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ARTICLE INFO ABSTRACT

Gd,Zry07 ceramic is considered as a potential candidate for thermal barrier coatings. Here we present hot cor-
rosion behavior of single layer GdyZr,07 (GZO), GdaZry0; + 50 wt% YbSZ (GZO/YbSZ), YSZ and double-layer
Thermal barrier coatings YSZ/GdyZry07 + 50 wt% YbSZ (YSZ + GZO/YDbSZ) coatings prepared by air plasma spraying on Inconel 625
GdyZr,07 substrates. Prior to hot corrosion the fracture toughness of the coatings was assessed by Vickers indentation show-
YbSZ ing a variation between 0.6 and 2.3 MPa'm'/? where the GZO/YbSZ coating exhibited the highest fracture tough-
Ysz . ness. The hot corrosion test was conducted by exposing the coatings to an equimolar mixture of Na;SO4 and V505
Plasma spraying at 750 °C. After the hot corrosion test, the type of phases, chemical composition, microstructure and crack forma-
tion were investigated. Formation of GAVO,4 and YVO, was observed as the corrosion products in the GZO con-
taining coatings and the YSZ coating, respectively. All coatings showed the formation of monoclinic zirconia after
the corrosion test. The Gd;Zr,0; + 50 wt% YbSZ (GZO/YDbSZ) coating showed the best hot corrosion resistance
due to reduced reactivity and enhanced fracture toughness and represents a new composition with properties
promising for TBC applications.
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1. Introduction

Air plasma sprayed thermal barrier coatings (TBCs) are used as ther-
mal insulation multilayer systems to protect hot section parts of gas tur-
bine engines [1,2]. A typical TBC system includes three layers: 1) a
metallic bondcoat as an oxidation/corrosion-resistant layer, 2) a ther-
mally grown oxide (TGO) layer formed as an oxidation product be-
tween the topcoat and the bondcoat mainly consisting of alpha-alumina
(a-Al;03) and small amounts of other oxides and 3) a ceramic topcoat
as a thermal insulation layer [3,4]. TBCs have been widely used in gas
turbine engine components such as turbine vanes and blades to pro-
tect them from harsh environment, improving thermal insulation at high
temperatures and increasing the operating temperature and efficiency
[5,6]. The most commonly used ceramic topcoat material is 7-8 wt%
yttria-stabilized zirconia (YSZ). Despite notable thermomechanical prop-
erties, the application of YSZ is limited to temperatures <1200 °C
due to enhanced sintering, CMAS (calcium-magnesium- aluminosilicate)
infiltration and a 3-5 vol% expansion during the phase transforma-
tion from tetragonal (t) to monoclinic zirconia upon cooling [7-9].
Therefore, rare earth zirconates (e.g. GdpZr,0,) with lower thermal
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conductivity, higher melting point, higher chemical stability and better
ability to accommodate defects than YSZ have received increasing atten-
tion as new materials for thermal barrier coatings [6,10]. In particular,
GdyZr,07 (GZO) does not have any destructive phase transformations
at higher temperatures as opposed to YSZ and the order-disorder phase
transformation has no significant influence on the integrity of the coat-
ing [11]. However, GZO reacts with the TGO layer at high temperatures
forming an undesirable porous GdAlO3 perovskite structured phase that
compromise the integrity of the TBC [11-13].

TBCs are normally applied by using air plasma spraying (APS), vac-
uum plasma spraying, high-velocity oxygen fuel (HVOF) thermal spray-
ing, and electron beam physical vapor deposition (EB-PVD) techniques
[12,13]. Even though EB-PVD gives coatings with higher strain toler-
ance and thermal cyclic oxidation life, APS is a more cost-effective and
fast deposition method with higher deposition efficiency and thermal
insulation properties compared to the other methods [5,13,14]. There-
fore, the APS method was selected for applying the coatings in this
study.

TBCs are prone to different failure mechanisms, such as erosion,
thermal shock, oxidation, and hot corrosion. Harsh operating condi-
tions can affect the performance of the thermal barrier coating, espe-
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cially hot corrosion. Impurities like vanadium and sulphur contaminants
from low-quality fuels combine to form molten sulfate-vanadate deposits
that are extremely corrosive [5,15,16]. The main reason for the failure
of the YSZ topcoat is the reaction of the molten or semi-molten salts with
yttria in YSZ, leaching yttria from the zirconia. Hence, phase transfor-
mation of tetragonal prime to monoclinic zirconia occurs during cool-
ing followed by cracking and spallation of the different layers of the
TBC [12,17]. Efforts to improve the phase stability and hot corrosion
resistance of YSZ ceramics include doping YSZ with more acidic stabi-
lizer oxides such as Iny0O3, ScoO3 and CeO5 [3,18]. Further, thermophys-
ical properties of RE;03 (RE = Dy, Y, Er, Yb) stabilized zirconia have
been investigated [21-22] showing that YbSZ (3.5-5 mol% Yb,03) has
the best phase stability and fracture toughness among them [19,20].
YbSZ (3.5 mol% Yb,03 in ZrO») is known for its high fracture toughness
reaching 5.17 MPam!/2 [19], a lower sintering rate and a higher ther-
mal expansion coefficient (11.25:107% K1 at 1200 °C) compared to YSZ
(between ~10 and 11 x 107° K~1) [21,22]. However, the hot corrosion
resistance behavior of YbSZ has not been reported. In addition, the new
alternative topcoat materials such as rare earth zirconates are expected
to have improved performance (longer life) at hot corrosion conditions
compared to stabilized zirconia, due to higher stability and less reactiv-
ity with corrosive components. Hence, the application of rare earth zir-
conates is a promising approach to enhance the hot corrosion resistance
of TBCs [17,23].

