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Abstract: The cold gas dynamic spray (CGDS) method has been considered a promising technology
to produce a metallic bond coat for thermal barrier coating (TBC) systems. In this study, CoNiCrAlY
bond coats produced by CGDS method were coated with yttria-stabilized zirconia (YSZ) by electron
beam physical vapor deposition (EB-PVD). TBCs were subjected to 50 wt % V2O5 and 50 wt %
Na2SO4 molten hot corrosion salt combinations at 1000 ◦C. In the case of YSZ top coat on TBCs,
the reaction between Na2SO4, V2O5, and Y2O3 salts generates YVO4 crystals, and these structures
cause the transformation of tetragonal ZrO2 to monoclinic ZrO2. This situation occurs under
operating conditions that lead to TBC failure. Hot corrosion behavior and the related failure
mechanisms of TBC systems were investigated and discussed using scanning electron microscope
(SEM), energy dispersive spectroscopy (EDS) analysis, and X-ray diffractometer (XRD).

Keywords: thermal barrier coatings (TBCs); electron beam physical vapor deposition (EB-PVD); cold
gas dynamic spray (CGDS); hot corrosion; molten salts

1. Introduction

Thermal barrier coatings (TBCs) have been widely used to improve the efficiency of gas turbine
engines in aviation industry [1–3]. Mostly, aircraft engines work at elevated temperatures, and these
temperatures generally damage aircraft engine parts, such as turbines and blades. TBCs have been
used in gas turbine engine components, like turbine blades and vanes, to protect them from aggressive
environmental effects, increase operating temperatures, and provide thermal insulation at higher
operating temperatures [4,5].

Yttria-stabilized zirconia (YSZ) is widely used as a traditional TBC ceramic top coat material due
to its high melting point, low thermal conductivity, and high-temperature stability. MCrAlY alloy is
also used as a typical TBC bond coat material due to its excellent high-temperature strength [1,2,4].
When TBCs are exposed to oxidation with high temperature, a thermally grown oxide (TGO) layer is
formed between the top coat and bond coat [6]. The ceramic top coat has a substantially low thermal
conductivity and partially low thermal expansion. The metallic bond coat is deposited between the
metallic substrate and ceramic top coat for improving adherence of the ceramic top coating to the
substrate alloy [7].

Coatings 2019, 9, 166; doi:10.3390/coatings9030166 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0002-6766-4974
http://www.mdpi.com/2079-6412/9/3/166?type=check_update&version=1
http://dx.doi.org/10.3390/coatings9030166
http://www.mdpi.com/journal/coatings


Coatings 2019, 9, 166 2 of 11

Bond coats are an important part of TBCs, and they can be produced by a variety of methods
such as atmospheric plasma spray (APS), vacuum plasma spray (VPS), high-velocity oxy-fuel (HVOF),
or cold gas dynamic spray (CGDS) [8]. CGDS is a thermal spraying technique by which the
powder coating materials are deposited on the surface at high speeds at considerably lower process
temperatures. This high-speed process is carried out by heating and compressing gases such as air,
nitrogen, and helium. The CGDS method has many advantages over other thermal spray coating
methods. The products produced by this method do not cause undesirable phase structures and
oxidation. There is no change in the structure of the base material. It is also possible to obtain dense
and high-hardness coatings. CGDS coatings can be produced at very high speeds. The most important
advantage of this method is that CGDS method is applied at lower temperatures than other thermal
spray coating processes, such as HVOF, APS, and D-gun [1,8]. CGDS technique may appear to be an
alternative process to obtain superior coating properties for bond coat production. CGDS coatings,
commonly known as “cold spray” coatings, exhibit remarkably high density, good corrosion resistance,
and high hardness with high reliability, due to their cold-worked microstructure [9]. Cold-sprayed
bond coats show improved adhesion to the substrate and provide a suitable surface roughness [10].

Ceramic top coat production is the most important part of TBC production.
Generally, two methods are available for this purpose, namely, APS and EB-PVD. EB-PVD
coatings are deposited in a columnar structure as opposed to APS coatings which grow in a laminar
manner. EB-PVD has a more complex mechanism than plasma spraying, in terms of the equipment
used. EB-PVD methods need preheating for the substrate while for plasma spray methods, it is
not necessary to heat the substrate and the coating rate is faster than EB-PVD. APS is a low-cost,
easy, and rapid production technique compared to EB-PVD. In addition, EB-PVD TBCs have good
aerodynamic properties due to their surface roughness, which is better than APS [11].

