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Abstract High demands for higher turbine efficiency bring
attention to newer and more advanced insulating materials
for the high temperature components in the turbine.
Yttrium aluminum garnet (YAG) has shown good insu-
lating properties in the previous published research, such as
higher temperature limitation and better resistance to cal-
cium-magnesium-alumina—silicate environmental con-
taminant penetration than the more conventional yttria-
stabilized zirconia systems. Whereas in literature, coatings
of YAG are typically prepared by solution deposition
processes, in the present work YAG powder has been
prepared for more conventional thermal spraying methods.
The goal is to show the potential YAG powders have as a
thermal barrier coating. Different approaches for obtaining
a successful deposition and a good coating have been
explored. Small-sized industrial-supplied powder and lar-
ger in-house-made powder have been compared, empha-
sizing the importance of energy used for deposition and
crystallinity in the final coating. Highly crystalline material
has successfully been produced with F4 atmospheric
plasma spray system without post-treatment or substrate
heating.
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Introduction

Thermal barrier coatings (TBC) in the form we most
commonly know them, or “the current era” as Miller (Ref
1) referred to, have been around since the middle of the
1970s. The well-known system consisting of an yttria-sta-
bilized zirconia (YSZ) insulating top coating and a
NiCrAlY metallic bond coat developed by the NASA
Lewis Research Centre in Cleveland by Stecura and
Leibert (Ref 2, 3) is to the current day one of the most used
TBC systems. Despite being the most used, a lot of
attention has been given into outperforming the original
YSZ since the millennium. Electron-beam physical vapor
deposition (EB-PVD) for producing YSZ is known to be a
method for producing high-quality columnar structures,
often used for the high thermo-mechanically loaded blades
of aero engines (Ref 4). The columnar structure is favored
in all TBCs due to the structure allowing some deformation
in the ceramic layer due to thermal expansion in the sub-
strate. As a result, the thermal stress is limited allowing the
ceramic layer to deform rather than causing delamination.
Vertical cracking in homogenous ceramic layers is there-
fore desired when TBCs are produced with atmospheric
plasma spraying (APS), which was the original deposition
technique used by Stecura and Leibert.

The APS method has high robustness and better eco-
nomic viability compared to EB-PVD. Therefore, the APS
method is normally used for producing TBCs for power
generators and static parts in propulsion systems which
typically have lower quality demands than the turbine
blades in the aero engine (Ref 5, 6). At the same time, the
need for improvement is high in both areas. Higher inlet
temperatures are a factor that highly influences the effi-
ciency and power output of the turbines. The maximum
operating temperature of YSZ is limited to 1200 °C due to
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the metastable tetragonal phase and reduction of stress
tolerances due to sintering; therefore, using YSZ can limit
the efficiency and power output of the turbines. Exposure
to high temperatures at prolonged periods can cause
decomposition into high and low yttria phases, resulting in
monoclinic phases upon cooling. Catastrophic events are
expected from the associated significant volume increase.
In addition, densification of high-crystalline YSZ is
expected to start at 1000 °C and accelerate the decompo-
sition process (Ref 7-11).

As demands for higher turbine efficiency keep increas-
ing, emergence of degradation mechanisms keeps occur-
ring. One of the most discussed and severe issues related to
the degradation of TBCs is the exposure to calcium—mag-
nesium—alumina—silicates (CMAS) at elevated tempera-
tures. The CMAS are often introduced to the system from
the intake air in the form of dust, sand, volcanic ashes or
similar. The most used 7YSZ is proven to be prone to
CMAS attacks, and research has been carried out to over-
come the potential exposure and degradation (Ref 12-16).