There are a few reports on the hot corrosion behavior of air plasma
sprayed Gadolinium zirconate (GZO) + rare earth stabilized zirconia
(RESZ) coatings against different corrosive environments at different
temperatures. Marple et al. [24] and Yugeswaran et al. [15] indicated
that APS applied LayZr,0; coatings exposed to VoOs were resistant to
hot corrosion at 1000 and 1075 °C, respectively [24]. Also, the hot
corrosion resistance of GZO was investigated at temperatures between
650 and 1050 °C [6,9], and showed an enhanced corrosion resistance
to NaySO4 + V05 compared with YSZ [11]. Habibi et al. [6] inves-
tigated the hot corrosion behavior of GZO, YSZ and GZO + YSZ com-
posite coatings in the presence of a molten mixture of Nay;SO4 + V305
at 1050 °C. They demonstrated that GZO coatings were more thermally
and chemically stable and exhibited a better hot corrosion resistance
than YSZ coatings. In contrast to Habibi's result, Mahade et al. reported
that GZO + YSZ composite coatings showed better hot corrosion resis-
tance compared to pure GZO when exposed to V505 and NaySOy4 [8].

Jonnalagadda et al. [25] investigated suspension plasma sprayed
composite coatings of GZO + YSZ with the intention to improve frac-
ture toughness and hot corrosion resistance. The effect of columnar mi-
crostructure and a sealing layer of GZO on the corrosion damage in the
presence of a Na;SO4 + NaCl salt mixture showed that the columnar
gaps in the coating served as effective pathways for the molten salt in-
filtration. The most severe attacks were due to overflow of molten salts
to the side surfaces followed by corrosion damage from the edge to the
coating center.

In the present investigation we take advantage of the improved sta-
bility and hot corrosion resistance of GZO [6,9,10] and add 50 wt%
(82 mol%) YbSZ with 5 mol% Yb,03 (notation GZO/YbSZ) with the
intention to improve both mechanical properties [19,20] and corro-
sion resistance of the topcoat. To the best of our knowledge this is the
first-time GZO with 50 wt% YDbSZ has been investigated. The hot cor-
rosion properties were assessed at 750 °C on topcoat layers applied by
APS on a nickel-based superalloy (IN-625) using an equimolar mixture
of V505 and NaySOj4. To elucidate the corrosion mechanisms, similar ex-
periments were conducted with three other topcoats, pure GZO, pure
YSZ and a combination of YSZ and GZO/YbSZ. The variation in hot cor-
rosion behavior between the different topcoat compositions is discussed
and corrosion/failure mechanisms are proposed.
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2. Material and methods
2.1. Synthesis of GZO and GZO/YbSZ

Yb,03-stabilized ZrO; powder (5 mol% Yb,O3 in ZrO,, notation
YbSZ) was prepared by co-precipitation [19]. YbyO3 (Wanfeng Adv.
Materials Tech. Co., Ganzhou (Jiangxi), China; purity >99.998%) and
ZrOCl,.8H;0 (Merck, Darmstadt, Germany; purity >99.0%) were se-
lected as starting materials and appropriate amounts were dissolved in
hot dilute nitric acid, and deionized water (molality of the solutions cor-
responded to 0.015 mol/kg and 0.31 mol/kg, respectively). The solu-
tions were mixed together under stirring to obtain a homogeneous so-
lution. The resultant solution was added drop by drop to an excess am-
monia solution (pH > 12), and homogeneous gel-like precipitates were
obtained. The precipitates were filtered and washed with distilled wa-
ter and ethanol until the pH value reached 7 [26]. The obtained powder
was dried at 110 °C for 18 h and subsequently calcined in air at 800 °C
for 5 h.

