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Abstract Lutetium and yttrium silicates, enriched with an
additional secondary zirconia phase, environmental barrier
coatings were synthesized by the solution precursor plasma
spraying process on silicon carbide substrates. A custom-
made oven was designed for thermal cycling and water
vapor corrosion testing. The oven can test four specimens
simultaneously and allows to evaluate environmental bar-
rier performances under similar corrosion kinetics com-
pared to turbine engines. Coatings structural evolution has
been observed by SEM on the polished cross sections, and
phase composition has been analyzed by XRD. All coat-
ings have been thermally cycled between 1300 °C and the
ambient temperature, without spallation, due to their
porosity and the presence of additional secondary phase
which increases the thermal cycling resistance. During
water vapor exposure at 1200 °C, rare earth disilicates
showed a good stability, which is contradictory with the
literature, due to impurities—such as Si- and Al-hydrox-
ides—in the water vapor jets. The presence of vertical
cracks allowed the water vapor to reach the substrate and
then to corrode it. It has been observed that thin vertical
cracks induced some spallation after 24 h of corrosion.
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Introduction

Silicon-based ceramic composites are the leading candi-
dates for high-temperature structural components in the
next generation of gas turbine engines (Ref 1-7). Today,
hot sections of engines are made of heavy cobalt- or nickel-
based super alloys which have reached their operating
temperature limit (about 1100 °C) (Ref 8). Replacing metal
alloys by silicon-based ceramic composites, such as SiC/
SiC ceramic matrix composites, would allow to increase
the turbine inlet temperature up to 1500 °C and hence
increase the jet engine efficiency (Ref 9). These future
turbines should be lighter and more powerful and are a
great innovative field of research for more environmental
compliant and economical turbine propulsion systems.

One major concern is the sensitivity of Si-based
ceramics to combustion environment (Ref 10-12). Indeed,
the protective silica scale strongly reacts with hot water
vapor to form gaseous silicon hydroxides, resulting in Si-
based ceramics catastrophic erosion (about 1 pm/h in the
combustion environment of commercial gas turbine engi-
nes) (Ref 13-16). A protective coating, so-called environ-
mental barrier coating (EBC), with corrosion resistance
properties at high temperatures must be applied on Si-
based ceramics to preserve turbine materials from com-
bustion environment.

Rare earth silicates are promising environmental barrier
materials because they exhibit an excellent stability in
high-temperature corrosive environments up to 1500 °C
(Ref 17-23), they have a good chemical compatibility, and
their coefficient of thermal expansion is in agreement with
Si-based substrates (Ref 24, 25). Rare earth disilicates have
a closer coefficient of thermal expansion with SiC/SiC
composite substrate, but in presence of water vapor at high
temperature, the disilicate phase decomposes into a rare
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earth mono-silicate phase which has a better corrosion
resistance than disilicate ones (Ref 22, 26-29).

Rare earth silicate coatings were synthesized using the
solution precursor plasma spray (SPPS) technique which
produces nano- and submicro-structured coatings (Ref 30-
33). Such coatings present enhanced performances against
thermal stress compared to classical plasma spray tech-
niques—using powders as precursors—because of the
absence of large intersplat boundaries and well-dispersed
porosity (Ref 34-36). The EBC application requires for
coatings to withstand at temperatures as high as 1500 °C
during several thousands of hours which leads to sintering.
The aging of coatings produced by the SPPS process was
studied in a previous paper (Ref 37). The addition of an
immiscible zirconia second phase to the rare earth silicate
one showed pining effect mechanism which limited rare
earth silicate grain growth compared to coatings without
additional phase. Moreover, in the SPPS process, the pre-
cursor chemistry and concentration play an important role
and affect the coatings microstructure (Ref 38-41). From
this standpoint, a large variety of microstructures have been
explored by synthesizing yttrium or lutetium silicate
coatings with or without a secondary phase of zirconia.

Synthesized coatings for high-temperature applica-
tions—such as thermal barrier coatings (Ref 33, 42) or
environmental barrier coatings (Ref 22, 43)—are chal-
lenging because the final product must survive at high-
temperature environment but also to multiple heating and
cooling cycles. The substrate/coating system forms a
multilayered material, and the difference of layer’s ther-
mal expansion coefficients induces thermal stress (Ref
44). When the system is exposed to high heat flux, large
thermal gradients can be generated within short times, and
cracks or coating spallation arises (Ref 45). Moreover,
coating material must be resistant to high-temperature
corrosion in the case of environmental barrier application,
and the coating structure must be hermetic to corrosive
gases. Therefore, to qualify the EBC performances,
coatings were subjected to thermal cycling and high-
temperature corrosion tests in a custom-made oven which
reproduces similar corrosion kinetics compared to turbine
engines.

