. 3 shows the phase diagram of zirconia-yttria. 
The metastable tetragonal prime (t’) phase cannot be indicated in the phase diagram as it is 
a non-equilibrium phase. 

 

 
Figure 3 ZrO2-Y2O3 system of phase diagram [8] 

 
It should be mentioned that the tetragonal prime (t') phase is stabilized up to 1200 °C, beyond 
which, YSZ distributes into yttria-poor tetragonal and yttria rich cubic phase [9,10]. 
Furthermore, tetragonal prime (t') phase of zirconia has high fracture toughness due to the 
ferroelastic toughening mechanism [11]. Yttria-stabilized zirconia (YSZ) has several desirable 
top coat characteristics such as high coefficient of thermal expansion and low thermal 
conductivity [7, 12]. Its thermo- chemical compatibility with the protective thermally grown 
oxide (TGO) is another merit. On the other hand, YSZ has some limitations such as phase 
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instability above 1200 °C, [13], higher sintering rates and sensitivity to some corrosive species 
such as vanadium based or CMAS (calcium-magnesium -alumino silicates). 
During the last decades, several new ceramic material compositions have been proposed and 
explored in order to overcome the limitations of YSZ. The two widely investigated ceramic 
materials include lanthanum zirconate (LZ), and gadolinium zirconate (GZ) [14]. 
Furthermore, fully stabilized zirconia, i.e. 48YSZ, has shown better CMAS infiltration 
resistance than YSZ and GZ [15]. However, so far, 48YSZ has not been investigated in detail 
as a potential TBC top candidate.  

2.3 Bond coat 

The top coat has several defects such as cracks and pores. These defects promote degradation 
of the top coat and eventually the molten corrosive salts penetrate through the top coat and 
access the substrate. In order to protect the substrate against these destructive elements, a 
bond coat is desirable. The major role of a bond coat is to provide oxidation and corrosion 
resistance to the substrate at high temperature. Aluminum (Al) and chromium (Cr) in the 
bond coat help in providing corrosion and oxidation resistance at high temperatures. 
Furthermore, these elements can increase the creep strength of the substrate [5]. Improving 
the bonding between top coat and substrate is the other important role of a bond coat. One 
of the common bond coat compositions used are MCrAlX. Typically, M is Ni or Co and X 
is mostly yttrium as a reactive element. Cr and Al constitute 17-30 wt. % and 6-12 wt. % 
respectively. The bond coat has different phase constituents in its microstructure (β and γ 
phase). Fig 4 depicts these phases. The β phase is NiAl with (BCC) crystal structure. The β 
phase is a source for the growth of alumina whereas γ is the matrix. 

 
Figure 4 β and γ phases in NiCrAlY [16] 

2.4 Thermally grown oxide 

Thermally grown oxide (TGO) is formed between the bond coat and top coat at high 
temperatures. TGO can offer oxidation and corrosion resistance. This layer should be dense, 
good adherence with the bond coat, slow growing, and chemical compatibility with the top 
coat. Typically, three different oxide compositions are formed in this layer (α-Al2O3, Cr2O3, 
and spinel of Ni based) [17]. α-Al2O3 is commonly formed as a protective oxide for MCrAlX 
coatings. 
If the amount of alumina is insufficient to be formed, other non- protective oxides such as 
CoO, Cr2O3, NiO, and spinel (Co, Ni) (Cr, Al)2O4 are formed that results in defects in the 
coating [18,19,20]. Fig 5 indicates the alumina and spinel formation in a TGO layer [16]. 
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Figure5 Alumina and Spinel in the TGO layer of a TBC [16] 

2.5 TBC deposition techniques 

2.5.1 Atmospheric plasma spraying (APS) 

2.5.1.1  Principle 

Powder feed stock is utilized in this method. A high-energy plasma torch is used to deposit 
material on the substrate. Gas composition comprising of He, N2, and H2 are passed through 
electrodes. The electrodes ionize the gases and create a plasma plume [21, 22]. The powder 
feed stock is injected into the plasma flame by a carrier gas (argon). The powder feedstock 
particles are molten or semi- molten, when they arrive on the substrate where they flatten 
and solidify and are referred as splats. The splats build up to form the coating on the substrate 
[23]. Fig 6 indicates the principle of the APS process. 

 
Figure 6 the schematic of APS principle (plasma gun) [22] 

2.5.1.2  Coating characteristics 

The APS microstructure comprises of splats which are formed pores and inter-splat 
boundaries (visible in the cross-sectional view of the coating). Pores and the inter-splat 
boundaries reduce the thermal conductivity of the material. Typically, the top coat has 10-15 
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percent porosity when deposited by APS process [16]. Fig. 7a, 7b shows the top view and 
the cross-section microstructure of YSZ APS coating. 
 

  

 
Figure 7 a) top view b) top coat cross-section micro structure of APS YSZ [16] 

2.5.1.3  Advantages 

 
1. The APS processed TBCs possess lower thermal conductivity than EB-PVD 

processed TBCs, as the splats boundaries are transverse to the heat flow direction 
[24]. 