The GdyZry,0; powder (GZO) was fabricated by the solid-state re-
action method [30-31]. A mixture of Gd,O3 (Wanfeng Adv. Materials
Tech. Co., Ganzhou (Jiangxi), China; purity >99.999%) and ZrO,, (Sigma
Aldrich, Taufkirchen, Germany, purity >99%, 5 pm) powders with a
weight ratio of 1.47 was mechanically milled in a high energy planetary
ball mill (Retsch PM100, Haan, Germany) in ethanol using zirconia balls
(15 mm diameter) for 24 h. The milled powder was heat treated in air
at 1600 °C for 5 h (heating and cooling rates 200 °C/h).

Weight ratio 1:1 of GZO and YbSZ powders (GZO/YbSZ), corre-
sponding to 82 mol% YbSZ, were mixed by ball milling with zirconia
balls. The bond coat was a NiCrAlY alloy with agglomerate size between
53 and 105 pm and composition 67 at.% Ni, 10 at.% Cr, 22 at.% Al and
1 at.% Y (PAC 9620 AM, Loveland, OH, USA). Commercial 8 wt% Y503
stabilized ZrO, (4.5 mol% Y503 in ZrO,) powder with agglomerate size
between 15 and 140 ym was provided by PAC 2008P (Loveland, OH,
USA) and used for plasma spraying the YSZ topcoat. The GZO powder
and GZO/YbSZ powder mixtures were spray dried (4 M8-Trix Formatrix,
ProCepT, Zelzate, Belgium) from aqueous slurries containing polyvinyl
alcohol (PVA, Merck, Darmstadt, Germany; CAS NO: 9002-89-5) as a
binder to increase the strength of the agglomerates. Prior to spray dry-
ing the slurries contained typically 30 wt% solid loading, 5 wt% PVA
and water. The processing parameters used during the spray drying are
given in Table 1. To prevent sedimentation of the powders, the slurries
were stirred during the spray drying.

2.2. Air plasma spraying (APS)

Nickel-based superalloy (IN-625) specimens as substrate were pre-
pared in a semi-circle shape with diameter and thickness of 16 and
5 mm, respectively. In order to increase the surface roughness and coat-
ing adhesion, the substrates were grit blasted by SiC particles (25 pm)
and cleaned with ethanol prior to air plasma spraying a ~ 100 pm coat-
ing of NiCrAlY. Further, topcoats of the spray dried powders were ap-
plied onto the as-sprayed NiCrAlY bond-coat with thickness ~ 200 pm
for GZO and YSZ, and ~ 300 pm for GZO/YbSZ. The thickness of each
layer of the double layered YSZ + GZO/YbSZ coating was ~200
and ~ 100 pm,  respectively. =~ APS  of all  coatings was

Table 1
Processing parameters used during the spray drying.

Temperature of Nozzle Nozzle orifice

inlet air pressure size Feed rate
Material [§9) (bar) (mm) (mL/min)
GZO 170 12 1.2 7.2

GZO/YbSZ 160 10 1.2 9.0
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conducted by a company in Iran (Poudrafshan Company, Baharestan
Street 46, Dolatabad Industrial Zone, Isfahan, Iran) and the parameters
used are given in Table 2.

2.3. Hot corrosion test

In order to investigate the hot corrosion behavior of the different
coatings, the surface of each topcoat was covered uniformly (~10 mg/
cm?) with a homogeneous mixture of 55 wt% V.05 (Sigma Aldrich,
Taufkirchen, Germany, purity 99.95%) and 45 wt% NaySO,4 (Merck,
Darmstadt, Germany, purity >99.0%), corresponding to an equimo-
lar ratio between V505 and NaySO4 [27]. The edge of each sample
(~3 mm) was uncoated to prevent edge effects [12,13]. The samples
were heated in an electric furnace at 750 °C for 3, 6, 12, 18 and 24 h
with heating and cooling rates of 200 °C/h. In order to check the re-
producibility, two samples of each type of topcoat were corrosion tested
and characterized.

2.4. Coating characterization

2.4.1. Microscopic analysis

Field emission scanning electron microscope (FESEM/EDS, Zeiss UL-
TRA 55, Oberkochen, Germany) was used to evaluate the morphology,
microstructure, and composition of the surface and cross-section of the
samples. The samples were mounted in an epoxy resin and polished to
examine the cross-sections. The porosity of the different layers of the
coatings was measured by Image J software of the cross-section micro-
graphs.

2.4.2. XRD analysis and Raman spectroscopy

X-ray diffraction (XRD) patterns in the 26-range 20-90°, step size of
0.013°, and counting time 57.6 s/step were recorded by a Bruker D8
DaVinci diffractometer with Cu-Ka radiation (Billerica, Massachusetts,
USA) to analyze the crystallographic structure and phase distribution at
the surface of the coatings before and after the hot corrosion test. Ra-

Table 2
Optimized parameters used for air plasma spraying (APS) of bondcoat and topcoat, respec-
tively (*Standard liter per minute).

