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A B S T R A C T

Magnesia-stabilized zirconia (MSZ) coatings have low thermal conductivity and a high melting point. Currently, 
they are only indicated for use at lower temperatures than well-established yttria-stabilized zirconia (YSZ) 
coatings. This study investigated the life behavior of MSZ TBCs. The TBCs were prepared using two thermal spray 
technologies: atmospheric plasma spray (APS) and suspension plasma spray (SPS). The NiCoCrAlHfSi bond coat 
was pre-oxidized. The double-layer system, consisting of an APS intermediate layer of yttria-stabilized zirconia 
(YSZ) and an SPS top layer of MSZ, outperformed the single-layer MSZ APS and MSZ SPS pre-oxidized coatings. 
These results suggest that multi-layer coatings have the potential to improve MSZ coating performance. The 
influence of low-content titania doping was also investigated; however, no significant effect on the performance 
of the coatings was observed.

1. Introduction

Thermal barrier coatings (TBCs) are commonly used in extreme en
vironments, such as in gas turbines for industrial and aerospace appli
cations. TBCs are multilayer systems, consisting of a ceramic topcoat 
that act as an insulating layer, a thermally grown oxide (TGO) that forms 
as a result of high-temperature oxidation, and a bond coat that is sprayed 
onto the metallic substrate [1]. TBCs can provide significant protection 
against oxidation and corrosion at high temperatures [2] and can also 
increase component lifetime and operating temperature by reducing 
substrate temperature [3]. Therefore, TBCs should exhibit low thermal 
conductivity, phase stability, sintering resistance, a long thermal cycling 
life, and resistance to attack from calcia-magnesia-alumina-silica 
(CMAS) [4].

Yttria-stabilized zirconia (YSZ) has been the topcoat material of 
choice for the TBC industry [5–7]. However, many other materials have 
recently emerged as TBC candidates. For example, gadolinium zirconate 
(GZO) coatings have a high resistance to the CMAS environment [8,9]. 
YSZ coatings are compatible with the TGO at high temperatures, are 
tough, and are relatively easy to process [6]. As well known, yttria 
(Y2O3) stabilizes the non-transformable tetragonal phase (t’) at high 
temperatures [10], which prevents from the undesirable phase 

transformation to the monoclinic zirconia phase during cooling. This 
transformation is accompanied by volume expansion, which can lead to 
failure [11–13]. Other components, such as calcia, ceria and magnesia, 
can also be used to produce alternative zirconia-stabilized ceramics [2, 
14,15].

To stabilize zirconia (ZrO₂), oxides must be doped into pure ZrO₂ 
materials. Cations with a radius greater than Zr⁴⁺ must be introduced 
into ZrO₂ lattices to replace some of the Zr⁴⁺ ions. Substitutional solid 
solutions then form, stabilizing the phase structure of the doped zirconia 
at room temperature and leading to a toughening effect [11]. Previous 
studies [16,17] have shown that incorporating ceria and titania (TiO₂) 
into zirconia enhances toughness and phase stability up to 1350◦C. 
These properties are essential for the cyclic life and erosion resistance of 
TBCs. This enhancement is achieved by replacing Ti⁴⁺ with a larger Zr⁴⁺ 
cation, thereby increasing the tetragonality of the unit cell.

Magnesia-stabilized zirconia (MSZ) has desirable properties, 
including high resistance to thermal shock, low thermal conductivity, 
and creep resistance [15]. MSZ coatings (15–24 wt% MgO) are used in 
components with relatively low temperatures, such as the exhaust 
nozzles of jet engines, and are comparatively inexpensive [18]. How
ever, few studies have focused on improving magnesia-stabilized zir
conia thermal spray processing.
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Ahmaniemi et al. [19] studied 22MgO-ZrO2 thick thermal barrier 
coatings sprayed by atmospheric plasma spraying (APS) for diesel en
gine applications. Cubic zirconia peaks were detected in the as-sprayed 
coatings. Baig et al. [18] reported on a study of 24 MgO-ZrO₂ coatings 
with different architectures prepared by APS. The system they designed 
had a multilayer top coat that showed lower residual stress. Meanwhile, 
Li et al. [15] explored the behavior of APS MSZ coatings in a neutral salt 
spray environment.

Atmospheric plasma spraying (APS) is a thermal spray technique 
commonly used for producing TBC top coats. In this process, the feed
stock powder enters the plasma jet where it gains thermal energy and 
momentum. The powder then melts and hits the substrate. Upon striking 
the substrate surface, the melted particles rapidly solidify, forming 
splats and a lamellar microstructure [1].

Flexibility in the coating microstructure can be achieved through 
suspension plasma spraying (SPS). Suspensions containing ultrafine 
particles in a dispersant medium are used as feedstock. The suspension is 
injected into the plasma jet where the solvent evaporates from the sus
pension droplets. The fine particles then agglomerate and melt as they 
are accelerated toward the substrate [20]. This process can produce 
columnar coatings with a lifetime performance comparable to that of the 
well-established electron beam–physical vapor deposition (EB-PVD) 
technique [3].