2. APS process has a higher deposition rate and it is more economical than EB-PVD 
[22].  

2.5.1.4  Disadvantages 

 
1. Finer powder feedstock (< 10 µm) is difficult to deposit by APS process due to the 

agglomeration and low flowability issues [23,25]. 

2.5.2 Suspension plasma spray (SPS) 

2.5.2.1  Principle 

The principle for SPS is similar to APS. However, it has distinct differences. The first 
difference in this method is related to the feedstock material. Feedstock powder is in the 
form of a suspension, where water or ethanol is generally used as the solvent. The second 
difference is in the stages of coating formation [26, 27]. Fig. 8 shows the different stages of 
coating formation via SPS route. There are six different stages identified during the coating 
formation via SPS, as shown in Fig. 8.  

 
Figure 8 the formation of suspension droplet in different stages in the SPS process [24] 
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2.5.2.2  Coating characteristic 

SPS has a columnar microstructure with fine porosity formed through the column gaps and 
columns. The fine porosity helps to achieve low thermal conductivity and the columns render 
high strain tolerance in SPS processed TBCs. Furthermore, SPS has a cauliflower like 
appearance, when viewed from the top [24]. Fig. 9a, 9b indicate the top view and cross- 

section microstructure for YSZ respectively by the SPS coating. 

 
Figure 9 a) top-view, b) cross-section of SPS YSZ coating [16] 

2.5.2.3 Advantages 

 
1. SPS method is suitable for nano- or sub-micron sized feedstock injection particles. 
2. SPS is more economical and has a higher deposition rate than EB-PVD. 
3. SPS processed TBCs possess low thermal conductivity. If the column compaction is 

controlled, the thermal conductivity of SPS can be lower than APS processed TBC 
[16]. 

2.5.2.4 Disadvantages 

 
1. SPS process has a lower deposition rate than APS [28]. 
2. Relatively expensive technique as compared to APS [28]. 

2.6 Failure of TBC systems 

The failure of TBC leads to reduced durability of turbine components. Generally, multitude 
or individual failures may occur in the TBC systems during their service lifetime. One of the 
critical factors that result in TBC failure is hot corrosion. The failure of TBCs by hot 
corrosion is discussed below. 

2.6.1 Corrosion 

One of the prevalent problems in gas turbines is corrosion [29]. The source of corrosion can 
be low-grade fuel or penetration of foreign molten particles into the porous TBC. Corrosion 
leads to accelerated oxidation, destabilized topcoat, and mechanical damage in a TBC system 
[16]. The corrosion is divided into two categories. The first type of corrosion happens over 

Top coat 
dfTop 
coat Bond coat 
coat 
dfTop 
coat 
Substrate 
dfTop 
coat 
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the melting points of the salt (800-950°C). The second part occurs at a lower temperature 
(600-800°C) [30]. This study investigates the type I hot corrosion. 

2.6.1.1 Top coat corrosion 

One of the most detrimental elements to the topcoat is vanadium. This element can react 
with oxygen, forming vanadium pentoxide (V2O5). Generally, vanadium is present in the low-
grade fuel used for the land-based gas turbines. Vanadium pentoxide (V2O5) reacts with 
yttria-stabilized zirconia (YSZ), then constitute yttrium orthovanadate (YVO4). YVO4 has a 
needle-like structure on the surface of top coat which make compressive stresses by getting 
bigger outward of the surface [32] Infiltration of YVO4 removes yttria from YSZ and altering 
zirconia phase from tetragonal to monoclinic, and finally damage TBC layer [29]. 
Other compositions that affect the topcoat corrosion are Sodium chloride (NaCl), Sulphur 
(Na2SO4) based compounds, etc. Sodium sulfate, on its own, does not react chemically with 
YSZ. However, it can infiltrate into the cracks and pores of a TBC, causing thermo- 
mechanical damage. Moreover, the mixture of vanadium pentoxide (V2O5) and sodium 
sulfate (Na2SO4) are the most common corrosive species, which contribute to the top coat 
degradation [31]. Sodium sulfate (Na2SO4) and vanadium pentoxide (V2O5) react with each 
other to form sodium metavanadate (NaVO3). Sodium metavanadate (NaVO3) attacks the 
top coat (YSZ) and forms a rod-like structure called yttrium orthovanadate (YVO4). The 
stress accumulation in the coating due to YVO4 formation causes leaching of yttria from 
8YSZ, resulting in its destabilization and promoting the tetragonal to monoclinic then 
damaging the coating transformation. Furthermore, penetration of the molten salts into the 
pores and micro-cracks causes thermo-mechanical damage [32].   
Other failures in TBCs due to corrosion can be observed above 1200 °C, which is referred 
as CMAS attack. When TBCs are exposed to molten inorganic particles, which could 
originate from desert sand, industrial fly ash, or volcanic ash. The CMAS constitutes oxides 
of magnesium, calcium, silicon, aluminum and other oxides (Fe, Ti, Ni, etc.). The CMAS 
degradation mechanism are similar to the hot corrosion mechanism. However, they are much 
more complex and occur at high temperatures. CMAS infiltration study is not in the scope 
of this work. 