Parameter Bondcoat Topcoat
Current (A) 650 700
Voltage (V) 38 40
Primary gas, Ar (SLPM*) 28 24
Secondary gas, Hy (SLPM*) 30 15
Powder feed rate (g/min) 35 30
Spray distance (cm) 10 8
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man spectra were recorded by a confocal Raman spectrometer (Witech,
Alpha 300, Ulm, Germany) in a backscattering geometry with a spectral
resolution of 1 cm™! over a range from 100 to 3800

cm™! with an excitation wavelength of 532 nm (frequency-doubled
Nd-YAG laser operating at 66 mW power). Illumination and detection
were performed through a microscope objective at 50 X magnification
and a numerical aperture of 0.75.

2.5. Fracture toughness

Polished cross sections of all coatings were indented with Vickers in-
dentation (Wolpert, Dia tester 2RC-S, Langenfeld, Germany) to calculate
the fracture toughness using Eq. (1) [19].

Ko = 0.16 Hya*c™3/? 1)

where H, is the microhardness, a is the half-length of the indent di-
agonal (um), c is the half crack length measured from the middle of the
indent to the tip of the crack (pm). A force corresponding to 1 kg was
applied for 15 s to develop indentation cracks. Five indents were made
for each coating and the average is reported. Diagonal size and crack
length of the indent were measured by SEM (Philips, XI30, Eindhoven,
The Netherlands).

3. Results
3.1. Microstructure of the spray dried powders

The spray dried powders have a spherical or semi-spherical morphol-
ogy and an agglomerate size between 10 and 70 pm (Fig. 1). The pow-
ders were subsequently sieved and the fraction >20 pm was used for
plasma spraying.

3.2. Characterization of as-sprayed coatings

The XRD pattern of the as-sprayed GZO coating is provided in Fig.
2a and the presence of the low intensity diffraction lines is shown in
the enhanced section and indicate the formation of a single pyrochlore
phase. The Raman spectrum in Fig. 2b, showing the bands of the py-
rochlore phase [28], confirms the presence of a single pyrochlore phase.

The Raman spectrum of the mechanically mixed GZO and YbSZ pow-
ders prior to plasma spraying is shown in Fig. 3b (black curve) and the
presence of a tetragonal phase (YbSZ) and a pyrochlore phase (GZO) is
evident. The XRD pattern of the as plasma sprayed GZO/YDbSZ is given
in Fig. 3a and shows the presence of a cubic (fluorite) phase. Fur-
thermore, the Raman spectrum of the as sprayed GZO/YbSZ (Fig. 3b,
red curve) support the presence of a fluorite phase and demonstrate

Fig. 1. Morphology of spray dried powders (a) GZO, and (b) GZO/YbSZ.
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Fig. 2. (a) XRD pattern, and (b) Raman spectrum of the as-sprayed GZO coating. The Raman modes of the pyrochlore phase are included.

that a single phase is formed between GZO and YbSZ during plasma
spraying.

The microstructure of the polished cross-sections and fracture sur-
faces of the different coatings are shown in Fig. 4. The plasma-sprayed
coatings have a homogeneous thickness and microstructure and adhere
well to the substrate. The different layers are clearly visible in Fig. 4a,
¢, e and g, including numbers for the thickness of the various coatings.
The micrographs at higher magnification (Fig. 4b, d and f) show cracks,
pores, splat boundaries and un-melted or semi-melted particles which
are characteristic for plasma sprayed coatings. Cracks are usually due to
thermal stresses and rapid solidification after plasma spraying [15].

The average fracture toughness of GZO, GZO/YbSZ and YSZ coatings
were assessed to be 0.6 = 0.1, 2.3 = 0.6 and 1.2 = 0.3 MPam'/2 re-
spectively. A representative SEM image of indented cross section of the
GZO coating is shown in Fig. 4h. The individual results of each inden-
tation are detailed in Table A1 in Appendix A.

3.3. Microstructure and characterization of the coatings after hot corrosion
test

3.3.1. GZO topcoat

The XRD patterns of the GZO coatings after hot corrosion tests for
3, 6, 12, 18 and 24 h are presented in Fig. 5, and GdVOy, is the main
hot corrosion product observed. The intensity of the GAVO, diffractions
lines increases with time. Some monoclinic ZrO, is observed originating
from GZO as it reacts with V, however the GZO is seen to mainly main-
tain its pyrochlore structure. Diffraction lines of Na;SO4 are observed
from 6 h and correspond to insufficient reaction between Na,SO4 and
V305 at 750 °C.