The morphology of the feedstock materials, e.g., grain size, texture, 
phase evolution, and stability, greatly affects the development of the 
coating microstructure [1]. Regarding the size of the powder particles in 
the suspension, particles smaller than 1 µm promote the formation of 
columnar structures in the deposited coatings [21]. While it is possible 
to achieve higher coating homogeneity by superimposing a large num
ber of smaller lamellae, using finer powders causes poor flowability, 
easily clogs the injection system, and results in unstable and irrepro
ducible feed rates [22]. These problems can be avoided by using a liquid 
medium to carry the fine powders, as in spraying with SPS.

Previous research has focused on optimizing the relatively new 
suspension plasma spray (SPS) process by controlling spray parameters, 
designing multilayer coatings, and pre-oxidizing the bond coat. Zhou 
et al. [23] compared the thermal cycling lifetime of YSZ single- and 
multi-layered TBCs produced by SPS and APS/SPS, respectively. Both 
presented extended lifetimes, with the double-layered design showing 
an even better result. Later, Zhou et al. [24] reported on the thermal 
cycling performance of single-layered (APS) and multi-layered 
(APS/SPS) YSZ/GZO TBCs. The multilayered TBCs exhibited signifi
cantly longer lifetimes than conventional single-layered APS-YSZ TBCs. 
Amer et al. [25] investigated the failure behavior of multilayered 
YSZ/GZO TBCs. They observed different cracking behaviors depending 
on the thermal treatment conditions, which can be related to stresses 
developed through thermal expansion mismatch and increased TGO 
thickness. In a recent study, Joeris et al. [26] examined the impact of 
controlled bond coat pre-oxidation on the performance of YSZ SPS TBCs. 

The lifetime of pre-oxidized coatings was longer than that of conven
tional TBCs. This is because the controlled bond coat pre-oxidation of 
the TGO reduces stresses in the topcoat.

Based on this, the aim of this study is to produce magnesia-stabilized 
zirconia coatings using the suspension plasma spray (SPS) technique. 
While MSZ coatings are already used in industry for thermal protection, 
this study focuses on improving coating homogeneity through the SPS 
technique. This work will also address the effects of multi-layered 
coating design and bond coat pre-oxidation on furnace cycling life
time. Additionally, this study investigated the service life behavior of a 
magnesia-titania-doped zirconia system.

2. Materials and methods

2.1. Materials

The starting materials were commercial magnesia-stabilized zirconia 
(MSZ, 24 wt%), Metco 210NS-1, with a particle size of − 90 µm/+ 11 µm, 
provided by Oerlikon Metco Europe GmbH; and titanium oxide (tita
nium(IV) oxide, anatase, 99.6 % purity) from Thermo Fisher Scientific; 
and a standard yttria-stabilized zirconia (YSZ, 8 wt%) powder from 
Oerlikon Metco, namely Metco 204NS, with a particle size range of 
− 125/+ 11 µm.

The particle size distribution of the commercial powders was 
measured using the laser scattering technique with a particle size dis
tribution analyzer (LA-950V2, Horiba). The particle distribution of the 
MSZ powder was d10 = 23.0 µm, d50 = 39.6 µm, and d90 = 65.7 µm, 
while the particle distribution of the TiO2 powder was d10 = 0.21 µm, 
d50 = 1.25 µm, and d90 = 5.96 µm.

MSZ is a spheroidal powder manufactured by agglomeration and the 
HOSP™ process. To better understand this material, its cross section was 
analyzed using scanning electron microscopy (SEM) and dispersive X- 
ray spectroscopy (EDS). The analysis was performed using TM3000 
(Hitachi) and Gemini SEM 450 (Carl Zeiss Microscopy Deutschland 
GmbH).

Phase composition was examined using X-ray diffraction (D4 
Endeavor, Bruker).

2.2. Suspension preparation and characterization

In this study, two suspensions were prepared: one (S1) containing 
only MSZ particles and the other (S2) containing 7.5 TiO₂/92.5 MSZ. 
The only difference between the two suspensions is their composition. 
To produce a homogeneously dispersed suspension (30 wt% solid con
tent in ethanol), the powders were ground in a PE bottle with a 3D 
shaker mixer (Turbula, WAB-GROUP), using 1.5 wt% dispersant agent 
(polyethylenimine, Polysciences) and 3 mm diameter alumina balls as 
milling media.

The particle size distribution of the suspensions was measured over 

Fig. 1. Schematic diagram of (a) single-layered (system A), (b) bi-layered (system B) and (c) pre-oxidized (system C) coatings.
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time, with the goal of obtaining a sub-micron particle size using the laser 
scattering technique with a particle size distribution analyzer (LA- 
950V2, Retsch Technology).

After milling, the solid load content was maintained at 5 wt% by 
diluting the 30 wt% suspensions in ethanol for the columnar SPS coat
ings. The suspensions’ viscosity was measured with a viscosimeter 
(Physica MCR 301, Anton Paar) at shear rates between 0.1 and 1000 s⁻¹ .