2.6.1.2  Strategies to mitigate top coat corrosion 

2.6.1.2.1 New material selection to mitigate corrosion 

For hot corrosion resistant TBCs, several materials have been examined as an alternative 
stabilizer for zirconia instead of yttria. One of these elements is Tantalum (Ta). Ta constitutes 
ZrO2/Ta2O5 composition. This composition has tetragonal and orthorhombic phases in the 
presence of corrosive salts such as Na2SO4 + V2O5 at 1100 °C. The experiments proved that 
orthorhombic zirconium-tantalum oxide is more stable and possesses better hot corrosion 
resistance than the tetragonal phase in the same situation [34]. 
Other new experimented compositions are titania stabilized zirconia (ZrO2-18TiO2-10Y2O3, 
TiSZ), and ceria stabilized zirconia (ZrO2-24CeO2-2.5Y2O3, CSZ). In the case of YSZ, YVO4 
formation occurs due to the reaction of NaVO3 and Y2O3. YVO4 causes ZrO2 to transform 
from tetragonal to monoclinic. This transformation threatens the mechanical integrity of the 
coating. In the case of CSZ, the amount of monoclinic phase reduces by CeVO4. In the case 
of TiSZ, no monoclinic zirconia formation occurs. Therefore, TiSZ is more stable chemically 
and thermally and exhibits better hot corrosion resistance than CSZ, and YSZ [33]. 
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Furthermore, other composition based TBCs such as gadolinium zirconate (GZ) has shown 
better hot corrosion resistance than YSZ [34]. 

2.6.1.2.2 Other, methods to mitigate TBC corrosion 

The corrosion can be minimized by controlling Sulphur, Vanadium, or Alkali metal in the 
fuel [35]. One way to reduce corrosion is to add MgO to the fuel. MgO can react with 
vanadium pentoxide and form high melting vanadate [29]. The ratio (by weight) to overcome 
vanadium is Mg/V~3 [6]. 

2.6.1.2.3 Microstructure modification 

The microstructure of a TBC can potentially influence the hot corrosion resistance. For 
instance, a lamellar, splat-like microstructure TBC processed via APS could provide 
improved corrosion resistance than a columnar microstructure obtained via EB-PVD, for 
the same given composition. The reason could be that the column gaps in an EB-PVD 
coating can provide easier infiltration path for the molten salts as the column gaps widen 
during the high temperature exposure. 

2.6.1.2.4 Microstructure and material combination to enhance 
the hot corrosion resistance 

Recently, a novel combination of different ceramic compositions having different 
microstructure were investigated to overcome the drawbacks of YSZ, including its 
susceptibility to molten salt attack. The schematic of various materials and microstructural 
combinations deposited using SPS along with their expected functionality is shown in Fig 10 
show. Such a TBC architecture could lead to enhanced performance of the TBCs under 
CMAS or even molten salt attack [36]. 

 

 
 

Figure 10 different deposition layers of two groups top coat for CMAS attack resistance 
[36] 
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3 Methods and Materials 

3.1 Materials 

8YSZ, which is a standard ceramic topcoat material utilized as a top coat for TBC 
applications because of its better functional and thermal efficiency than other ceramics [43].  
8YSZ was utilized as the feedstock during plasma spraying in two different forms, i.e. 
suspension and powder. 48YSZ, which is fully stabilized zirconia having higher yttria content 
(48wt %.) than 8YSZ, was also used as the other top coat TBC composition in this 
investigation. Treibacher Industrie AG, Austria, provided 8YSZ and 48YSZ suspensions (48 
YSZ was chosen in this work due to its higher CMAS resistance than 8YSZ) [37]. Hastelloy-
X substrates of 1-inch diameter and 6 mm thickness with disc geometry were utilized to 
deposit the coatings. AMDRY 386 (Oerlikon Metco, Switzerland) (Ni 18Co 13Cr 10Al 0.1Y) 
with 220 μm thickness was utilized as the bond coat for all the deposited coatings. Fig. 11 
illustrates different schematic of investigated coatings. 

 

 
 

Figure 11 Different coatings schematics  

3.2 Methods: 

For the bond coat deposition, HVAF process was employed. An M3 gun from (UniqueCoat, 
Virginia USA) was used to deposit the bond coat. In this work, two different processing 
methods were employed for the topcoat deposition i.e. APS and SPS. For APS, an F4 plasma 
torch was utilized (Oerlikon Metco, Wohlen, Switzerland). In the case of SPS, Axial III 
plasma torch from Mettech (Northwest Mettech, Canada) was used. 