To overcome the limitations of YSZ, a numerous of
different materials and systems have been suggested,
developed, tested and compared with already accepted
solutions. Most of the new developments utilize rare earth
metals as stabilizers for the zirconia, mostly with the
intention of decreasing conductivity or increasing phase
transitions and sintering temperature even further than
yttria alone (Ref 1, 17-19). Other materials have been
suggested such as, for example, yttrium aluminum garnet
(YAG). It is well known and recognized that zirconia and
YSZ show insufficient phase stability that can accelerate
sintering at as low temperatures as 1200 °C (Ref 20).
However, a material like YAG shows phase stability up to
1970 °C (close to its melting point), making it an attractive
alternative to YSZ in TBC applications because its effec-
tive sintering temperature is above 1500 °C, 300 °C higher
than YSZ (Ref 21, 22). In addition, work has been carried
out on designing new coating systems, often introducing a
new layer to the YSZ—metal bond coat system. Alterna-
tively, a state-of-the-art deposition technique called solu-
tion precursor plasma spray (SPPS) can produce a feathery
and desired micro-columnar structure, which is more
similar to the one obtained by EB-PVD methods. This
desired SPPS structure is still being researched and opti-
mized (Ref 6, 23-25). The columnar structure obtained
with the EB-PVD and SPPS method allows for more cyclic
movement and delivers a more flexible system than more
conventional APS sprayed TBC from a dry powder feed-
stock. The columnar structure also presents cracks between
the columns, allowing the insulating top layer some
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horizontal expansion due to cyclic temperature exposure
and thermal expansion of the substrate, ultimately hinder-
ing catastrophic failure of the system (Ref 26-28).
Recently, a lot of published research has also focused on
using the SPPS approach with other materials than YSZ,
one of them being YAG, a potential contender with what is
reported to be promising properties for a future high-per-
forming TBC (Ref 29, 30).

Yttrium Aluminum Garnet

Yttrium aluminum garnet (YAG) [Y3AlsO;,] is often used
in solid-state lasers and is therefore a well-known material
(Ref 31-33). In addition, its thermal and mechanical
properties make it a very interesting material for a potential
TBC, as presented in Table 1. The low density, high
hardness and high sintering temperature represent a
potential higher quality for most applications where a TBC
is crucial. Interestingly, YAG has been proposed as a part
of a TBC system before. First by Padture and Klemens (Ref
34) in 1997 from a theoretic perspective purely based on
material properties. The first scientific literature showing
deposition of YAG by thermal spray methods is presented
by Parukuttyamma et al. (Ref 35). At that time, novel
precursor plasma spraying (PPS) method was utilized for
the deposition, more often referred to as solution precursor
plasma spraying (SPPS) in later days by Jordan et al. (Ref
23) and Kumar et al. (Ref 36). Additionally, YAG coatings
have been reported to show great resistance to CMAS
exposure at elevated temperatures further indicating the
potential for the material in TBC systems (Ref 37). YAG
coatings have also been produced with more conventional
spray methods, as presented by Weyant and Faber (Ref 38).

The promising properties of YAG combined with
encouraging published results are to be considered highly
relevant for further research. However, more work is nee-
ded to better understand the potential of the material and
consequences of different deposition techniques. Most
published research on YAG as a TBC material emphasized
the use in high-risk components and/or extreme exposures.
Consequently, most researches on YAG coatings have been
carried out with SPPS methods. Therefore, the intention of
the present work is to synthesize a dry YAG powder with a
large particle size and produce high-crystalline coatings
with conventional APS methods. In addition, one indus-
trial-supplied YAG powder has been compared to the in-
house-produced feedstock material. All with the intention
of outperforming the more conventional YSZ systems so
turbine engines potentially can become more efficient and
more durable at higher operating temperatures.
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Table 1 Comparison of
material properties of YAG and

8YSZ YAG

YSZ Thermal conductivity at 1000 °C, W/m K

Density, g/cm®

Thermal expansion, 10~%/K
Vickers hardness, HV
Melting temperature, °C

2.0-3.0 (Ref 39)
5.90-6.13 (Ref 40, 41)
7.5-9.5 (Ref 43)

1310 (Ref 45)

2710 (Ref 48)

2.3-3.2 (Ref 34)
4.55 (Ref 42)
7.7-8.2 (Ref 44)
1730 (Ref 46, 47)
2048 (Ref 48)

Table 2 Raw materials used

for YAG synthesis Raw material

Chemical formula Supplier

Yttrium nitrate hexahydrate
Aluminum nitrate nonahydrate
Urea

Y(NO3)3-6(H,0) Pangea International (China)
AI(NO3);3-9(H,0) Honeywell (EU)
CO(NH,), EcoUrea (Norway)