2.3. Coating preparation

Three different systems were designed for topcoat production, Fig. 1. 
System A is a single-layered APS MSZ topcoat and is used as the refer
ence. System B is a double-layered topcoat consisting of an APS YSZ 
sublayer and an SPS MSZ/MSZ-Ti top layer. System C uses as-sprayed 
bond coat substrates that were previously oxidized and coated with an 
SPS MSZ/MSZ-Ti topcoat. The five coatings produced are detailed in 
Table 1.

The coatings were deposited onto two substrates of different mate
rials and geometry. Stainless steel plates (25 mm×25 mm x 2 mm) were 
used as substrate in the pretests. The surface of the substrates was pre
viously treated by grid blasting with Al2O3/F36 particles, to increase the 
roughness. For morphological analysis, phase identification and in the 
thermal cycling tests, bond coated button-shaped nickel-based superal
loy – IN 738 (Ø30 mm × 3 mm) was used as substrate. The inconel 
substrates were provided with a NiCoCrAlHfYSi-type bond coat (Amdry 
386, Oerlikon Metco), sprayed with an F4-VB torch in a LPPS/VPS fa
cility. The bond coat layer is about 150 µm thickness. All samples were 
cleaned in an ultrasonic bath in ethanol prior the spray stage.

2.3.1. Processing of single-layer coatings
A single-layered APS MSZ coating, system A, was defined as the 

reference system. A TriplexPro™ plasma torch with a 9 mm nozzle 
(Oerlikon Metco), mounted on a six-axis robot in a thermal spray system 
Multicoat™, was used to spray the topcoat.

Based on pretests, the spray conditions were set by varying the spray 
distance and power to obtain coatings with a target porosity of about 
18 %. Processing of the single-layered coatings was preceded by a feed 
rate measurement of around 34 g/min. In the preliminary tests, the 
parameters that were varied were the spray distance and the current, as 
shown in Table 2, while Ar/He ratio was maintained at 46 nlpm/4 nlpm 
and the robot speed at 500 mm/s.

A quantitative analysis was performed using ImageJ software to 
determine the overall porosity. Five cross-sectional SEM images were 
taken at 500x magnification for this analysis. Deposition efficiency DE 
(%), and net power Pnet (kW), were calculated according to Eqs. 1 and 2, 
respectively. 

DE =
mcoating×s×v× 60

n × w × h xṁpowder
100% (1) 

where mcoating is the coating mass (g); s is the meander distance (mm); v is 
the robot-speed (mm/s); n is the number of spray cycles; w and h, the 
width and length of the sample (mm), respectively; and ṁpowder is the 
powder mass feed rate. 

Pnet = L − (K × (T2 − T1) × 4.1851 × 0.0166667) (2) 

where L is the gross power (kW); K is the waterflow (l/min); T2 is the 
return temperature (ºC); and T1 is the feed temperature (ºC).

2.3.2. Processing of bi-layered coatings
The YSZ sublayer of the double-layer coatings was sprayed with APS 

using standard methodology to produce a dense layer. After APS depo
sition, the average thickness of the YSZ layer was about 150 µm.

The SPS outer layer was deposited using the Axial III Torch Spray 
System (Northwest Mettech Corp.), which feeds the spray material 
axially to ensure consistent particle heating. The system was mounted on 
a six-axis robot. The suspension was fed using an in-house feeding sys
tem developed by Forschungszentrum Jülich. The suspension was stir
red throughout the coating process to prevent line clogging and 
feedstock agglomeration.

The samples were sprayed with a suspension of 5 wt% MSZ or MSZ- 
7.5TiO2 solids, using the following parameters: a 220 A current, a 140 V 
voltage, a 92.4 kW power, a 70 mm distance, a 1000 mm/s robot speed, 
and a calculated net power of 31.1 kW. These parameters were chosen 
based on preliminary tests to decrease porosity and produce a well- 
defined, columnar structure. The working gas was a mixture of Ar 
(75 vol%), H₂ (15 vol%), and N₂ (10 vol%) with a total flow rate of 245 
standard liters per minute (SLPM), as described elsewhere [24,26].

The column density of SPS coatings was measured using image 
analysis of a cross-sectional SEM micrograph and calculated using Eq. 3. 
First, a straight line was drawn at the center of the topcoat. Then, the 
number of vertical cracks greater than half the coating thickness that 
intersected the line was counted [27]. 

Column density =
No.of column boundaries intercecting the line − 1

True length of the line
(3) 

2.3.3. Processing of pre-oxidized coatings
To produce coatings of system C, the bond-coated substrates were 

first subjected to a heat treatment in a 99.999 % pure argon atmosphere 
at 1 atm for two hours at 1140 ◦C, followed by 16 h at 870 ◦C, according 
to the parameters previously defined by Joeris et al. [26]. Then, an SPS 
MSZ layer of approximately 500 µm was sprayed onto the pre-oxidized 
substrate using the same spray conditions as those used for the afore
mentioned bi-layered samples.

Table 1 
Spray parameters for deposition of systems A, B and C.