3.3 Metallographic preparation of the sprayed samples 

The as-sprayed and after corrosion TBCs were cold mounted first using low viscosity epoxy 
resin and later sectioned using STRUERS cutting machine. The sectioned specimens were 
again cold mounted using high viscosity resin and polished using BUEHLER (AutoMet 300, 
USA). The polishing procedure comprised of following steps: 
1st step: For the first step, the 125 µm silicon carbide polishing disk was utilized for 5 minutes. 
For the entire duration of the first step, water was used as the cooling media. 
2nd step: In this step, 45 µm grit size polishing disk was used along with water. 
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3rd step: A polishing cloth with 9-microns particle size diamond containing fluid (pink 
colour) as the abrasive media was utilized for 5 minutes.  
4th step: A polishing cloth with 3-microns polishing fluid was utilized for 5 minutes.  
5th Step: The final cloth polishing step comprised 0.05 µm silica particles as the polishing 
fluid and the duration was for approximately 4 minutes and 50 seconds. 
Later the specimens were cleaned with ethanol and gold sputtered (CRESSINGTON 108 
auto-machine) in order to make the surface conductive.  

3.4 Microstructure analysis and coating examination 

The microstructure (top view and cross-sectional view) of the TBCs (as sprayed and 
corroded) was analysed by Scanning Electron Microscopy (Hitachi model TM3000). 30 
different SEM micrographs (15 images at 300 X and 15 images at 3000 X magnifications) 
were taken to get a representative micrograph of the cross-section of each coating. Similar 
procedure was adapted for acquiring the SEM micrographs of TBCs after hot corrosion. 
EDS analysis was performed using, Energy Dispersive Spectroscopy (EDS, ZEISS, EVO 
50) was used.  
The column density was measured using the cross-sectional SEM micrographs at 300 × 
magnification. The column density was calculated by Eq. (1) [38] 
 

𝑐𝑜𝑙𝑢𝑚𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑐𝑜𝑙𝑢𝑚𝑛𝑠

𝑚𝑚
) =  

𝑁𝑜.𝑜𝑓 𝑐𝑜𝑙𝑢𝑚𝑛 𝑔𝑎𝑝 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑙𝑖𝑛𝑒

𝑇𝑟𝑢𝑒 𝑙𝑒𝑚𝑔ℎ𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑛𝑒
 (1) 

3.5 Porosity measurement 

The porosity content of the as-sprayed TBCs was measured using image analysis method 
[39]. High magnification (3000X) cross sectional SEM micrographs were used to measure 
the fine porosity content [40]. 

 

3.6 XRD analysis 

The phase analysis of the top surface of the as sprayed TBCs was examined by X'pert Pro 
from PANalytical. After hot corrosion test, the top surface of the TBCs was also analysed 
by XRD in order to investigate the phase evolution after exposure to the molten salts. 

 

3.7 Hot corrosion test 

The as-sprayed TBC specimens were exposed to salt a mixture comprising of sodium sulfate 
(Na2SO4) and vanadium pentoxide (V2O5) in the weight ratio of 45:55 wt℅ respectively. The 
commercially available sodium sulphate having an assay percentage > 99℅ was obtained 
from Fisher Scientific. Pure vanadium pentoxide with 99℅ an assay percentage was also 
obtained from Fisher Scientific. The total concentration of the salt mixture applied on each 

TBC specimen was 4 
𝑚𝑔

𝑐𝑚2⁄ . The TBCs with the applied salt were exposed at a 

temperature of 900 °C for 8 hours. After the exposure, the specimens were kept in the 

furnace until the temperature was below 100° C in order to avoid thermal shock to the 
specimens [14]. The photograph of the specimens after hot corrosion is shown in Fig 12. 



Degree Project for Master of Science with specialization in manufacturing 
Understanding the effect of material composition and microstructure on the hot corrosion behavior of plasma 

sprayed thermal barrier coatings  

13 

 
 

Figure 12 Photograph of a) 48 YSZ (SPS), b) 8YSZ (APS), c) 8YSZ (SPS) specimens after 
hot corrosion 
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4 Results and discussion 

4.1 Microstructural analysis 

4.1.1 Microstructural analysis (SPS - 48YSZ) 

4.1.1.1  SEM analysis before hot corrosion 

SEM analysis before hot corrosion 
The low magnification cross-sectional SEM micrograph of as-sprayed SPS-48YSZ TBC is 
shown in Fig. 13(a). The 48YSZ TBC showed a columnar microstructure comprising of 
columns and column gaps, according to fig. 13(a). Furthermore, SEM micrograph at higher 
magnification showed fine scale porosity, according to fig 13 (b). It is desirable to have 
columnar microstructured TBC as it is believed to be more strain tolerant than the lamellar 
like microstructure obtained via APS [28]. Furthermore, the presence of fine scale porosity 
in the coating can lower the thermal conductivity of the TBC. The column density was 

approximately 9  
𝑐𝑜𝑙𝑢𝑚𝑛𝑠

𝑚𝑚
. 