Experimental Procedure
Material Synthesis

Production of YAG can be carried out in many forms. This
paper focuses on dry powder synthesis through the co-
precipitation method (Ref 49-51). The two metal ions
(aluminum and yttrium) were delivered in the form of
nitrites, and urea was used to control the pH of the system.
Hydrous yttrium nitrate (Y(NOj3)3) and aluminum nitrate
(AI(NO3)3) were dissolved and mixed in water in a stoi-
chiometric metal atomic ratio of 3:5, respectively (Y>*/
Al3+); see Table 2 for raw material information. This is
known as the salt precursor, which was then added in the
form of droplets into a high-molarity urea solution during
constant stirring and constant heating (7' = 90 °C).

The precipitates generated at the end of the titration
process (yttrium and aluminum salts) were filtered with a
mechanical filter press to remove the excess of water and
other chemicals. Following, the filtered product was dried
at 200 °C for 24 h.

After drying, the material was heat-treated to slowly
burn off the non-reacted chemicals and transform the
yttrium and aluminum salt precursors into crystalline YAG.
For this purpose, the material was heat-treated in air
atmosphere at 1150 °C for 4 h. The intention of the tem-
perature chosen was to form a fully crystalline material
with small crystal grain size. Even though crystallization
for YAG is known to start around 900 °C (Ref 52, 53),
higher temperature is needed to fully crystallize all the
material.

Powder Preparation

After heat treatment, ball milling was used to obtain a
suitable powder size for thermal spraying. The material

altered several times between ball milling and vibratory
sieving, continuously extracting desired powder sizes.
Stacked mesh sizes and multiple runs were carried out.
Mesh sizes used were 40-80, 50-100 and 100-150 pm. A
simplified schematic process of producing dry YAG pow-
der is presented in Fig. 1.

Particle size distribution (PSD) was obtained for the
different powders with ultrasonic mixing submerged in
deionized water. The procedure was carried out according
to ISO 13320:2009 (Ref 54) (Malvern Panalytical,
Mastersizer 3000E, UK).

Atmospheric Plasma Spraying (APS)

As mentioned, many different thermal deposition methods
can be used for producing TBCs (i.e., high-melting tem-
perature oxides). APS being the most used due to the high
energy output and high temperature needed enabling splats
to form upon impact. The spraying parameters for pro-
ducing TBCs of YAG logically should vary from standard
parameters typically used for YSZ coatings due to their
different physical and chemical properties. The lower
melting point of YAG, closer to alumina and titania
(Table 1), indicates that lower energy is needed to form a
suitable structure and integrity. The tailored spraying pro-
gram required a modification of the existing spraying
parameters used for more familiar materials, such as YSZ,
titania and alumina. Spraying parameters typically used
and reported by other researchers for these materials were
adopted and adjusted to better suit the large YAG powder
size and its different chemical properties. Spraying
parameters were optimized with the intention of finding an
optimum coating microstructure. The most optimal spray-
ing parameters with respect to microstructural characteri-
zation are presented in Table 3.
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Fig. 1 Simplified flowchart for in-house YAG powder production
route

In addition, industrial-supplied YAG powder was
sprayed together with the in-house-made powders. This is a
smaller-sized powder stated to rather produce dense high-
integrity TBCs. Parameters for spraying the industrial-
supplied powder with the F4 spraying system were given
by the powder supplier together with the powder material.

Coating Characterization

Post-spraying, the S-mm-thick mild steel substrate and the
coatings were cut into 6-mm-wide slices. Due to the
potential damaging effect of thermally sprayed coatings
with violent sectioning, a precision cutting machine was
used to minimize the influence of the coating (Struers,
Accutom-50, Denmark with an Al,O3 cutting wheel).
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The brittle and porous coating needed additional support
for further preparation. The slices were therefore embedded
with vacuum impregnation using a slow-curing, high-re-
tention epoxy resin (Struers, EpoFix, Denmark). The epoxy
resin was intended to fill up open porosity to enhance the
best integrity possible for further handling. Forty-mil-
limeter holders were used for the embedding.

When the sample embedding material had fully cured
for 24 h, the samples were ground and polished to produce
a representative cross section of the coating. TBCs are
known for their difficult preparation (Ref 55, 56). The
method used in this work is described in Table 4.