In the first part of this study, the custom-made oven
performances have been evaluated for cycling and corro-
sion tests by measuring temperature evolution for thermal
cycles; and by measuring the corrosion profile of bulk SiC
exposed to water vapor between 1100 and 1300 °C. In the
second part of this study, thermal cycling and high-tem-
perature corrosion resistance have been evaluated for
yttrium and lutetium silicate-based environmental barrier
coatings synthesized by the SPPS process on SiC
substrates.
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Materials and Technique
Materials

Rare earth silicate coatings are produced using yttrium
nitrate Y(NO3)3-6H,0 (99.9%, Sigma-Aldrich, St. Louis,
MO, USA) or lutetium nitrate Lu(NO3);-6H,O (99.9%,
Metall, Hongkong) and TEOS (tetraethyl orthosilicate)
Si(OC,Hs)4 (99.9%, Alfa Aesar, Ward Hill, MA, USA)
dissolved in ethanol. Zirconium oxynitrate ZrO(NOs3),.
6H50 (99.9%, Alfa Aesar, Ward Hill, MA, USA) is used as
zirconium precursor. The precursor concentration is set at
10% by weight of ethanol.

Targeted and effective coating compositions are sum-
marized in Table 1 with respect to their precursor mixture
and their abbreviation used in this paper.

Coating Deposition

The SPPS installation is represented in Fig. 1. Precursor
solutions are axially injected into a Tekna PL-50 induction
plasma torch (Tekna Plasma Systems Inc., Sherbrooke, QC,
Canada) connected to a 3-MHz LEPEL HF power generator,
by a gas blast atomizer. When injected in the high-temper-
ature regions of the thermal plasma, the atomized solution
precursor droplets undergo a rapid solvent evaporation,
followed by fast pyrolysis and salt precipitation leading to
the formation of solid oxide nanoparticles (Ref 46-48). These
nanoparticles are exiting the plasma torch through a 25-mm
converging nozzle and impinge on the SiC substrate (direct-
sintered silicon carbide, UltraSiC SC-30, Coorstek, USA).
Due to the expansion of the gas flow inside the low-pressure
reactor, cold particles and gases are located at the periphery
of the plasma jet (Ref 49). In order to prevent particles from
cold regions to reach the substrate, a water-cooled metallic
mask was placed between the torch and the substrate. These
cold particles cannot adhere to the substrate and could
introduce defects in the coating (Ref 38).

Before deposition, the SiC substrates are polished and
cleaned in ultrasonic baths with ethanol during 2 min. The
substrate average roughness R, has been measured at
0.1 pm. This low roughness tends to prevent columnar
structure formation (Ref 41). Process parameters are sum-
marized in Table 2.

Preliminary experiments showed that as-sprayed coat-
ings, synthesized by the solution precursor plasma spraying
process, are composed of a mixture of individual oxides
(Ref 37) so that a high-temperature heat treatment at
1500 °C during 7 h is needed to allow the solid-state
reaction between silica and rare earth oxides, resulting in
the rare earth silicates formation. The coating compositions
after heat treatment are summarized in Table 1.
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Table 1 Targeted and effective coating compositions and abbreviations used

Targeted composition Abbreviation Precursors

Effective composition (after heat treatment at 1500 °C during 7 h)

Lu,Si,04 L Lutetium nitrate
TEOS
Lutetium nitrate
TEOS

Zirconium oxynitrate

LuZSi207—Zr02 Lz

Y,Si,0, Y Yttrium nitrate
TEOS
Yttrium nitrate
TEOS

Zirconium oxynitrate

Y25i207-Zr02 YZ

Lu,Si,05; (Lu,SiOs)

LUZSi207 5 ZrOz; (SIOZ)

Y,Si0s; f-Y2Si,07; (Y203)

B-Y,8i,07; ZrO,; (Si0,)