The SEM micrographs in Fig. 6 of the surface of the GZO coatings
after the hot corrosion test for 3 and 24 h show that the size and quan-
tity of the corrosion products were more pronounced with increasing
hot corrosion time. From EDS analysis (Fig. Al), the rod-shaped crys-
tals (point A in Fig. 6a) contain Gd and V (molar ratio 1:1) confirming
the formation of GAVO,. Point B in Fig. 6a mainly consists of Gd and
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Fig. 3. (a) XRD pattern of as-sprayed GZO/YbSZ coating, (b) Black curve: Raman spec-
trum of GZO/YbSZ powder prior to plasma spraying (t: tetragonal and p: pyrochlore). Red
curve: Raman spectrum of as-sprayed GZO/YbSZ coating (c: cubic). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Zr corresponding to GZO, however some Na and V is also detected due
to the presence of the corrosive mixture.

It is anticipated that the thermally grown oxide layer (TGO) is
formed early and that the thickness increases with time. The SEM mi-
crographs of the polished cross-section of the GZO coating after the hot
corrosion test for 24 h in Fig. 7a show the formation of a wide crack
in the GZO close to the interface between the topcoat and the bondcoat
and will be further explained in the discussion.

In the GZO coating, the TGO layer is formed continuously along the
bondcoat/topcoat interface during the hot corrosion test (Fig. 8). The
EDS analysis shows that the TGO layer mainly consists of Al and O con-
firming the formation of a thin (~2 pm) Al,03 layer between topcoat
and bondcoat after 12 h corrosion test.

3.3.2. GZO/YbSZ and YSZ + GZO/YbSZ topcoats

The XRD patterns of the GZO/YbSZ and YSZ + GZO/YbSZ coatings
after hot corrosion test for 3, 6, 12, 18 and 24 h are given in Fig. 9. Dur-
ing the hot corrosion test, the molten salts penetrate through the coating
via pores and cracks and monoclinic zirconia appears due to the deple-
tion of Gdy0O3 forming GdVO,. Diffraction lines for NaySO,4 are present
after 3 h due to incomplete reaction between Na,SO4 and V5Os.
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Fig. 10 shows the rod-shaped GdVO, crystals on the GZO/YbSZ
coating after hot corrosion tests for 3 and 24 h. By increasing the hot
corrosion time, a larger amount of corrosion products was observed.

In contrast to the significant spallation and crack formation observed
for the GZO topcoat after 24 h (Fig. 7a), the GZO/YbSZ topcoat (Fig.
11a) showed less severe crack formation after 24 h and spallation was
not observed. The interface between the topcoat and bondcoat (Fig.
11b) also showed a coherent crack-free structure with the TGO formed
in-between. The cross section of the double layer, YSZ + GZO/YbSZ,
after 24 h hot corrosion test is shown in Fig. 11c. A coherent and
crack-free interface is observed between GZO/YbSZ and YSZ, however
a severe crack in the YSZ layer approx. 50 pm above the interface be-
tween the bondcoat and YSZ is evident. Nevertheless, the interface be-
tween YSZ and bondcoat seems to be coherent (Fig. 11c and d).

The main differences observed between the single-layer GZO/YbSZ
and the double-layer YSZ + GZO/YbSZ coatings are the thickness and
continuity of the TGO layer. In the GZO/YbSZ coating, the TGO layer is
thin and partly discontinuous (Fig. 11b) while a thicker and continuous
TGO is formed in combination with the YSZ + GZO/YbSZ coating (Fig.
11d). Hence, the GZO/YbSZ coating provides a better protection against
oxidation of substrate.

3.3.3. YSZ topcoat

XRD patterns of the YSZ coating after hot corrosion test for 3, 6, 12,
18, and 24 h are presented in Fig. 12. YVOy4 is the dominant corrosion
product observed and zirconia is partly transformed into the monoclinic
phase already after 3 h. The intensity of the diffraction lines from YVO4
and monoclinic zirconia is increasing with time.

Fig. 13 shows the SEM micrographs of the surface of the YSZ coat-
ing after 3 and 24 h, showing the increasing amount of rod-shaped YVO,4
crystals with time. Comparing corrosion behavior of GZO/YbSZ and YSZ
after 24 h exposure (Fig. 10b and Fig. 13b) the corrosion is more se-
vere in the case of a YSZ topcoat.

The interface cross-sectional images taken after 3 and 24 h hot cor-
rosion tests of YSZ coating are given in Fig. 14 and shows that the TGO
layer has been formed already after 3 h (dark gray areas in Fig. 14a).
The formed TGO layer is dense, discontinuous and consists mainly of
Al,O3 (Fig. A2). By increasing the hot corrosion time to 24 h (Fig. 14b)
the TGO layer seems to be separated into a light gray- and a dark gray
layer, corresponding to a Cr, Ni, Co enriched mixed oxide and an alu-
mina rich TGO, respectively.