 

 
Figure 13 SEM micrograph of a) low magnification cross sectional view b) high 

magnification cross section before hot corrosion of 48 YSZ 
 

The low magnification of top view SEM micrograph of 48YSZ TBC showed a cauliflower 
look-alike microstructure in the as-sprayed condition, see Fig 14 (a). The high magnification 
of top view SEM micrograph showed fine structured splats, according to Fig 14 (b). The 
reason for finer splats with SPS can be attributed to the submicron sized feedstock used, 
which possess lower droplet momentum due to their lower mass, resulting in flattening of 
the droplet to a lower extent compared to the APS [28]. 
 

Top coat 

Columnar gap 

bond coat 

pores 
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Figure 14 SEM micrograph of a) low magnification top view b) high magnification top 

view before hot corrosion of 48 YSZ 

4.1.1.2  SEM analysis after hot corrosion 

 
The SEM micrographs of 48YSZ TBC after hot corrosion showed horizontal cracks in the 
columns of the coating near to the surface, according to Fig.15. One possible reason for 
horizontal crack formation in the columns close to the top surface can be attributed to the 
corroded products formed in its vicinity. The corroded products solidify in the column gaps 
during cooling of the TBC after test, resulting in stress accumulation in the coating. This 
stress is relived in the form of horizontal crack propagation in the coating.   
 

 
Figure 15 horizontal cracks in the 48 YSZ top coat after hot corrosion 

 
Lower magnification SEM micrographs of the 48YSZ TBC after corrosion further confirm 
the molten salt infiltration in the column gaps of the coatings, according to fig 16.  
 

Horizontal crack 
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Figure 16. The infiltration of molten salts in to the column gaps of top coat, a) low 

magnification b) SEM micrograph at column gap 
 

To further confirm the presence of corroded species in the column gaps, EDS analysis was 
performed which detected the presence of vanadium in the column gap and on the top of 
the columns, see Fig 17. The penetration depth of corroded products within the columns 
and in the column gaps was measured to be different where the columns showed a 
penetration depth of approximately 80 µm whereas the depth of infiltration within the 
column gaps was measured to be approximately 360 µm. During the heating of the specimens 

to the test temperature of 900 °C, the column gaps widen due to the tensile stresses in the 
coating. The molten salts infiltrate the columns easily compared to the column. From the 
EDS results, it is evident that the column gaps provide easy access of the molten salt 
compared to the columns. 

 
 

Figure 17 The cross sectional of EDS analysis of 48 YSZ (SPS) after hot corrosion 
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The top view SEM micrograph of 48YSZ TBC after corrosion showed needle shaped phase, 
which was absent in the as sprayed top view microstructure. Furthermore, the density of the 
needle like phase seems to be higher in the low magnification SEM micrograph, see Fig 18(a). 
The higher magnification SEM micrograph having needle shape is shown in Fig 18(b). The 
elemental analysis of the needle shape structure in the top view microstructure confirmed 
the presence of yttrium and vanadium, see Fig 18. Previous findings related to YSZ and 
molten salt interaction confirmed the needle like phase to be comprised of yttrium ortho-
vanadate (YVO4) [14]. However, XRD analysis would be desirable to confirm the phase 
evolution in the investigated TBC. 
 
 

 
Figure 18 the top view SEM of 48 YSZ with a) low magnification b) high magnification 

 
The EDS spectrum of top view of 48YSZ showed the presence of vanadium, zirconium, and 
yttrium, according to Fig 19. Yttrium orthovanadate (YVO4) formation causes destabilizing 
of 8YSZ due to the selective leaching of the stabilizer (yttria) from zirconia. However, in the 
case of 48YSZ, the presence of higher yttria content (48wt.%) much higher than 8YSZ 
(8wt.%) prevents phase transformation in 48YSZ as the cubic phase of zirconia is still 
retained due to the higher yttria content. Fig 19 shows the top view EDS maps of elements 
detected after hot corrosion in 48YSZ, where the needle like structure is shown to be 
comprised of yttrium and vanadium. 
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Figure 19 The top view EDS of 48 YSZ (SPS) after hot corrosion 
 

4.1.2 Microstructural analysis (SPS-8YSZ) 

4.1.2.1  SEM analysis before hot corrosion 

The cross-sectional SEM analysis of as-sprayed SPS-8YSZ TBC showed columnar 
microstructure in the as-sprayed condition, according to Fig. 20 (a). Additionally, the 8YSZ 
microstructure showed fine structured porosity, as seen in Fig 20 (b). The column density 

was almost 13 
𝑐𝑜𝑙𝑢𝑚𝑛𝑠

𝑚𝑚
 . 

 

 
Figure 20 SEM micrograph of a) low magnification cross sectional view b) high 

magnification cross section before hot corrosion of 8 YSZ 
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The low magnification top view SEM micrograph of SPS-8YSZ TBC showed a cauliflower 
look-alike microstructure before 8YSZ before hot corrosion Fig 21 (a). The high 
magnification top view SEM micrograph showed fine pores, smaller splats and column gaps 
separating the cauliflowers, see Fig 21 (b). 