Coating hardness measurement was taken with micro-
hardness indentation on polished cross section according to
ASTM C1327-15 (Ref 57) (Mitutoyo USA, HM-210 Type
A V/K).

X-ray diffraction (XRD) was carried out on both powder
feedstock material and coatings (Bruker D8 A25 DaVinci
x-ray Diffractometer with CuKo radiation, Germany).

The images of the powder were obtained with scanning
electron microscopy (SEM) on carbon tape (Thermo
Fisher—FEI Quanta 650 FEG ESEM, US), and images of
cross section of the coating were obtained with optical
microscopy (Olympus BX53M, Japan). Three independent
images for each coating were further analyzed with image
software (ImagelJ.net) to estimate internal porosity. Based
on the 2D cross section, a rectangular area was chosen as a
function of coating thickness and a width of 1200 pum.

Results and Discussion
Thermal Spray Feedstock

The synthesis route chosen for this work resulted in porous
dried rocks of YAG before crushing. These porous rocks
were crushed down and separated. Final powder mor-
phology can be seen in Fig. 2 (note that the images are
taken at different magnifications for the sake of clarity).
The irregular shapes allowed larger particle than the actual
mesh size chosen to pass and therefore shifted the PSD
toward larger sizes, both for upper and lower meshes. The
PSD is presented in Table 5.

Cross section characterization of the powders showed
that porosity was present in the powder particle. Embedded
and polished powder particles from Powder B are presented
in Fig. 3. Crushed particles are normally referred to as
sintered and crushed, corresponding to their dense
appearance and blocky shapes. In this work, the heat
treatment performed was a calcination process at temper-
atures just above crystallization temperature for YAG (i.e.,
900 °C). YAG has been reported to initiate densification at
around 1100 °C; however, densification rates are
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Table 3 Spraying parameters
used for deposition with F4

spraying system

Coating ref. Industrial coating® Coating 1 Coating 2 Coating 3 Coating 0
Powder ref. Industrial YAG powder Powder A Powder B Powder 0
Powder size, pm +15/— 44 +55/— 138 +101/— 182  +18/— 63
Ar, slpm 40 40 35 40 40

H,, slpm 14 12 6 12 12
Current, A 600 600 540 600 600
Potential, V 68 63 50 63 64
Power, kW 41 38 27 38 38

Spray distance, mm 120 120 150 150 120

Feed rate, g/min 10.0 9.5 9.5 9.5 10.0

Gun speed, mm/s 400 200 200 200 200
Thickness/pass, pm 35 70 55 50 37
Passes, — 25 10 15 18 7
Thickness, pm 880 700 820 910 260

“The parameters used for spraying the industrial-supplied powder were delivered by the powder

manufacturer
g(i?:ﬁi:g gﬂ)r(l:(ilc;lugr eand Step Surface Abrasive Lubricant Force, N Time, min
1 Diamond pad 220 Water 40 2
2 SiC paper 800 Water 50 1
3 Hard composite pad 9-um diamond Ethanol based 30 9
4 Woven acetate pad 3-um diamond Ethanol based 30 3
5 Woven silk pad 1-pum diamond Ethanol based 20 1

significantly higher above 1500 °C (Ref 21, 58, 59). The
goal of this work was to obtain a crystalline structure of the
YAG with small crystal sizes and high amount of grain
boundaries. Therefore, a calcination route at 1150 °C was
chosen, and the powder contains porosity.

One of the main aspects with the chosen powder syn-
thesis route was the freedom of controlling the resulting
crystallinity of the powder. The route selected for the
current work allowed tailoring of the crystal size and
amount of grain boundaries during the last step of the heat
treatment. The intention of the high amount of grain
boundaries is firstly to increase the integrity of the YAG
powder upon impact during thermal spraying promoting
more porosity in the deposited layer, and secondly, to
hinder amorphization of the material during coating
deposition. Preliminary studies and other published
research by Weyant and Faber (Ref 38) have shown that
YAG easily forms amorphous coating by thermal spraying.
Therefore, higher amount of grain boundaries is expected
to obstruct the amorphization during the thermal spray
process.