TBCs undergo a variety of failure mechanisms, such as hot corrosion, oxidation, erosion,
and thermal shock. Thermal shock occurs with sudden temperature alterations. Oxidation occurs
as a result of chemical reactions of metallic components at high temperatures. Hot corrosion is
the most important failure mechanism in TBC. Hot corrosion takes place due to the adverse effects
of molten salts at high temperature [12]. In a working gas turbine, sulfur which comes from the
low-quality fuel reacts with sodium chloride and sodium sulfate forms at high temperatures. After that,
sodium sulfate covers the hot-section components. This phenomenon is commonly referred to
as “hot corrosion”. Turbine blade alloys that suffer hot corrosion attack have been widely found
to show both oxidation and sulfidation [10]. This occurs at high temperature and in corrosive
environments. However, this mechanism has not been exactly declared due to the use of low-quality
fuels. Some low-quality fuels have impurities, such as Na2SO4 and V2O5 salts, covering the component
surface at the high temperature. These salts reacting with the top coat cause phase transformation [1].
As a result, this transformation causes volume expansion and, accordingly, failure occurs depending
on the TBC system [12].

In this study, the CGDS method, widely used as a novel technology in recent years, was used
to deposit CoNiCrAlY-based metallic bond coats onto nickel-based superalloy substrate Inconel 718.
EB-PVD method was used for deposition of ceramic top coatings with YSZ content, which are used for
thermal insulation purposes. The primary aim of this study is the deposition of CoNiCrAlY-based
metallic bond coats having a dense structure with low oxide and porosity content. Another aim
is evaluation of the failure mechanisms and performances occurring under high temperature and
corrosion conditions in EB-PVD TBC systems.

2. Experimental

2.1. Preparation of Substrate Material, and Bond and Top Coatings

Inconel 718, a nickel-based superalloy, was used as the substrate material. The approximate
dimensions of 1 inch diameter and 4 mm thickness were obtained by cutting with wire erosion process.
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Sample surfaces were prepared by sandblasting for the coating process. The deposition of CoNiCrAlY
metal powders was accomplished with CGDS technique. Approximately 100 µm coating thickness
was achieved on nickel-based superalloy substrate material. Following the production of bond coat,
the deposition of top coat was accomplished with nearly 300 µm thickness by EB-PVD technique using
YSZ ceramic-based ingots. In the EB-PVD unit for deposition of top coating, YSZ ingot material of
68.5 mm diameter and 45–55 mm height was used.

2.2. Hot Corrosion Tests

Salt mixtures of Na2SO4 (99% purity) and V2O5 (98% purity) were scattered onto the surfaces
of produced TBC samples. The corrosive salts were spread over the surface of specimens at
a concentration of 10 mg/cm2, keeping 1.5 mm from the edge to avoid edge effects. The samples
were subjected to hot corrosion tests at 1000 ◦C (1273 K) temperature, with periodical cycling
between furnace and room temperature for 4 h periods. These cycles were continued until about 40%
deterioration was observed on the samples. After each 4 h period of testing at 1000 ◦C, the samples
were allowed to cool down inside the furnace, and the coatings were then inspected for possible crack
initiation. The samples were then recoated with the Na2SO4 + V2O5 salt mixture.

2.3. Characterization

Microstructures of TBCs were evaluated using a scanning electron microscope (SEM) (SEM, Tescan,
MAIA3 XMU, Brno, Czech Republic) equipped with latest technology energy dispersive spectroscopy
(EDS-SEM, Tescan, MAIA3 XMU). The phases of the TBCs were analyzed using X-ray diffraction
(XRD) (Rigaku Dmax 2200 PC, Cu Kα radiation, Tokyo, Japan). Surface roughness values were
measured using the surface roughness tester (SJ-310, Mitutoyo, Kanagawa, Japan). Hardness values
of the coatings were measured using Vickers indentation using a Struers Duramin microhardness
tester (Copenhagen, Denmark) with 100 g load for 15 s periods. Corrosive product formation and
degradation mechanisms were examined using surface and cross-sectional microstructural analysis.
The important results of this study are presented in this paper.