4. Discussion
4.1. Microstructure and fracture toughness of the as sprayed topcoats

SEM analysis of cross sections of the as-received plasma sprayed
coatings given in Fig. 4, shows well defined interfaces and good ad-
herence between the different phases, corresponding to samples well
adapted for hot corrosion testing. The lowest porosity (~10-12%) was
observed for the YSZ- and GZO/YbSZ coatings, whereas the highest
porosity (~17%) was assessed for the GZO coating. Hence, the low-
est sinterability is exhibited by GZO. It should be noted that during
the plasma spraying the powders experience temperatures from 6000
to 15,000 °C, converting the powders to a liquid phase prior to deposi-
tion on the substrate [29]. Hence, the sintering mechanism is probably a
combination of liquid- and solid-state sintering and inherently challeng-
ing to control.

The Kic for GZO/YbSZ reached 2.3 MPam'/2, while Kic was re-
duced to 0.6 MPam!/2 for GZO consistent with values reported else-
where [30]. Hence adding 82 mol% YbSZ to GZO increase the frac-
ture toughness by a factor of 3.8 compared with pure GZO. Zhang et
al. [19] conducted a similar study and reported a fracture toughness of
1.9 MPam!/? for GZO doped with 40 mol% YbSZ (3.5 mol% Yb,05 in
ZrOy). This clearly shows the beneficial effect of YbSZ with respect to
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Fig. 4. SEM micrographs of polished cross sections and fracture surfaces of the different coatings (a and b) GZO, (¢ and d) GZO/YbSZ, (e and f) YSZ + GZO/YbSZ and (g) YSZ.(h) SEM

image of Vickers indent of GZO coating.

the mechanical properties of GZO. The role of YbSZ, on enhancement
of the fracture toughness, is not clear and somewhat unexpected consid-
ering the cubic structure of GZO/YbSZ. The reason might be a combi-
nation of a favorable microstructure (small grains) and increased bond
strength as Gd3™" is replaced by the smaller Yb®* in GZO/YbSZ [31].
A mechanism similar to transformation toughened zirconia may also
be considered, however a confirmation needs a careful analysis of the
phases present along the crack path and at the crack tip to detect
whether formation of monoclinic ZrO, has taken place.

4.2. Plasma sprayed mixtures of GZO + YbSZ

Prior to plasma spraying, agglomerates of 1:1 (mass) mixtures of
GZO and YbSZ was produced by spray drying (Fig. 1b). The YbSZ
was converted to a tetragonal single phase by calcination at 800 °C
(Fig. 3b, black curve) prior to mixing with GZO, which is in reason-
able agreement with the phase diagram published by Fabrichnaya et al.
[32]. According to Li et al. [26], GZO preserves its pyrochlore struc-
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Fig. 5. XRD patterns of GZO coating after hot corrosion test at 750 °C for different times.

ture until approx. 1550 °C where a phase transition to a cubic phase
(fluorite) takes place. However, there are no published phase diagrams
for the entire GdyO3-ZrO,-YbyO3 system. Nevertheless, our investiga-
tion shows that GZO/YbSZ forms a single-phase compound with fluo-
rite structure, corresponding to a solid solution between Gd;O3, ZrO,
and Yby03 at the prevailing temperature of plasma spraying and com-
positions with 82 mol% YbSZ. Zhang et al. [19] sintered samples with
40 mol% YbSZ in GZO at 1600 °C and based on Raman spectroscopy and
XRD they reported a phase separation corresponding to a pyrochlore-
and a tetragonal phase. According to our study compounds with
82 mol% YbSZ will stabilize the fluorite phase.
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4.3. Hot corrosion testing

An equimolar mixture of V,05 and NaySO4 has been applied in the
present investigation to test the corrosion properties of the topcoats. Ac-
cording to the phase diagram [15,27] NaVOs3 will form at elevated tem-
peratures according to reaction (2).

Na, S04 (8) + V,05 (1) —» 2NaVO; (1) + SO5 (g) 2

NaVO3 melts congruently at T > 610 °C and given complete reaction
between NaySO4 and V.05 the topcoats should in principle be exposed
to liquid NaVOj3 at 750 °C. Post XRD analysis of the surfaces of all the
topcoats shows however traces of NaySO,4 (Figs. 5, 9 and 12), due to
insufficient reaction and/or inhomogeneous mixing of the reactants. The
amount of NaySO, is nevertheless small, and the topcoat is assumed to
be mainly exposed to liquid NaVO3 during hot corrosion testing.