System Sample APS parameters SPS parameters Pre-oxidation

Topcoat Material S 
(mm/s)

SD (mm) I (A) Topcoat 
Suspension

S (mm/s) SD (mm) I 
(A)

A MZ MSZ 500 200 373 - -
B DL MZ YSZ 500 200 420 MSZ 70 1000 220 -

DL MZT YSZ 500 200 420 MSZ− 7.5TiO2 70 1000 220 -
C PO MZ - MSZ 70 1000 220 Argon

PO MZT - MSZ− 7.5TiO2 70 1000 220 Argon

Table 2 
Pretest spray conditions for APS MSZ coatings.

Pretest n. SD 
(mm)

I 
(A)

DE 
(%)

Net power 
(kW)

Porosity (%) - 
examined at 500x

1 APS 
1

200 420 58.8 22.7 14.6

2 APS 
2

200 350 26.8 19.4 19.7

3 APS 
3

250 350 16.5 18.0 20.6

4 APS 
4

200 373 44.47 19.4 18.3
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2.4. Coating characterization

Coatings were investigated using SEM/EDS and XRD to examine 
morphological issues, structure, and phase composition, respectively. 
XRD was also used to evaluate the oxide layer of the heat-treated bond- 
coated substrates. Conventional metallographic techniques were used to 
prepare the as-sprayed samples for morphological evaluation. First, the 
coatings were embedded in resin and underwent a 48-hour cure. Then, 
they were cut using a metallographic cutting machine (Discotom-100, 
Struers). After that, the samples were ground and polished. The grinding 
steps were performed using P240–P1200 abrasive paper with 10 N of 
force per sample, in a clockwise direction, with water cooling, and at 
150 revolutions per minute. Finally, the samples were polished with 6 
μm diamond paste. The samples were cleaned with a tissue under 
flowing water. After cleaning with water, they were spilled with alcohol 
and dried. After metallographic preparation, the samples were dried in a 
desiccator for at least 24 h. The SEM analysis was performed using the 
previously described facilities. We also evaluated the presence of cracks, 
pores, and the thermally grown oxide (TGO) layer. The porosity level 
was determined via image analysis using SEM images. XRD tests were 
conducted on as-sprayed samples using a Malvern Panalytical Empyrean 
diffractometer with Cu-Kα radiation and a 2θ range of 10–90◦, with a 
step size of 0.026◦.

2.5. Furnace cycling test

Two samples of each of the five types of coatings were subjected to 
thermal analysis. A furnace cycling test facility was used to investigate 
the thermal lifetime of the as-sprayed coatings. During the tests, the 

samples were heated for two hours at 1100◦C in synthetic air. Then, they 
were removed from the furnace and cooled down by a fan. They were 
maintained outside the furnace for 15 min. Another cycle was then 
repeated until failure. The samples were monitored every ten cycles, and 
failure was defined as spallation of approximately 20 % of the sample 
surface.

3. Results and discussion

3.1. Feedstock characterization

To better understand the feedstock powder, an initial characteriza
tion of the commercially available magnesia-stabilized zirconia (MSZ) 
was performed. Fig. 2(a) and (b) show scanning electron microscope 
(SEM) images of the MSZ powder cross section, which has a spherical 
shape with a large cavity inside, a characteristic of powders produced by 
the HOSP™ process. However, higher magnification and EDX analysis 
reveal the inhomogeneity of the powder Fig. 2(c).

Since powder morphology significantly impacts coating perfor
mance, an alternative approach was designed to obtain homogeneous 
MSZ coatings with full stabilization. To this end, suspensions of 30 wt% 
solid load of MSZ and MSZ-7.5TiO₂ were prepared for producing coat
ings by suspension plasma spraying (SPS). This technique produces 
columnar-type coatings with a much finer microstructure than con
ventional APS coatings, enhancing their thermo-mechanical properties 
[28]. Columnar coatings form due to the generation of very fine droplets 
during the suspension injection process. These droplets become small 
particles in flight once the solvent evaporates. Particles smaller than 
1 µm have low momentum due to their size and exhibit a low Stokes 

Fig. 2. (a), (b) MSZ powder cross section SEM images with two different magnifications and (c) EDX analysis.

Fig. 3. Particle size distribution over time of (a) 30 % solid load suspension of MSZ in ethanol, (b) 30 % solid load suspension of MSZ-7.5TiO2 in ethanol and (c) PSD 
of 5 % solid load suspensions of MSZ/MSZ-7.5TiO2 in ethanol after 168 h milling.
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number. This makes their trajectory highly influenced by the plasma 
flow. Shallow impact angles and shadowing effects from surface 
topography contribute to the development of columnar structures in the 
deposited coatings [21]. Fig. 3 shows the evolution of the particle size 
distribution of the suspensions through ball milling until an average size 
below 1 µm was obtained.

The commercial MSZ powder has a large particle size (d50 =

39.6 µm), which requires the suspension to be milled for a long time. 
After 24 h of milling, the 30 % MSZ suspension had a d50 of 2.77 µm, as 
can be seen in Fig. 3(a). Since small particles tend to agglomerate and 
are more difficult to reduce, it was only possible to reduce the particle 
size below 1 µm after 120 h (d₅₀ = 0.87 µm). The milling process 
continued for 168 h, resulting in a suspension with d10 = 0.30 µm, d50 
= 0.75 µm, and d90 = 2.45 µm. Fig. 3(b) shows the particle size over 
time of the 30 % MSZ-7.5 TiO₂ solution. After 168 h of milling, the so
lution had a d₁₀ = 0.33 µm, d₅₀ = 0.84 µm, and d₉₀ = 2.69 µm.