3. Results and Discussion

3.1. Characterization of as-Sprayed Coatings

Substrate material, metallic bond, and ceramic top coat’s surface roughness were measured
according to DIN EN ISO 3274 standard [13], and are shown in Table 1. Metallic bond coats, which were
produced by CGDS methods, had dense, little porosity, and uniform structure [1,6,11].

Table 1. Surface roughness values of substrate, and bond and top coat.

Surface Roughness Ra (µm)

Inconel-718 substrate 5.25
CGDS bond coat 7.20
EB-PVD top coat 7.92

The bond coat cross-section of the as-deposited EB-PVD TBCs with cold-sprayed CoNiCrAlY bond
coat is demonstrated in Figure 1. As observed in the image, the coating exhibits a columnar structure,
which is a typical feature of EB-PVD coating [1–5,14–17]. The TBC structure produced with EB-PVD
method has a lower crack content. As-deposited TBC surface image is shown in Figure 2. The top
surface of the coating exhibits a pyramidal appearance and intercolumnar gaps can be observed.
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Figure 2. As-deposited columnar surface image micrograph of microstructure of YSZ TBC.

After hot corrosion tests, a uniform and dense coating structure provided by EB-PVD technique
retards the formation of hot corrosion products [1,5,8,12]. The substrate material, metallic bond,
and ceramic top coat surface hardness values are given in Table 2.

Table 2. Hardness values of the thermal barrier coating component.

Material Hardness Values (Hv)

Inconel-718 203.9
CoNiCrAlY Bond Coat 407.9

YSZ Top Coat 713.8

3.2. Effect of Hot Corrosion on TBC Samples

Effects of hot corrosion occurred due to molten salts leaking from the microcracks and porosities
in the top layer. Elements, such as sodium and vanadium, lead to a change in the phase structure
of YSZ top coating layer in service conditions. If Na, S, P, V, etc. elements exist in structure due to
fuel pollution, they can react with the Y2O3 phase. Tetragonal–monoclinic phase transformation in
stabilized ZrO2 happens in the absence of Y2O3 phase. This transformation causes both structural
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integrity deterioration and volumetric change [16,17]. Reaction of melted sulfate and vanadium salts
is needed to completely understand the damage mechanism of hot corrosion on YSZ [11].

The process of hot corrosion has been emphasized in several earlier studies [1,6,11,14,15]. The hot
corrosion action can be expressed by the following reactions [1,6,14,18,19].

V2O5 (S) + Na2SO4 (s)→ 2NaVO3 (S) + SO3 (g) (1)

t− ZrO2 (Y2O3) (s) + 2NaVO3 (S)→ m− ZrO2 (s) + 2YVO4 (S) + Na2O (2)

The below reaction can also directly occur [1,6,14,18].

ZrO2 (Y2O3) + V2O5 → ZrO2 (monoclinic) + 2YVO4 (3)

During the hot corrosion on TBCs, yttria slowly runs out. After depletion of yttria,
the transformation from tetragonal zirconia to monoclinic zirconia during the cooling step of thermal
cycling occurs by 3%–5% volume expansion, leading to cracking and spallation of TBCs [1,4,6,8,20].

A cross-section SEM image of EB-PVD TBC with cold-sprayed CoNiCrAlY bond coat after
20 h hot corrosion test is shown in Figure 3. No evidence of reaction was found between YSZ and
Na2SO4 in the XRD results. However, Na2SO4 shows a faster effect of chemical reaction in hot
corrosion mechanism [1,10,16,21]. Moreover, the presence of NaVO3 increases the mobility of Y3+.
Thus, exhaustion of yttria and growth of YVO4 crystal is enhanced [7]. It is accepted that YSZ usually
stabilizes in tetragonal phase due to the presence of Y2O3. For this reason, in the case of a decrease in
Y2O3, tetragonal ZrO2 phase turns into monoclinic ZrO2 phase [21–23]. At the interface between YSZ
ceramic top coating and CoNiCrAlY metallic bond coating, TGO layer and surface cracks were formed.
In addition, the EB-PVD TBCs exposed to hot corrosion salts exhibited spallation of the top coat near
the bond coat/top coat interface. Monoclinic ZrO2 and YVO4 crystals caused wide crack formation in
the YSZ ceramic top coating.
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Figure 3. Cross-sectional microstructure of YSZ TBC after the hot corrosion test.