4.4. Formation of corrosion products during hot corrosion testing

From the XRD analysis of the topcoat surface after corrosion test,
the formation of GAVO,4 and monoclinic ZrO, is observed for GZO (Fig.
5), GZO/YbSZ (Fig. 9a) and the double layered YSZ + GZO/YbSZ (Fig.
9b), due to reaction (3):

Gd,yZr,07 (s) + NaVO; (1)
— 2GdVOy (s) + 2ZrO, (monoclinic) + Na, O (s) ©)

Due to insufficient reaction between Na;SO,4 and V5,05 (reaction
(2)), the following reaction with GdyZr,07 forming GdVOy is also possi-
ble [6,17]:

GdyZry 04 (s) + V,05 (1) — 2GAVO, (s)
+ 2ZrO, (monoclinic) @

Fig. 6. Surface morphologies of GZO coatings after hot corrosion test at 750 °C for 3 h (a) and 24 h (b). Images with different magnifications are given. EDS point analysis of A and B is

given in Fig. Al.

Fig. 7. (a and b) SEM micrographs of the cross-section of GZO coating after hot corrosion tests for 24 h (at two different magnifications).
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Fig. 8. Cross-sectional EDS elemental mapping analysis of the GZO coating after hot corrosion test for 12 h.

Habibi et al. indicated that reactions 3 and 4 are the main reac-
tions taking place during hot corrosion of GZO and GZO + YSZ coatings
[61.

Acidic vanadium oxide compounds will react with the more basic
oxides. Moeller and Kremers [33] reported the basicity of Gd;03 to be
higher than Yb,03, hence the molten NaVO3 have a preference to re-
act with GdyOg3 rather than YbyOs. This is confirmed by the XRD pat-
terns in Fig. 9 where the diffraction lines of GAVO,4 are observed. As
Gd is leached out of either GZO or GZO/YbSZ, monoclinic zirconia is
formed simultaneously. Due to high hygroscopicity Na,O was not de-
tected by X-ray diffraction. However, whereas GZO seems to form in-
creasing amounts of GdVO4 with time (Fig. 5), significantly smaller
amounts of GAVO, are formed at the surface of GZO/YbSZ (Fig. 9), and
the amount is also seemingly independent of time. Based on these obser-
vations, GZO/YDbSZ is less prone to corrosion compared with GZO and is
possibly related to the reduced chemical potential of Gd in GZO/YbSZ
due to the high amount of YbSZ (82 mol%).

The YSZ topcoat forms increasing amounts of YVO4 and monoclinic
ZrO4 with time (Fig. 12) and the hot corrosion of YSZ can be described
by reaction (5).

Zr;_y Y, O,_; 5. +xNaVO5 (1)
- XYVOy, (s) + (1 = x) ZrO, (monoclinic) (5)
+ 0.5xNa, O (s)

showing that yttria is the reactive component and forms the corrosion
product. However, after 24 h corrosion a significant amount of m-ZrO,
is formed in the YSZ coating (Fig. 12), whereas m-ZrO, is virtually ab-
sent in the GZO coating. The presence of m-ZrO, may add to the degra-
dation of the coatings making zirconia more prone to failure as YSZ is
destabilized when yttria is leached out. In this respect the GZO coating
will exhibit a higher corrosion resistance than YSZ which is in accor-
dance with the results reported by Habibi et al. [6].

4.5. Crack formation and spallation

The SEM analysis of the cross sections of the coatings given in Figs.
7, 11 and 14 shows a wide crack after 24 h in the GZO topcoat close to
the interface between GZO and the bondcoat (Fig. 7). The adhesion be-
tween the topcoat and bondcoat is well established and it seems that the
crack formation is due to thermal expansion mismatch between the top-
coat and bondcoat. The values of the TEC of NiCrAlY is ~15 x 107° K!
and of GZO ~8-9 x 107° K~! at 1000 °C [4]. Hence, the differences in
TECs lead to thermal stresses during heating and cooling and combined
with the low fracture toughness of GZO (~0.6 MPam!/2, [4]) the top-
coat is prone to crack formation and spallation. In addition, the GZO
coating also exhibited the highest porosity among the topcoats which fa-
cilitates the penetration of the molten salts more easily and add to the
degradation of the topcoat.

The cross section of the GZO/YbSZ coating shown in Fig. 11a also
shows a crack in the topcoat close to the bondcoat, however in contrast
to GZO the crack is less severe and even discontinuous. The highest frac-
ture toughness among the topcoats was measured for GZO/YbSZ reach-
ing ~2.3 MPa'm!/2, Hence, the improved resistance against crack forma-
tion and spallation in GZO/YbSZ compared with pyrochlore structured
GZO is assumed to be due to its enhanced fracture toughness combined
with a higher corrosion resistance.