The crystallinity of the powders was studied using x-ray
diffraction (XRD). For comparison purposes, powders A/B
were also sintered at 1750 °C. In Fig. 4, XRD spectra of
the different powder materials are presented. From the

magnified area, it is clear that the crystal size in the original
in-house YAG powder was smaller compared to the same
powder sintered at a higher temperature and the powder
delivered by the industrial supplier. The shape of the peaks
(broader for the in-house powder) clearly indicated that the
powder with the lower-temperature heat treatment has a
smaller crystal size than the powders sintered at higher
temperature. Post-processing and dedicated spectra ana-
lyzing software were used to try to quantify the actual
crystal size using the Scherrer equation with non-trust-
worthy results, and the results were therefore discarded and
are not presented in this paper. However, peak broadening
in XRD is already a good and clear indication of differ-
ences in crystallinity for materials.

Coating Crystallinity

Coatings sprayed with APS F4 system using the spraying
parameters shown in Table 3 were analyzed by XRD to
study the effect of powder heat treatment and PSD on
crystallinity of the final coating. XRD spectra of the
coatings are presented in Fig. 5. It is clear that the small-
sized industrial powder did not retain the crystalline
structure and full amorphization is observed. However, this
is also observed for Coating 0 made from calcined small-
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Table 5 Particle size analysis of separated powder particles in pm

Powder ref. Lower mesh  Upper mesh D10 D50 D90
Industrial YAG .. 15 26 44
Powder 0 25 50 18 31 63
Powder A 50 100 55 88 138
Powder B 100 150 101 141 182

size powder. Again, as the previous research indicates,
producing a well-functioning TBC system is dependent on
fully crystalline structure being preserved from the powder
state. There is the literature producing fully crystalline
YAG coatings from powder by Ref 38. This was carried
out via heating the substrate resulting in slower cooling
rates of the deposited material. This could be considered to
be a controversial method due to requirements often stating
that substrate temperature should be kept at a minimum and
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Fig. 3 Cross section of Powder B obtained in SEM

lower than given temperatures (Ref 60). On the contrary,
this paper demonstrates that crystallinity can be achieved
with a more subtle approach in terms of thermal spraying
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Fig. 4 XRD spectra of three
different YAG powders
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energy which should be considered for application where
substrate temperature needs to be kept at a minimum dur-
ing spraying.

From the XRD spectra in Fig. 5, it is observed that
crystallinity in the coating is very much dependent on the
powder particle size, rather than the spraying parameters
and powder crystallinity from heat treatment. Coating 0
was sprayed with same parameters as Coating 1, the
powder size being the only difference between them. In
this case, the smallest powder (Coating 0) did not retain the
crystalline structure, whereas the largest powder did.

Interestingly, the industrial coating produced from
powder of similar particle size as Coating O, but higher
crystallinity, did not retain the crystallinity either. The
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coating that retained most of the crystallinity was Coating
3, which was produced from the largest powder size and
heat-treated at lower temperatures (i.e., 1150 °C). The
results strongly indicate that particle size is more important
than initial crystal size for retaining the crystallinity in the
coatings.

Coating Morphology

Cross sections of four coatings are presented in Fig. 6.
These images clearly show differences in microstructure
obtained as a function of particle size and deposition
energy. The differences in microstructure observed were
more significant for the coating produced from the small-
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200 ym

o 200 ym

(b)

sized industrial-supplied YAG powder, which can be
observed in Fig. 6(a). All coatings made from this powder
had a denser and more uniform structure with evidently
lower porosity. Despite being denser, this was the coating
where the most amount of small vertical cracks was
observed. This can be an indication of the presence of more
internal stresses in the coating. Some vertical cracks could
also be observed in the other coatings as seen in Fig. 7.
However, the coatings obtained with the in-house-made
powder were more dominated by larger, homogenous,
spherical pores compared to the industrial coating.
Homogenous pores combined with low internal stress are
desired to facilitate the thermal expansion mismatch with
substrates to ensure high durability.