The submicron suspensions were diluted in ethanol, the distribution 
of which is monomodal, as seen in Fig. 3(c). The two suspensions used as 
feedstock for spraying consisted of MSZ and MSZ-7.5TiO2 with 5 wt% 
solid mass loading each. The addition of a dispersant minimized particle 
agglomeration.

The rheological behavior of the homemade suspensions was evalu
ated by measuring viscosity at different shear rates, see Fig. 4. Viscosity 
is the friction between successive layers of a fluid moving at different 
velocities. Well-dispersed and stable suspensions have low viscosity, 
making them easier to pump and transport. [29]. The 5 % MSZ sus
pensions exhibited practically Newtonian behavior. At a shear rate of 
1000 s⁻¹ , the viscosity of the 5 wt% MSZ and MSZ-TiO₂ suspensions was 
1.34 mPa⋅s and 1.16 mPa⋅s, respectively. According to the literature, 
their viscosity is similar to that of a YSZ ethanol-based suspension with 
the same solid load content [30].

3.2. Microstructure of as-sprayed coatings

An SEM analysis was performed on a cross-section of the sample to 
examine its morphology and microstructure, as well as to check for 
cracks and pores. Porosity was also estimated via image analysis using 
SEM images.

3.2.1. APS MSZ coating
Various levels of porosity were achieved in the preliminary tests. 

When comparing coatings with the same spray distance, it was found 
that using lower currents in the spray process results in higher porosity. 
The target porosity of about 18 % was obtained by setting the spray 
distance to 200 mm and the current to 373 A, which were the 

parameters used to produce the APS single-layered coatings. This led to 
a deposition efficiency of around 44 % and 19 kW of net power. 
Generally, increasing the stand-off distance results in lower deposition 
efficiency because the jet cools and decelerates due to air entrapment. 
Conversely, increasing the current results in higher deposition efficiency 
[31]. Bakan et al. [32] reported on the influence of process parameters 
(e.g., current and stand-off distances) on porosity levels in coatings. 
Lower currents tend to increase porosity. Additionally, higher stand-off 
distances contribute to high porosity levels due to the particles’ short 

Fig. 4. Viscosity curves of MSZ/MSZ-7.5TiO2 suspensions.

Fig. 5. MZ coating: (a) - (c) cross-sectional SEM micrographs showing micro
structure in different magnifications and (d) EDX analysis.
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flight time, which results in insufficient heat transfer and incomplete 
melting.

Fig. 5(a-c) shows SEM images of the MSZ coating sprayed by the APS 
system A at different magnifications. The images reveal a lamellar 
morphology that is well bonded to the substrate, as well as dendritic 
formations similar to those observed in the original powder. Microcracks 
were also detected dispersed in the coating. Additionally, isolated and 
connected voids are present within the coating. While discrete spherical 
pores may decrease the coating’s thermal conductivity, connected voids 
may increase convective heat transfer, leading to high thermal con
ductivity. Furthermore, cracks may accelerate spalling and lead to 
coating failure [33]. Fig. 5(d) shows the inhomogeneous distribution of 
the coating composition, as expected, since the coating microstructure is 
strongly influenced by the feedstock powder.

3.2.2. SPS MSZ coating
Cross-sectional images of the MSZ/MSZ-7.5TiO2 coatings sprayed by 

SPS were also investigated, Fig. 6. For both compositions, the micro
structure was relatively porous with a typical columnar structure, with 
columns separated by porous gaps that emerged from the surface. While 
these gaps can provide a path for hot gas and corrosive media, they also 
increase the top coats’ strain tolerance, leading to a better thermal 
cycling lifetime [30]. No vertical cracks were noted in the topcoat layer. 
According to the literature, low-viscosity suspensions tend to produce 
columnar structures [34].

Elemental analysis by EDX shows homogeneous distribution of Mg, 
Zr, and Ti, especially in coatings prepared with an MSZ7.5TiO2 sus
pension. Additionally, the addition of TiO2 is not related to any 
improvement in the microstructure of the coating. Traces of Al were also 
noted. Debris from the alumina milling balls is an inevitable and well- 

known effect present in the milled powder. However, the debris is 
distributed so inhomogeneously that quantification by EDS was not 
possible. Nevertheless, we assume the amount is low because significant 
alumina peaks were not detected in the XRD results for the as-sprayed 
samples.

The column density is 11 and 8 cracks/mm for samples MSZ and 
MSZ-7.5TiO2, respectively. The low values can be attributed to large 
column gaps and micropores inside the topcoat.

3.3. Phase characterization

XRD was used to investigate the phase characterization from the 
starting powder to the as-sprayed and as-cycled coatings. This included 
the development of the phase composition, Rietveld evaluations, and 
observations of how phase composition and unit cell dimensions change 
during cycling. The weighted profile R-factor (Rwp) is a measure of how 
well the Rietveld refinement model fits the data. In many cases, values 
lower than 10 % are considered acceptable [35]. The analyses in this 
study achieved Rwp values between 2 % and 6 %.