 
Figure 21 SEM micrograph of a) low magnification top view b) high magnification top 

view before hot corrosion of 8 YSZ 

4.1.2.2  SEM analysis after hot corrosion 

The cross-sectional SEM micrograph of SPS-8YSZ TBC after hot corrosion showed 
horizontal cracks in the top coat, according to Fig. 22. The horizontal cracks formed near 
the surface of the top coat could be due to the molten salt infiltration into the TBC, which 
leads to stiffening of the porous TBC and thus decreasing its strain tolerance.  
 

 
Figure 22 SEM micrograph of SPS- 8 YSZ after hot corrosion 

 
Furthermore, the reaction of YSZ with the molten salts leads to the selective removal of 
yttria from YSZ, leading to the formation of yttrium orthovanadate (YVO4). This leads to 
the destabilization of the 8YSZ and results in the undesirable phase transformation upon 
thermal cycling. In addition to the phase transformation stresses in the TBC, the growth 
stresses due to needle–like YVO4 formation and its infiltration into the columns and column 
gaps promote the damage and eventually results in TBC spallation. The cross-sectional SEM 
micrographs shown in Fig. 23 indicate that the infiltration depth of the corrosive salt in the 

Horizontal crack 

spallation 



Degree Project for Master of Science with specialization in manufacturing 
Understanding the effect of material composition and microstructure on the hot corrosion behavior of plasma 

sprayed thermal barrier coatings  

20 

coating was more than 200 µm. Additionally, it could also be seen that the corrosive salt 
infiltrates through the columns and column gaps of 8YSZ TBC in a similar manner as the 
depth of infiltration was approximately similar (>200 µm). The infiltration depth in the case 
of 48YSZ was lower in the columns and column gaps (<100 µm). The reason for lower 
infiltration depth of the molten salts in 48YSZ TBC than the 8YSZ TBC can be attributed 
to its higher content of yttria content (approximately 33 mol.% in 48YSZ) than 8YSZ 
(approx. 4 mol.%). Higher the yttria content in the TBC, higher is the formation of needle-
like YVO4, as seen in the top view SEM after corrosion for 48YSZ. The needle like YVO4 
formation at the top surface blocks the molten salt infiltrate into the coating, thus minimizing 
the corrosion damage in the TBC. 
Therefore, it is desirable to limit the phase transformation in TBC topcoat along with 
arresting the corroded products near the top surface and limit the damage. However, the 
results indicate that 8YSZ is susceptible to hot corrosion attack via phase transformation and 
molten salt infiltration in the TBC through the columns and column gaps.  
In addition, molten salt infiltrated almost half or more of top coat. Fig 23 shows the low and 
high magnification of penetration of molten salt into the top coat. 
 

 
Figure 23 SEM micrograph a) low magnification and b) high magnification of infiltration 

molten salt into the top coat 
 
The top view SEM micrograph of SPS-8YSZ was similar to 48 YSZ, which shows needle-
like, yttrium orthovanadate (YVO4), according to Fig 24. The yttrium orthovanadate (YVO4) 
is a product from the reaction between yttria (from YSZ) and sodium metavanadate (NaVO3) 
or vanadium pentoxide (V2O5). 
 

YVO4 

YVO4 



Degree Project for Master of Science with specialization in manufacturing 
Understanding the effect of material composition and microstructure on the hot corrosion behavior of plasma 

sprayed thermal barrier coatings  

21 

 
Figure 24 the top view SEM of 8 YSZ (SPS) after hot corrosion 

4.1.3 Microstructural analysis (APS-8YSZ) 

4.1.3.1  SEM analysis before hot corrosion 

 
The cross-sectional SEM analysis of as-sprayed 8YSZ TBC deposited via APS before hot 
corrosion is shown in Fig. 25 (a). The micrograph shows lamellar microstructure, where the 
incoming molten splats overlap on the previously solidified splats. Splat boundaries, 
delamination and pores characterize a lamellar microstructured TBC processed via APS, see. 
Fig 25 (a&b). 

 
Figure 25 Cross sectional SEM micrograph of as-sprayed APS 8YSZ a) low magnification 

b) high magnification 
 
In addition, the top view SEM micrograph showed splats, which were separated by cracks in 
the top coat, according to Fig 26(a & b). The splat size in the APS coating is larger than the 
SPS-8YSZ or SPS-48 YSZ TBCs. The reason can be attributed to their larger feedstock size 
compared to the SPS coatings where submicron size feedstock was used.  
The lamellar microstructure with large splat-like features in an APS processed 8YSZ TBC 
can mitigate the corrosive salt infiltration as they do not possess column gaps or fine scale 
porosity, which can otherwise provide relatively easier penetration path for the molten 
species. Therefore, their hot corrosion behaviour investigation is desirable to test the 

Top coat 

Bond coat 
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hypothesis that TBCs with larger splats and without column gaps can improve their molten 
salt infiltration resistance compared to a columnar microstructured TBC. 