Precursor solution

Central gas
Atomization gas —— ’: Sheath gas

Atomization [_J | Tekna PL-50

probe < induction plasma torch

Reactor pressure

A

Mask —

éSpraying distance

e

Substrate holder

= 10 vacuum pump

Fig. 1 Schematic illustration of the induction plasma process for
coating deposition

Table 2 SPPS process parameters

Parameter Value
Plate power 42 kW
Central gas (Ar) 23 slpm
Sheath gas (O,) 63 slpm
Atomization gas (Ar) 12 slpm
Reactor pressure 10.7 kPa
Precursor solution flow 10 mL/min
Precursor solution concentration 10 wt.%
Spraying distance 100 mm
Sample holder speed 5 cm/s
Preheating cycles 10
Deposition cycles 40

Custom-Made Oven Design and Testing Protocols

The custom-made oven can perform thermal cycling and
high-temperature corrosion tests (see Fig. 2). The heating

module is a Superthal muffle module (Kanthal, Sweden)
able to reach 1500 °C in vertical position. The heating
module is supported and covered by MgO refractories with
additional mullite fiber papers (Fiberfrax Paper 1600,
Unifrax, Tonawanda, NY, USA) on top to ensure an opti-
mal thermal insulation (not represented in Fig. 2). Four
specimens are mounted simultaneously on a sample holder
made of high purity mullite foam (Fiberfrax Duraboard
1800R, Unifrax, Tonawanda, NY, USA) placed on a mul-
lite tube which exhibits a strong thermal shock resistance.

In thermal cycle configuration, the sample holder could
be raised into the high-temperature oven by a pro-
grammable pneumatic cylinder. When the sample holder is
at its low position—outside the oven—a cold air jet can
increase the cooling rate. A type-R thermocouple measures
the temperature of the substrate holder near its support
surface, and +45 and —55 °C/s were, respectively, recor-
ded as maximum heating and cooling rates. Samples
underwent 5 cycles of 50 min at 1300 °C and 10 min at
ambient temperature with forced cold air jet. Figure 3
shows the temperature evolution curve during a thermal
cycle test. Due to thermal mass, 4 min were required to
reach 1300 °C starting from room temperature when
samples were introduced inside the oven, and less than
2 min to cool them down to 200 °C with the cold air jet.

In corrosion configuration, the oven is set up with four
mullite tubes with 1.6 mm internal diameter which were
added on the top of the oven to allow room-temperature
water injection. The position of the sample holder in the
oven was lowered in order to extend the exposition of
water tubes to high-temperature environment to allow for a
good heat transfer to the water vapor-fed in the four tubes.
Indeed, liquid water-fed evaporates in the tubes and pro-
duces superheated steam which is ejected 1 cm above each
sample. The water is channeled to each tube separately by a
medical I.V. bag which contains a reserve of ultra-pure
water at room temperature. The water flow is regulated at
0.75 mL/min on each tube using a sight chamber and a roll
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Fig. 2 Schematic cross sections
of the custom oven in heating
position in thermal cycling
configuration (left) and high-
temperature water—vapor
corrosion configuration with
four water injection tubes (right)
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Fig. 3 Temperature evolution curve during the thermal cycles at
1300 °C for 50 and 10 min cooling

clamp. The water vapor jet velocity v is estimated using the
ideal gas law:
mRT
y =
AMP

(Eq 1)

where m is the mass flow rate, R the universal gas constant,
T the temperature of the jet, A the cross-sectional area of
the injection tube, M,, the molecular weight of water, and
P the pressure at the exit of the injection tube. Therefore,
samples are exposed to high-temperature water vapor flow
during 24 h at temperature between 1100 and 1300 °C with
corresponding gas velocity between 39 and 45 m/s.
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Characterization Techniques

High-temperature corrosion performance has been evalu-
ated by exposing SiC substrates to the steam jet, and
resulting corrosion profiles have been measured with a
mechanical profilometer on a Dektak 150 Surface Profiler
(Veeco, NJ, USA). Each corroded substrate has been
scanned during 60 s, with a 10-mg stylus force (vertical
resolution of 10 1&), on a 2 x 12 mm surface with 10
lines scan. The numerical scans were smoothed by a
surface fitting algorithm (Ref 50) to rebuild the corrosion
crater surfaces in 3D. The maximum recession depth is
then measured from the numerically rebuilt surface, and
the experimental SiC recession rate is then estimated in
pm/h.