The XRD results are presented in Fig. 7, and the phase compositions 
are shown in Fig. 8 and summarized in Table 3.

Fig. 7(a) shows the as-received MSZ powder. The as-sprayed coatings 
evaluated include pre-test samples with three different APS parameters, 
ranging from moderate to hot (coarse particles). Finally, APS and SPS 
coatings (very hot and very small particles) are shown in Fig. 7(b-f). The 
diffractograms of the APS MSZ samples sprayed under pre-test condi
tions, Fig. 7(b), revealed that the APS 3 and APS 2 samples have com
positions similar to the powder. Using a higher plasma power (APS 1) 
reduces the rhombohedral Mg₂Zr₅O₁₂ phase and increases the cubic 
MgZr₄O₉ phase. Mg₂Zr₅O₁₂ was observed to decay to MgZr₄O₉ and MgO 

Fig. 6. (a-b) SEM micrograph and EDX mapping of a single-layered MSZ sprayed by SPS on IN738 and (c-d) SEM micrograph and EDX mapping of MSZ-7.5TiO2 
sprayed by SPS on IN738.
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+ ZrO₂. Unstabilized monoclinic ZrO₂ disappears because it heats up 
during spraying and transforms into tetragonal ZrO₂ before cooling. In 
all cases, the molar content of MgO is similar: 89 %, 87 %, and 96 %, 
respectively, compared to the MgO content in the powder.

In the SPS sample, Fig. 7(d), ZrO₂ and MgO phases are absent. 
However, the rhombohedral Mg₂Zr₅O₁₂ phase and the cubic MgZr₄O₉ 
phase are present. The molar content of MgO is 39 %, which is less than 
half of the MgO content in the powder. This is likely due to Mg evapo
ration during spraying due to the solid particles’ high specific surface 
area in the suspension and the hot conditions at SPS. Furthermore, 
reducing conditions due to hydrogen in the plasma gas may favor the 
decomposition of oxides and release of Mg, which supports the hy
pothesis of an inhomogeneous powder. Besides MgZr₄O₉ and Mg₂Zr₅O₁₂, 

there are also single oxides of Mg and Zr that could be homogenized by 
milling and subsequent spraying. This was not possible with the APS 
route. Additionally, the Ti doping is too low (7.5 wt% of the composition 
in a suspension with a 5 % solid load) to produce noticeable peaks. The 
XRD patterns of SPS MSZ and SPS MSZ-7.5TiO₂ are very similar, and 
distinct TiO₂-peaks are not present. The hump below 20◦ comes from the 
device.

For the as-cycled APS MSZ sample, Fig. 7(e), the calculated MgO 
molar content relative to the powder content was 109 %, while for the 
as-cycled SPS MSZ sample Fig. 7(f). it was 53 %. Within the limited 
accuracy of quantitative XRD analysis, these results confirm the loss of 
Mg in the SPS sample as opposed to the APS sample.

In XRD, the peak positions of tetragonal ZrO₂ and cubic MgZr₄O₉ 

Fig. 7. XRD profile of (a) MSZ powder (b) APS MSZ pretests, (c) MZ (system A) as-sprayed, (d) DL MZ/DL MZT as-sprayed, (e) MZ (system A) as-cycled, (f) DL MZ 
(system B) as-cycled.
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overlap. Since tetragonal ZrO₂ is unlikely to exist in the cycled sample 
due to its metastable nature, it was omitted from the analyses. Thermal 
cycling transformed the rhombohedral Mg₂Zr₅O₁₂ phase and the cubic 
MgZr₄O₉ phase partially into MgO and unstabilized monoclinic ZrO₂. 
During operation at elevated temperatures, the latter transforms to 
tetragonal ZrO₂. This transformation is associated with a significant 
change in specific volume, which leads to stresses and cracks. This is 
believed to be the reason for the lower lifetime of the SPS samples 
compared to the APS samples, since the monoclinic phase forms grad
ually from the decay of MgZr₄O₉ and Mg₂Zr₅O₁₂ in the SPS coating. In the 
as-cycled SPS sample, alumina and Al-Mg spinel formed due to the 
diffusion of Al from the bond coat. Initially, only Al₂O₃ forms as a 
thermally grown oxide (TGO). Later, when aluminum is depleted in the 
bond coat, other oxides, such as spinels, grow quickly. Khalil et al. [36]

mention that alumina can form along the bond coat interface, leading to 
spinel formation in the topcoat. Based on this, it is believed that the 
alumina peak originates from the thermally grown oxide layer on top of 
the bond coat.

The unit cell volumes (Å³) of the cubic MgZr₄O₉ and the rhombo
hedral Mg₂Zr₅O₁₂ phases were also determined, Fig. 9(a). The unit cell 
volumes of MgZr₄O₉ and Mg₂Zr₅O₁₂ hardly change compared to the 
powder at the moderate APS 3 and APS 2 conditions. However, at the 
hotter APS 1 conditions, Mg₂Zr₅O₁₂ decomposes and more MgZr₄O₉ 
forms. This is associated with a decrease in the MgZr₄O₉ unit cell vol
ume. This could be due to the formation of oxygen vacancies, resulting 
in a loss of specific volume. During thermal cycling, these vacancies are 
refilled with oxygen anions from the surrounding atmosphere. The sit
uation is different in the as-sprayed SPS sample. Oxygen anions can 
transfer from Mg₂Zr₅O₁₂ to the presumably more stable MgZr₄O₉. During 
thermal cycling, the remaining vacancies are also filled.