Porosity

Internal porosity for the individual coatings is presented in
Table 6. Due to the difficulty of preparing TBCs without
introducing manipulations in the cross sections, such as
pullouts, porosity can potentially be misinterpreted.
Therefore, porosity should be estimated carefully for dis-
tinguishing between real porosity and introduced pores.
The presence of pores larger than the D90 powder particle
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Fig. 6 Images obtained from the cross section of the vacuum-embedded epoxy samples

size is generally considered as pullouts in pore analysis and
should therefore neglected for porosity calculations.
However, it is worth noticing that all pores observed in our
coatings were smaller than what corresponded to the area
of a D90 particle, leading to grounds for assuming that
pullouts were not created during sample preparation in this
work.

It is clear that the porosity in the coating is strongly
related to the particle size used for depositing the material.
Even though differences in spraying energy used for
deposition changed the porosity (Coating 1 versus Coating
2), more energetic spraying parameters (Coating 1) did not
bring significant differences in porosity with respect to
Coating 2. Note that these two coatings were sprayed with
same PSD. In addition, it was observed that the average
pore size was larger for Coating 2 than for Coating 1,
which is expected due to lower spraying energy used.
However, it can also be observed that Coating 2 had a
larger average pore size than Coating 3 despite being
produced from smaller particles. This is another indication
that the large-sized Powder B did not experience enough
heat throughout the particle during deposition. The high
amount of small-sized porosity (less than 1 pm?) observed
is believed to have come from that originally contained in
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200 ym

Fig. 7 Highlighted pores and cracks from the cross section

Table 6 Porosity in coatings

obtained from 2D image Coating ref. Porosity, % Standard deviation, % Average pore area (A = pm?)
analysis Industrial coating 4.18 0.12 7.92
Coating 1 11.09 0.42 26.7
Coating 2 12.89 1.67 494
Coating 3 16.90 1.98 38.3
:]; I;!IeleZi g?rg]?i;?:;? (cross Coating ref. Mean hardness SD Valid indents Valid (%) indents
Scelcgi;;l_)lgcc"fdi“g to ASTM Industrial coating 789HV0.3 50.8 8 73
Coating 1 746HV0.3 30.3 8 35
Coating 2 725HVO0.3 412 8 33
Coating 3 823HVO0.3 87.6 8 20

the powder particles (Fig. 3) and not to have formed as part ~ porosity, i.e., the higher the porosity of the powder, the less

of the coating process. the valid indents in the microhardness measurements. This
is to be expected in brittle ceramic materials like YAG. The
Hardness difference in hardness between the coatings is small, but

noticeable. The highest hardness observed in Coating 3 is
Microhardness values are presented in Table 7. It is clear  believed to be a result of the higher crystallinity retained in
that all hardness values are highly influenced by the  the coating compared to the others (Fig. 5). However, the
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porosity strongly influences how the material responds to
the load of the microindenter. Eighty percent of the indents
conducted in Coating 3 had to be classified as invalid
according to the procedure of ASTM C1327-15 (Ref 57).
Fewer discarded indents were observed in the other coat-
ings, but still more than 50% of the indents were invalid for
the coatings produced with the in-house-made powders.
The ratio of indents resulting in valid indents is here
observed to be of greater importance than hardness values
alone. Meaning, the hardness number alone is not a clear
indication of integrity in TBCs.

Conclusions

Based on the results obtained in this work, some con-
cluding remarks were made and should be considered for
further research.

e This work proves that a top coating of YAG with
morphological characteristics to perform in a TBC
system (i.e., uniform porosity and minor vertical crack
formation) can be produced using YAG powder.
However, special care is to be taken in controlling the
heat treatment of the powder and the powder size to
obtain an optimal coating microstructure.

e Crystalline YAG coatings can be produced by APS
from a powder feedstock, but 100% crystallinity was
not observed in any of the coatings. However, using a
less energetic spraying system (e.g., 3 MB type) and
further optimization of powder morphology, it would
be possible to achieve higher degrees of crystallinity.

e For obtaining a higher degree of crystallinity in the
YAG coatings, the powder particle size is the most
important parameter in the powder feedstock material,
more than crystal grain size.

e This work has shown an alternative approach to obtain
high crystallinity oxide coatings. For achieving a
favorable microstructure in the coating, no post-heat
treatment or in situ heating of the substrate was needed.
Instead, following a powder feedstock heat treatment
and powder size distribution strategy successfully
achieved the goal of coating crystallinity.
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