Following the hot corrosion test, closure of the porous structure was observed among the
columns. This situation is attributed to the sintering effect and decreasing of spaces among the
columns. When the undesirable effect of sintering appears as a damaging factor in TBC systems,
decreased elongation tolerance at high temperatures due to increasing mechanical properties of the
coating and consequent spallation damage occur [24–29]. After the 20 h hot corrosion test, the hot
corrosion tests were stopped due to the separation of coating from the coating surface.

EB-PVD TBC surface image and EDS analysis after 20 h hot corrosion tests are respectively given
in Figures 4 and 5. YVO4 rod crystals in YSZ coating were revealed after hot corrosion. After the hot
corrosion test, structures of rod-shaped crystals according to EDS and XRD analyses were identified
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with the formation of YVO4 phases [6,21]. It was revealed that YSZ ceramic top coating consisted
of a porous surface and a few rod crystals. The rod-shaped structures generally form as columnar
boundaries on TBC samples. Y2O3 reacted with V2O5 and after this reaction, YVO4 rod-shaped
structures occurred on TBC samples [6].Coatings 2019, 9, x FOR PEER REVIEW 6 of 11 
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Figure 5. Surface microstructure with EDS analysis of YSZ TBC after the hot corrosion test.

In particular, due to the fact that columnar structure is denser and has less porosity, penetration of
hot corrosion molten salts hardly occurred on the columnar microstructured TBCs. When the molten
salts can easily penetrate from the top coat, a hot corrosion mechanism quickly occurs. Hot corrosion
molten salt products, such as vanadium, oxygen, and yttria, can be seen in the cross-sectional image
and surface image after hot corrosion tests. Hot corrosion products can be seen considering the surface
image of samples in EDS analysis. Moreover, hot corrosion products can be seen in elemental mapping
analysis (Figure 6) after hot corrosion test. According to that figure, oxygen coincides with vanadium
and yttrium. It can be understood from this analysis that rod-shaped YVO4 crystals were detected as
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one of the hot corrosion products. In addition to the EDS and elemental mapping analyses, the XRD
phase analysis in Figure 7 demonstrates that monoclinic ZrO2 phase is also another hot corrosion
product besides the YVO4 phase. Before the hot corrosion test, the top coat has only tetragonal ZrO2

phase. After the 20 h hot corrosion test, top coat spallation occurs as a result of phase transformation.
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During 22, 42, and 100 h hot corrosion tests in Na2SO4 + V2O5 salt mixture environment,
formation of YVO4 crystals were observed as hot corrosion products [5,6,16,23]. In similar studies
conducted with YSZ top coating in Na2SO4 + V2O5 salt mixture environment as molten salt,
phase transformation-related spallations were observed on top coatings of TBC samples, in spite
of varying number and duration of cycles [1,6,16,21]. Due to the melting point of Na2SO4 + V2O5

salt mixture, about 900 ◦C, and that our test temperature is above this temperature, this salt mixture
become molten during the test [18]. Hui et al. stated in their research [7] that after SEM, XRD,
and EDS analyses, YVO4 formations with rod-shaped crystal structure were observed as a result of
isothermal hot corrosion tests with 6, 12, 24, 48, and 96 h time periods that were conducted at 1100 ◦C
in a Na2SO4–30 mol % NaVO3 environment. YVO4 phases were only observed in 48 and 96 h periods,
while monoclinic ZrO2 was observed in all hot corrosion test periods according to XRD analysis.
However, YVO4 phases were obtained throughout each cycle in our present study. This may be related
to the presence of V2O5 in our hot corrosion salts.