Fig. 9(b) shows the combined phase content and unit cell volume 
data for the MgZr₄O₉ and Mg₂Zr₅O₁₂ phases. A trend can be observed: the 
unit cell volumes of the MgZr₄O₉ and Mg₂Zr₅O₁₂ phases evolve inversely 
to their contents. Oxygen vacancies may be the reason why. If one phase 
is present in large quantities, more oxygen vacancies are formed. One 
possible reason is the replacement of Zr⁴⁺ cations with Mg²⁺ cations, 
which creates oxygen vacancies in order to maintain electroneutrality. 
This distorts the lattice and reduces the specific volume. Since Mg is 
bivalent and Zr is tetravalent, when Zr⁴⁺ is substituted by Mg²⁺, there is 
an excess of two negative elementary charges. Therefore, one O²⁻ must 
be removed to maintain electroneutrality. Szczerba et al. [37] reported 
something similar regarding the doping of zirconia with cations such as 
Mg²⁺, whose ions have a size of 0.89 Å. This is related to the formation of 
oxygen vacancies, whereas Zr⁴⁺ is 0.84 Å. The removal of O²⁻ anions, 
which have an ionic size of 1.42 Å, should also reduce the volume of the 
unit cell.

Deviations from perfect crystallinity lead to the broadening of 
diffraction peaks. One of the main properties extracted from peak width 
analysis is lattice strain, which can be understood as a measure of the 
distribution of lattice constants arising from crystal imperfections [38]. 
X-ray line broadening was used to evaluate the lattice strain, and the 
results are provided in Fig. 9(c).

It can be observed that the lattice strain is sensitive to the spray 
conditions. For less power spray conditions, APS-2 and − 3 (29.7 kW), 
there is no significative change in strain for the MgZr₄O₉ phase 
compared to the starting powder.

As can be seen, the lattice strain is sensitive to the spray conditions. 
For the APS-2 and − 3 (29.7 kW) conditions with lower power, there is 
no significant change in strain for the MgZr₄O₉ phase compared to the 
initial powder.

Higher power, as observed in APS-1 (37.5 kW), increases the strain 
of the MgZr₄O₉ phase more than the Mg₂Zr₅O₁₂ phase. Conversely, 
sample SPS MSZ (sprayed with 92.4 kW of power) exhibits the largest 
increase in lattice strain of 194 % for the MgZr₄O₉ phase and 642 % for 

Fig. 8. Phase compositions of the feedstock powder and coatings (Pretests - 
APS1, APS2 and APS3; As-sprayed MSZ SPS; and As-cycled – MZ (APS MSZ) and 
DL MZ (SPS MSZ)).

Table 3 
Phase compositions.

Phase 
content (wt 
%)

Sample

MSZ 
powder

APS 
3

APS 
2

APS 
1

SPS 
MSZ

APS 
MSZ 
cycled

SPS 
MSZ 
cycled

MgZr4O9 25 28 24 45 37 14 6
Mg2Zr5O12 41 39 37 13 63 0 0
MgO 19 16 16 20 0 27 13
m-ZrO2 3 1 1 1 0 59 62
t-ZrO2 12 16 22 21 0 0 0
Al2O3 0 0 0 0 0 0 7
MgAl2O4 0 0 0 0 0 0 12

Fig. 9. (a) Unit cell volumes of the MgZr₄O₉ and Mg₂Zr₅O₁₂ phases, (b) Phase contents combined with the unit cell volumes for the MgZr₄O₉ and the Mg₂Zr₅O₁₂ phases 
(c) Lattice strain of the MgZr₄O₉ and Mg₂Zr₅O₁₂ phases.
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the Mg₂Zr₅O₁₂ phase compared to the starting powder. This result was 
expected since this coating is composed solely of the MgZr₄O₉ and 
Mg₂Zr₅O₁₂ phases (37 and 63 wt%, respectively) and was prepared using 
long milling times. Ball milling is commonly used to produce fine 
powders from bulk materials; however, high-energy milling can induce 
lattice strain in crystalline particles of the material [39].

3.4. Thermal cycling performance

Fig. 10 shows photographs of the failed TBCs after thermal cycling. 
Table 4 summarizes the TBC lifetime for each system. During furnace 
cycle testing, the double-layered APS YSZ/SPS MSZ coating (system B) 
had a longer lifetime than the single-layered APS MSZ (system A) and 
pre-oxidized (system C) coatings. Since no improvement was observed 
with the addition of TiO₂ at the tested concentrations, no further analysis 
was performed.