Phase compositions of environmental barrier coatings
have been analyzed by X-ray diffraction (XRD) on a Phi-
lips X’Pert Pro MPD X-ray diffractometer (Eindhoven,
Netherlands) using CuKo radiation source. The phase
identification was done according to JCPDS cards 30-1468
for yttrium-stabilized cubic ZrO,, 74-7393 for cubic Y,Os3,
12-4410 for p-Y,Si,07, 07-4730 for X2-Y,SiOs, 35-0326
for Lu,Si,0, 230-0212 for Lu,SiO5 and 73-1370 for cubic
YAG (Y3Al5047).

Coating microstructure observations were performed on
a Hitachi S-4700 field emission scanning electron micro-
scope (Tokyo, Japan). Beforehand, samples were fractured
and mounted in epoxy resin to obtain polished cross
sections.
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Results and Discussion
Corrosion Performances Qualification

Figure 4 shows the corrosion test results where four SiC
pellets have been simultaneously exposed to water vapor
jets at 1100, 1200, and 1300 °C during 24 h. At 1200 °C,
SiC recession rates were measured at 1.33 pm/h which is
typical for turbine engines under standard combustion
conditions (Ref 12, 13, 51, 52).

The recession of SiO, formers under gas flow con-
taining water vapor is due to the formation of volatile
species—mostly Si(OH); (Ref 53)—at the outer surface
by a reaction between silica and water vapor. The corro-
sion kinetic is limited by the transport of Si(OH),4 through
the boundary layer. The molar flux J (in mol/(cmz.s)) of
the corrosion product Si(OH), by convective mass trans-
fer is calculated using (Ref 54):

Lvp 1/2 n l/3Dpv
= 0.664( =L ) Zfv
/=066 ( n ) Dp L

with L is the mullite tube internal diameter (0.16 cm), v the
gas velocity (3.9 x 10 cm/s at 1100 °C), p the steam den-
sity (1.58 x 10™* g/em® at 1100 °C), # the dynamic vis-
cosity of the steam (4.281 x 107* g/(cm.s) at 1100 °C (Ref
55)), D the interdiffusion coefficients of Si(OH), into steam
at 1100 °C (1.91 cm?*/s) and o, the Si(OH), molar density at
the solid surface (2.59 x 10~'! mol/cm® at 1100 °C). The
interdiffusion coefficient has been estimated using Lennard-
Jones potential (SiF, approximates Si(OH),) (Ref 54, 55)
and the Hirschfelder, Bird and Spotz equation (Ref 56). The
Si(OH)4 density at 1100 °C under 1 atm at the surface

(Eq 2)

5
1 —0—1100 °C
0 —0—1200 °C
) —A—1300 °C
g 54
= 2l
£ 10 §
2 | u]
3 154 o)
5 |
‘5 20 A
] |
]
O 25+
o |
=30
] (o]
=35
T T T T T T T T T
0 5 10 15 20 25
Time, h

Fig. 4 Experimental measurements of recession depth of SiC corro-
sion vs. duration of exposition to water vapor at different temperature

corresponds to the equilibrium density of Si(OH), consid-
ering the reaction between SiO, and water vapor which has
been found in the literature from experimental and theoret-
ical work (Ref 53, 57-59). Moreover, Si(OH), is considered
as the only product of reaction between silica and water
vapor, so that the Si(OH)4 molar flux J is directly linked to
SiC recession rate y (in pm/h) according to:

. J X M,(SiC) x 3.6 x 107
y =

(SiC) (Eq 3)

with M (SiC) the molecular weight of silicon carbide
(40.11 g/mol) and p(SiC) the silicon carbide density
(3.21 g/cm3). Therefore, Eq 2 gives a Si(OH)4 molar flux
of 2.81 x 1072 mol/(cm®s) and Eq3 gives the SiC
recession rate equal to 1.54 pm/h. This theoretical esti-
mation agrees with the SiC recession rate of 1.29 pm/h,
measured during our experiments at 1100 °C. The same
order of magnitude has been observed for the recession
rates on bulk materials—such as SiO, and SiC—in the
literature using the same type of steam-jet furnace (Ref
60, 61). Table 3 summarizes measured and estimated SiC
recession rates between 1100 and 1300 °C from this study
and other recession rates from the literature.