Liu et al. [30] observed a volumetric increase in thermal barrier coating samples comprising of
Sc2O3–Y2O3–ZrO2 (ScYSZ) subjected to hot corrosion test at 1000 ◦C in a Na2SO4 + V2O5 environment,
which was attributed to the phase transformation of zirconium dioxide, from tetragonal to monoclinic
phase [1,7,11,16,19,21]. This phase transformation caused crack formation in the coating. After the
hot corrosion tests, it was determined that ScYSZ had a longer lifetime compared to YSZ. It is stated
that the presence of less yttria in ScYSZ influences this situation. After corrosion tests of ScYSZ,
phase transformation occurred in the coating structure, but no YVO4 phase formation was observed.
The EB-PVD TBC system provides a high elongation tolerance under thermal loads. This ensures
that the thermal cycle lifetime of EB-PVD TBCs is longer than APS. However, the molten corrosion
salts leaking from the columnar openings progress more rapidly. For this reason, while expansion
columns are closing, corrosion products that react with the surfaces found here have an accelerating
effect on the damage of the coating. In solutions of precursor plasma spray (SPSS), there are similar
columnar openings. Ajay et al. [18] stated that in the case of the TBC samples produced with SPSS
and APS methods, and tested in 90% Na2SO4 + 5% V2O5 + 5% NaCl environment and 50% Na2SO4 +
50% V2O5 environment at 900 ◦C, the sample produced with APS method exhibited a higher cycle
life compared to the one produced with another method in both environments [3,14,21]. In other
research [1,6,16,21,26] at higher temperatures such as 1050 and 1100 ◦C, and lower temperatures such
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as 950 ◦C, formations of rod-shaped YVO4 were also observed in YSZ top coatings. However, in top
coating materials other than YSZ, such as Gd2Zr2O7 and Ta2O5, failures were observed in the form of
spallations rather than rod-shaped formations like YVO4 [1,6,16,21]. When Wang et al. [31] investigated
La2Ce2O7/YSZ thermal barrier double layer coatings, hot corrosion molten salts penetrated into the
microcolumnar gap and reacted with La element. After the reaction of molten salt with La element,
the top coating microstructure of La2Ce2O7 deteriorated because of the formation of CeVO4 and
LaVO4. In comparison with La2Ce2O7, YSZ was not affected by the chemical reaction of molten salts.
La2Ce2O7 stopped the progression of corrosive salts to YSZ [31]. Xu and others [32] used rare earth
zirconates La2Zr2O7 and La2(Zr0.7Ce0.3)2O7 to produce TBCs with EB-PVD method. TBC samples
were subjected to hot corrosion test by holding them for 100 h in molten salt solution. In the XRD
analyses performed after the hot corrosion tests, monoclinic zirconia and YVO4 phases were found
to be similar to our study. In a study conducted by Xu et al. [32], La2O3 served as a stabilizer in the
coating. After the hot corrosion test, La2O3 within the structure was separated from the structure due
to reaction with NaVO3. Y2O3 reacted with NaVO3 formed by molten salts and formed YVO4 structure.
This reaction led to tetragonal to the monoclinic phase transformation of the top coat. These reactions
caused the damage in the top coat. Similar damage can be seen in this study [32].

Gavendova et al. [33] produced TBC coatings with CGDS and HVOF techniques, and reported
that the interdendritic structure of the CGDS bond coats included more porosity as compared to
those produced with HVOF method. Reportedly, the phase and chemical composition of HVOF bond
coat was better than that of the CGDS bond coat. As opposed to Gavendova et al. [33], Knanna and
Rathod [34] reported that CGDS coatings exhibited better wear and friction behavior than HVOF
coatings. Owing to the low process temperatures of CGDS method, substrate materials do not undergo
unfavorable structural changes during the deposition process. However, in their study on HVOF and
CGDS, Khanna and Rathod showed that the coatings produced by the CGDS method showed better
wear and friction behavior than the coatings produced by the HVOF method. As a result, the strength
of the overall TBC system can be maintained by use of this method.

4. Conclusions

In the present work, the hot corrosion behavior of a new generation of TBC system,
including a CoNiCrAlY bond coat and an 8YSZ top coat, was studied, and the following conclusions
are drawn:

• The structure of metallic bond coat produced with CGDS technique was found to have a denser
structure with lower porosity and oxide content due to the production characteristics of
the process.

• Along with the hot corrosion effect, the formation of TGO was also observed on the specimens,
since the furnace environment in which the hot corrosion tests were conducted was open to
the atmosphere.

• The EDS analyses indicate that formations of rod crystal structures observed in the microstructural
images obtained from the top surface of TBC systems belong to YVO4 crystals. Chemical reactions
of NaVO3, forming as a result of the reaction of Y2O3, Na2SO4, and V2O5 salts penetrating into
YSZ top coating, also contributed to the formation of YVO4 crystals.

• The molten salts that leaked from the top coating caused deterioration of the structure with the
columnar openings provided by EB-PVD, which played a role in accelerating damage. At the end
of the hot corrosion tests, it was determined that the columnar structure was destroyed.

• Along with the YVO4 crystals in rod form, the reasons underlying the failure of coatings in TBC
systems were found to be volumetric changes and transformations at the rate of 3%–5% during
the cooling process of ZrO2, which has been transformed into monoclinic phase structure from
tetragonal phase structure.
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