From the cross section of the double layered YSZ + GZO/YbSZ (Fig.
11c) a wide crack is observed in the YSZ phase close to the bondcoat.
At higher magnification there is also an indication of less adherence be-
tween YSZ and the bondcoat (Fig. 11d). Although it is expected that the
top layer of GZO/YbSZ will protect the YSZ against hot corrosion, the
thermal expansion mismatch between the bondcoat and YSZ combined
with the moderate fracture toughness of YSZ will form cracks.
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Fig. 9. XRD patterns of (a) GZO/YbSZ coating, and (b) YSZ + GZO/YbSZ coating after hot
corrosion test for different times.
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Further, for the YSZ coating (Fig. 14a) there is a good adherence be-
tween the topcoat and bondcoat after 3 h hot corrosion. However, after
24 h the TGO layer is separated in two layers (Fig. 14b), a dark gray
(enriched with alumina) and a light gray (alumina mixed with Cr-, Co-
and Ni-oxides). Lashmi et al. reported that spallation of YSZ was due to
the formation of the TGO layer which involved the transformation of the
high density metallic bondcoat to a low-density oxide and subsequent
spallation [11]. It is also likely that the formation of YVO4 and mono-
clinic ZrO, contributes to the deterioration of the YSZ topcoat.

4.6. Oxidation of the bond coat (TGO)

The formation of an oxide layer at the surface of the bondcoat is well
documented in the results and according to Fig. 8 an alumina rich layer
is formed. The TGO layer may be beneficial and protect the bondcoat
against further oxidation as well as add to the bonding between top-
coat and bondcoat [34,35]. For all the coatings investigated, the present
study indicate that the molten salts cannot easily reach the bond coat
and react with the TGO. It is reported that molten salts may react with
alumina and finally lead to damage of the continuous alumina scale and
degradation of the TBC [25]. In the present investigation there was no
clear evidence of penetration of the molten salt to the TGO layer and
it is concluded that the plasma sprayed coatings gave a good protection
with respect to avoiding interaction between the molten salts and the
TGO layers.

Based on our investigation, GZO/YbSZ is a promising candidate for
topcoat applications, due to its reduced reactivity at hot corrosion con-
ditions combined with an enhanced fracture toughness. A fruitful follow
up of the present study would be a further investigation into the sys-
tem GdyZr,0-YbSZ aiming at improving the mechanical properties even
more at high temperatures.

5. Conclusion

In this study, a new composition with 50 wt% (82 mol%) YbSZ in
GZO has been investigated as an alternative ceramic topcoat. The hot
corrosion properties of GZO/YbSZ were compared with commercial and
traditional YSZ coatings as well as GZO and double-layer YSZ + GZO/
YbSZ coatings. Prior to hot corrosion the fracture toughness of the coat-
ings was assessed by Vickers indentation showing 0.6 + 0.1, 1.2 = 0.3
and 2.3 + 0.6 MPam'/? for GZO, YSZ and GZO/YbSZ respectively.

The coatings were exposed to hot corrosion by an equimolar mix-
ture of Na;SO4 and V505 at 750 °C. Single layer GZO/YbSZ showed the
best resistance against corrosion followed by YSZ + GZO/YbSZ coat-
ings. After hot corrosion tests, rod-shaped GdVO, crystals along with
monoclinic ZrO, were formed on the surface of the GZO, GZO/YbSZ

Fig. 10. Surface morphologies of GZO/YbSZ after hot corrosion test for 3 h (a) and 24 h (b) at 750 °C.
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Fig. 11. SEM micrographs of the cross-section of (a and b) GZO/YbSZ coating and (c and d) YSZ + GZO/YDbSZ coating, respectively after 24 h hot corrosion test. Images with different

magnifications are given.
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Fig. 12. XRD patterns of YSZ coating after hot corrosion test for different times.

and YSZ + GZO/YbSZ coatings, while monoclinic zirconia and YVO,
were the main corrosion products of the YSZ coating. Highest amount
of corrosion products was observed for YSZ. The formation and growth
of the TGO layer occurred in all coatings, but with different thicknesses.
However, wide cracks were observed in all coatings except for GZO/
YbSZ where only a narrow and discontinuous crack was observed. Based
on the observations the best coating for TBC applications is GZO/YbSZ
due to its reduced reactivity at hot corrosion conditions combined with
an enhanced fracture toughness.
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Appendix A.

Table Al
Detailed results from 5 independent indents on each topcoat. The symbols are defined in
Section 2.5.

KIC, average
Compound a(um)  c(um)  Hv(MPa) Kc(MPaym)  (MPay/m)
GZO 84 176 1402 0.68 06 =0
73 169.5 1584 0.61
44 128 2216 0.47
30.5 96 4237 0.67
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NICrAlY

Fig. 14. SEM micrographs of the TGO layer of YSZ coating after hot corrosion test for 3 h (a) and 24 h (b).

33.2 99.1 4292 0.85 YSZ 35 71 5217 1.7 1.
GZO/YbSZ 30 56 5688 1.9 2. 38 101.5 3452 0.78

32 44.5 5894 3.2 41 90 4237 1.3

28 52.2 5129 1.7 39 86 3707 1.1

31 58 5772 2 35 80 4649 1.3

33 55.3 5698 2.4
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