In this study, the measured and calculated SiC recession
rates at 1100 °C are in good agreement. On the contrary, the
measured SiC recession rate at 1300 °C is more than three
times lower than the calculated one. This behavior is
explained by the Leidenfrost effect inside the mullite tubes. A
mullite tube has an inlet part outside the oven (at room tem-
perature) and its outlet part inside the oven (at high tempera-
ture). As the water flow rate is low and constant, it could be
considered that, inside the tube, the water flow is laminar
(Reynolds number Re < 1) with a constant linear velocity of
6.3 mm/s. The vaporization zone, i.e., where the phase change
occurs, begins just before the water enters inside the oven and
spreads over 10 mm long. This zone is easily identified a
posteriori because impurities (salts) are liberated when water
vaporizes and leaves a characteristic yellow color. Therefore,
when the water flows along the tube, the internal tube tem-
perature rises rapidly above the saturation temperature and
boiling takes place. According to the typical boiling curve of
water, there are several boiling regimes depending on the
excess temperature: the difference between the temperature of
the internal tube temperature and the saturation temperature of
the fluid. When the oven internal temperature is set to
1100 °C, the thermal gradient is moderate so that nucleate
boiling regime takes place and heat transfer between tube wall
and water is optimal, resulting in complete water vaporization.
When the oven temperature increases up to 1300 °C, thermal
gradient increases as well, so that transition regime takes place
before the complete water vaporization. This implies that heat
transfer is degraded until the Leidenfrost point, and the
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Table 3 Experimental and theoretical recession rates of SiC and SiO, (T the temperature, P(H,O) the partial pressure of water and v the gas

velocity)
Reference Material Experimental conditions Measured SiC recession rates, pm/h Calculated SiC recession rates, pm/h
This study SiC T = 1100 °C 1.29 1.54
P(H,0) = 1 atm
v =39 m/s
T = 1200 °C 1.33 2.19
P(H,0) = 1 atm
v =42 m/s
T = 1300 °C 0.83 3.08
P(H,O) = 1 atm
v =45 m/s
Lucato et al. (Ref 61) SiC T = 1160 °C 0.5-0.8 n/a
P(H,0) = 1 atm
v = 260 m/s
T = 1350 °C 0.6-0.7 n/a
P(H,0) = 1 atm
v = 160 m/s
Golden and Opila (Ref 60) SiO, T = 1300 °C 2.3% n/a
P(H,0) = 1 atm
v =172 m/s

* This value has been converted from SiO, recession rate

remaining liquid water is then surrounded by a steam film
which prevents the water droplets to receive enough heat to
vaporize and transports the water droplets outside the tube.
When the oven internal temperature was set to 1300 °C, this
droplet spray has been observed experimentally by placing a
mirror at the bottom exit of the oven when water is injected in
the four tubes. During corrosion tests, it leads to sample sur-
face cooling which drastically decreases the SiC recession
rate. Moreover, using Eq 2 and 3, a SiC recession rate of
0.8 um/h is predicted for a temperature of 1000 °C, which
confirms the cooling effect of the droplet spray. Setting up the
oven temperature at 1100 and 1200 °C, no droplet spray has
been observed.

In addition, corrosion replication tests have been real-
ized on SiC at 1200 °C during 24 h. Four samples were
placed on the sample holder to verify that all four injection
tubes generate water vapor with similar properties. Pro-
filometer measurements showed a recession depth with a
mean value of 33 £ 3 um for the four samples which
confirms that all injection tubes are similar and the
simultaneous four corrosion tests are reproducible.

Thermal Cycling Tests
Sources of Thermal Stress

As described in the literature (Ref 62), stresses in coatings
could be classified in different categories: intrinsic stresses

@ Springer

and thermal stresses. Intrinsic stresses arise during the
deposition process (mentioned as deposition stress) and/or
heat treatments (mentioned as isothermal exposure stress)
which include grain growth or sintering mechanisms.

At first, deposition stress occurs during the deposition
process and originates from primary cooling (quenching
stress of particles impinging the substrate) and secondary
cooling (cooling to room temperature of the coating/sub-
strate system after the deposition). These deposition
stresses could lead to the emergence of tensile stress in the
coating and thus cracking or spallation. After deposition,
samples were placed 1 min in an ultrasonic bath to remove
non-adherent particles because of the primary cooling and
no weight loss (under 1%) was recorded.