 
Figure 26 The SEM top view of APS coating with a) low magnification b) high 

magnification before hot corrosion 

4.1.3.2  SEM analysis after hot corrosion 

The cross-sectional SEM micrograph after hot corrosion shows the molten salt infiltration 
into the delamination and pores of the APS-8YSZ TBC, as seen in Fig 27. These defects in 
the APS processed TBCs become essential for lower thermal conductivity. However, their 
susceptibility to molten salt infiltration can limit their durability. 

 

 
Figure 27 Cross-sectional SEM of APS coating with a) low magnification b) high 

magnification after hot corrosion 
 

The EDS analysis of the cross-sectional SEM micrograph showed the presence of vanadium, 
zirconium, and yttrium, according to Fig. 28. The molten salts infiltrated into the 
delamination and pores of the TBC and eventually infiltrated the whole TBC for the similar 
exposure time as the other investigated TBCs. The depth of infiltration of molten slats was 
measured to be approximately 215.50 µm. The molten salts react with YSZ to form yttrium 
orthovanadate (YVO4). This reaction results in destabilizing the 8YSZ TBC as the yttria 
content is lower than the amount required for retaining the metastable tetragonal prime 
phase. This is not desirable for a longer durable TBC. Furthermore, the hot corrosion 
behaviour of APS-8YSZ shows that the molten salts infiltrate the TBCs irrespective of their 
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microstructure, i.e. columnar or lamellar, as the infiltration depth for 8YSZ APS and SPS 
were approximately similar (200 µm). 
   

 
Figure 28 the cross-sectional SEM/EDS of 8YSZ (APS) after hot corrosion 

 
Additionally, the needle-like shaped YVO4 phase was observed in the top view SEM 
micrograph, according to Fig 29. 
 

 
 

Figure 29 The SEM top view with a) low magnification b) high magnification by APS 
coating after hot corrosion 

 
The EDS analysis of needle-like shapes confirmed the presence of elements such as yttrium 
and vanadium. according to Fig 30. 
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Figure 30 Top view SEM/EDS analysis of APS-8YSZ after hot corrosion. 

 
From the SEM results, it is evident that a higher yttria content in the TBC can help in the 
formation of higher density of needle like structure, as observed in the case of 48YSZ (33 
mol.%), which results in arresting the molten salts to the surface of the TBC. This was not 
the case for 8YSZ- processed by APS and SPS as the yttria content was lower than 48YSZ. 
Furthermore, it was also evident that the larger splats in the microstructure, as in the case of 
APS-8YSZ, do not help in restricting the molten salt infiltration due the presence of porosity, 
splat boundaries and delamination in the microstructure, which act as the weak link and give 
access to the corroding media. In the case of a columnar microstructure (SPS-48YSZ), it 
seems that the column gaps act as the weaker link in the TBC as they give relatively easy 
access to molten salts compared to the columns, although columnar microstructured TBC is 
desirable for higher strain tolerance and durability. Additionally, the infiltration depth of 
molten salt was similar for lamellar and columnar microstructured 8YSZ TBCs whereas for 
48-YSZ, the infiltration depth was much lower. This shows that the influence of TBC 
composition (yttria content) is stronger than the TBC microstructure.  

4.2 Porosity measurement 

4.2.1 Before hot corrosion 

Fig 31 shows the porosity content of 48 YSZ (SPS), 8YSZ (SPS), and 8 YSZ (SPS) before 
hot corrosion. The as-sprayed TBCs showed similar porosity content for 8YSZ-APS and 
48YSZ-SPS and 8YSZ-APS TBCs, considering the error bars. Higher porosity content in a 
TBC could be beneficial to achieve low thermal conductivity. However, the pores in a TBC 
are detrimental to the molten salt infiltration, which limits their longevity. Based on the 
similar porosity content in as-sprayed TBCs, their hot corrosion behavior should be similar. 
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However, the TBC chemical composition and microstructure could influence their hot 
corrosion behavior.  

 
 

Figure 31 Porosity content of 48 YSZ (SPS), 8YSZ (SPS), and 8 YSZ (SPS) before hot 
corrosion 

4.3 XRD analysis 

4.3.1 Before hot corrosion 

The XRD analysis of the top surface of as-sprayed TBCs showed the presence of metastable 
tetragonal phase of zirconia in the case of SPS-8YSZ and APS-8YSZ TBCs. The metastable 
tetragonal prime phase of zirconia is a non-transformable phase in the temperature range of 
25 to 1200 °C, which renders longevity to 8YSZ based TBCs. Furthermore, this phase has a 
higher fracture toughness than the other phases of zirconia (e.g. cubic, monoclinic etc.) [41]. 
Similar tetragonal prime phase of zirconia was reported for plasma sprayed 8YSZ based 
TBCs [38]. In the case of 48YSZ, cubic phase of zirconia was detected. Higher yttria content 
in zirconia leads to the stabilization of cubic phase of zirconia, according to the phase 
diagram [8]. The cubic phase of zirconia is also stable in the service temperature range of 
zirconia. However, it has inferior fracture toughness than the tetragonal prime phase of 
zirconia [41]. Fig 32 shows XRD plot before hot corrosion for 8 YSZ (SPS), 8YSZ (SPS), 
and 48 YSZ (SPS).  
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Figure 32 XRD analysis of 8 YSZ (SPS), 8YSZ (SPS), and 48 YSZ (SPS) before hot 
corrosion 