Fig. 10. Photograph of the failed TBCs after furnace cycling test.
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The APS samples were included in this study as a reference because 
APS is the conventional manufacturing standard for ceramic top coats on 
TBCs. However, it should be noted that the APS-processed coating with 
373A-200mm (system A), exhibited short cycle lifetimes at 1100ºC (80 
cycles). After cycling, these coatings contain a high percentage of 
monoclinic zirconia (59 wt%), according to Rietveld refinement anal
ysis. This may be associated with the short coating lifetime. The APS/ 
SPS double-layer coatings (system B) outperformed the other coatings. 
Both systems exhibited blue failure when the critical TGO thickness was 
reached, leading to spallation.

For the APS/SPS samples, failure only occurred after achieving 
higher lifetimes. This suggests that lower bond coat temperatures can be 
assumed due to the improved heat-insulating microstructure. It was 
noted that this coating showed spallation (partial or complete). While it 
was not possible to obtain long-life-cycle coatings at 1100◦C, a positive 
trend in the processing of magnesia-stabilized zirconia coatings through 
SPS using an intermediate topcoat layer is evident and will require 
further analysis. An intermediate YSZ topcoat layer has been reported to 
increase the lifetime of TBCs. Zhou et al. [24] reported longer lifetimes 
in a burner rig test for an APS-YSZ sublayer with an SPS gadolinium 
zirconate (GZO) top layer compared to a typical APS-YSZ TBC. However, 
something similar to what Heyl et al. [40] reported could have 
happened in the YSZ/MSZ coatings. They studied MgAl₂O₄/YSZ 
double-layered coatings. They mention that the low toughness of the 
Mg-spinel layer compared to the intermediate YSZ layer might cause 
crack propagation close to the interface.

Additionally, peaks of alumina and spinel were observed in the 
topcoat X-ray diffractograms of the DL MZ sample, along with mono
clinic zirconia. Different oxides form during the oxidation process. The 
standard free energy of formation of alumina is lower than that of other 
oxides, so alumina can be found at the bottom of the TGO. As the 
aluminum content decreases, other metal ions react with oxygen ions to 
form an upper-layer oxide, such as spinel [10]. However, phase trans
formations in the topcoat can cause additional stresses that reduce the 
lifetime [41].

Unexpectedly, the pre-oxidized SPS samples (system C) had lifetimes 
comparable to the APS reference samples. The PO MZ coating failed due 
to complete spallation and showed similar lifetimes (80 cycles to fail
ure). Because the APS intermediate layer was absent, it is assumed that 
the adhesion strength of the SPS coating on the bond coat was insuffi
cient to achieve the same lifetime as the double-layer systems.

The TGO layer reduces the oxidation rate by acting as a diffusion 
barrier for oxygen. However, TGO growth reduces the topcoat’s 
bonding, which may result in coating failure [41]. Conversely, it is 
possible to extend the lifetime of coatings by pre-oxidizing the bond coat 
under controlled conditions. Joeris et al. [26] reported that 
pre-oxidizing the bond coat in argon prior to depositing the topcoat 
extended the lifetime of the columnar SPS coating due to changes in 
failure behavior. TGO growth before thermal cycling modifies the stress 
distribution within the coating, extending the lifetime of pre-oxidized 
TBCs compared to non-pre-oxidized counterparts.

4. Conclusions

This study designed and deposited different variants of magnesia- 
stabilized zirconia TBCs, including a single-layered reference system 
(APS MSZ), a double-layered system (APS YSZ/SPS MSZ), and a single- 
layered system (SPS MSZ) sprayed onto a pre-oxidized bond coat in 
argon. The microstructure, phase composition, and service life behavior 
were evaluated.

Reducing the input power or increasing the stand-off distance 
resulted in higher porosity levels in the coatings. MSZ APS TBCs with 
porosities of about 18 % were tested and exhibited short cycles to fail
ure. SPS produced columnar-structured TBCs. Furnace cycling tests 
indicated that the APS/SPS double-layer coatings outperformed the 
conventional APS coatings. Unexpectedly, the pre-oxidized SPS samples 
had lifetimes comparable to those of the APS reference system. Thus, it is 
assumed that the multilayer coating has better adhesion strength. 
Titania doping with a content of 7.5 wt% was not to be beneficial in 
terms of coating lifetime.

SPS is considered a promising technology for optimizing the pro
cessing of MSZ coatings to increase their service point, which is 
currently around 900◦C. Future experiments must clarify the failure 
mechanisms, which may be associated with phase transformations and 
compound formation.
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Table 4 
TBC cycle lifetime of two tested specimens.

System Sample 1st tested specimen 2nd tested specimen

Thickness (μm) Cycles to failure Failure mode Thickness (μm) Cycles to failure Failure mode

A MZ 516 80 blue 478 80 blue
B DL MZ 388 (243MSZ/145YSZ) 140 blue, complete spallation 398 (230MSZ/168YSZ) 140 blue, partial spallation

DL MZT 456 
(297MSZTi/159YSZ)

130 blue, complete spallation 435 
(272MSZTi/163YSZ)

120 blue, complete spallation

C PO MZ 529 80 blue, complete spallation 469 80 blue
PO MZT 399 80 blue 379 80 blue
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thermal barrier coatings, J. Therm. Spray. Tech. 11 (2002) 320–332.
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