4.3.2 After hot corrosion 

The XRD results are in agreement with SPS and APS processed 8YSZ TBCs showed the 
presence of yttrium ortho-vanadate (YVO4) and monoclinic zirconia after exposure to 
molten salts. It should be noted that the salt mixture (Na2SO4+V2O5) does not react directly 
with YSZ. In fact, the following sequence of reactions occur during the hot corrosion. 
According to Eq. (1), the sodium vanadate formed has a melting temperature of 
approximately 610 °C, which then reacts with the stabilizer in the top coat (yttria) to form 
yttrium ortho-vanadate and monoclinic zirconia [42]. However, in the case of 48YSZ, yttrium 
ortho-vanadate (YVO4), monoclinic zirconia and cubic zirconia phases were detected. 
 
Na2SO4+ V2O5                                        2NaVO3 + SO3 (1) 
YSZ + 2NaVO3                          2YVO4+ m-ZrO2 + Na2O (2) 
Y2Zr2O7 + 2NaVO3                        2YVO4 + m- ZrO2 + c-ZrO2 + Na2O (3) 
 
Fig 33 shows XRD plot after hot corrosion for 8 YSZ (SPS), 8YSZ (SPS), and 48 YSZ (SPS). 
 

 
Figure 33 XRD analysis of 8 YSZ (SPS), 8YSZ (SPS), and 48 YSZ (SPS) after hot 

corrosion 
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4.4 Hot corrosion Mechanism 

Based on the results obtained in this investigation, hot corrosion mechanism of SPS and APS 
processed TBCs is proposed to explain the findings, see Fig. 34. Defects in an APS processed 
8YSZ-TBC such as globular pores, splat boundaries and delamination cracks promote the 
molten salt infiltration and make the TBC susceptible to hot corrosion. Similarly, in an SPS 
processed columnar microstructured TBC, other than the porosity and splat boundaries, the 
column gaps further accelerate the molten salt infiltration. Furthermore, the yttria content in 
8YSZ TBCs (processed via APS and SPS) was not adequate to restrict molten salt infiltration 
as the corroded product formation can retard the further infiltration of the molten salts. 
However, in the case of 48YSZ TBC, due to its higher yttria content, the needle like yttrium 
ortho-vanadate phase formation, which was present in higher amount than 8YSZ, restricted 
the infiltration of molten salt to near surface in the columns. However, the column gaps in 
the columnar microstructured 48YSZ TBC were shown to be the weak link in the 
microstructure as the infiltration was shown to be higher in the column gaps rather than the 
columns. As discussed previously, the cubic phase of zirconia lacks adequate fracture 
toughness and therefore it is susceptible to horizontal cracks after hot corrosion, although 
its infiltration depth was shown to be lower than 8YSZ TBCs, according to SEM results. 

 

  
 

 
 

Figure 34 the mechanism of hot corrosion for APS & SPS 
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5 Conclusion 

5.1 Conclusion Remarks: 

In this investigation, two compositionally different zirconia based TBCs were deposited by 
suspension plasma spray (SPS) process, i.e. (8YSZ) and (48YSZ), Additionally, the 8YSZ 
TBC was also produced by atmospheric plasma spray (APS). The effect of TBC composition 
and microstructure on the hot corrosion behaviour was evaluated using SEM/EDS and 
XRD analysis. It was shown that:   

1. Column gaps provide a relatively easier path for the molten salts to infiltrate the 
TBC compared to the columns, as observed in the case of SPS-48YSZ. 

2. Porosity, splat boundaries and delamination cracks promote molten salt penetration 
in the lamellar microstructured TBC, as observed in the case of APS-8YSZ 

3. TBCs with higher yttria content (48YSZ) had lower molten salt infiltration depth, 
when the microstructure was similar, i.e columnar, according to the hot corrosion 
behaviour of SPS-48YSZ and SPS-8YSZ TBCs. Additionally, the corrosion product 
formed in both the TBCs was similar, i.e. YVO4. However, the density of needle like 
structure was higher in 48YSZ than 8YSZ. 

4. Molten salt infiltration in the columnar microstructured TBCs results in horizontal 
cracks near the TBC surface. The reason can be attributed to loss in strain tolerance 
of the TBC due to the infiltrated salts. 

5.2 Future work 

Depositing a denser top layer in the case of 48YSZ TBC could help in restricting the molten 
salt infiltration further. Therefore, a denser 48YSZ top layer deposited via APS or SPS, which 
is defect free, is highly desirable. Furthermore, cyclic hot corrosion test could be more 
desirable to evaluate the durability of these TBCs under the influence of molten salt 
infiltration, as the current works focus was restricted to the TBC’s chemical reactivity rather 
than durability. 
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