After the deposition process, samples were heat-treated
during 7 h at 1500 °C in order to form silicate phases (see
SEM micrographs in Fig. 5). Isothermal stresses could
develop, while sintering occurs in the coating due to the
submicronic structure of as-sprayed coatings and the solid-
state reactions. Grain coarsening and densification are
conjugated phenomenon which takes place during sinter-
ing. A previous study (Ref 37) highlighted that the pres-
ence of a silica phase induces a viscous sintering which
results in an important densification and thus tensile
stresses in YZ and LZ coatings. The densification mecha-
nism, linked to viscous sintering, leads to the large vertical
crack formation (segmentation cracks) from stress relax-
ation as illustrated in Fig. 2, 3, 4, and 5.
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Fig. 5 SEM micrographs after heat treatment at 1500 °C during 7 h; (1) Y,Si,O; coating (no densification) and (2) Y,SiO;-ZrO, with

segmentation cracks resulting from densification, after (37)

Fig. 6 Representative BSE-SEM micrographs of L (1), LZ (2), Y (3) and YZ (4) heat-treated coatings before (a) and after (b) thermal cycling

test

Therefore, after the heat treatment, the silicate phases
are formed and the coating microstructure is stabilized so
that, at this stage, the coating is supposed in a reference
state for thermal cycling tests.

Thermal Cycling Resistance of Coatings

SEM micrographs of thermal cycling tested samples in air
are displayed in Fig. 6 with their references for compari-
son. No macroscopic spallation has been noticed on any
coatings after thermal cycling tests. Indeed, lutetium and
yttrium silicate materials have been chosen for their

coefficient of thermal expansion in agreement with the
substrate (see Table 4) as well as for their good thermal
cycling resistance. Therefore, the thermal cycling tests
validate the yttrium and lutetium silicates choice as envi-
ronmental barrier coating material regarding their thermal
cycling resistance properties. Moreover, the porous struc-
ture and vertical cracks promote the coating resistance to
thermal cycling tests.

The major phase of L coatings is the lutetium disilicate
Lu,Si,0; with additional traces of lutetium mono-silicate
Lu,SiOs, due to a lack of silica during the deposition
process. The mono-silicate phase is reduced to traces so
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that L coatings composition can be considered as homo-
geneous and as a result no thermal stress can be generated
from composition variation.

Y coatings are composed of two main phases: yttrium
mono-silicate Y,SiOs and yttrium disilicate f-Y,Si,O.
The mono-silicate phase has a CTE twice higher than the
disilicate phase (see Table 4) which induces tensile stress
upon cooling. This thermal stress arises for the first time
during the heat treatment cooling step when the tempera-
ture drops from 1500 °C to ambient temperature in the
oven at a rate of 7 °C/min. After the Y coating was ther-
mally cycled following Fig. 3 thermal evolution, no addi-
tional damage is observed which confirms that the porosity
structure renders the coating compliant to tensile stresses
by decreasing the apparent elastic modulus (Ref 63).

For LZ and YZ coatings, the secondary phase of stabi-
lized zirconia has a CTE three times higher than rare earth
silicates which could induce thermal stresses. The zirconia
grains addition affects the yttrium or lutetium silicate
grains morphology (see Fig. 7) and gives to these silicate
grains a more circular shape by pining effect (Ref 37).
Therefore, the grain boundaries are homogeneously dis-
tributed which favors a homogeneous distribution of ther-
mal stresses. LZ and YZ coatings have also a third silica
(B-cristobalite) phase identified by XRD. As-sprayed LZ
and YZ coatings show an amorphous silica excess which

Table 4 Coefficient of thermal expansion (CTE) of bulk materials
(Ref 26, 42, 81-84)

Material CTE (107 K™Y
Lu,Si,0, 3.84
B-Y,Si,0, 39
Y,SiOs 8.4
Stabilized ZrO, 9-11
a-cristobalite 9.5
p-cristobalite 4.5

SiC 3.8

crystallizes during the heat treatment at 1500 °C in f-
cristobalite. During the heat treatment cooling step, the -
cristobalite phase transforms into a-cristobalite at 200 °C
and this phase transformation is displacive with a volume
contraction about 4% (Ref 64, 65). Therefore, additional
tensile stress arises in the coating at 200 °C due to the f-to-
o cristobalite transformation. The inverse transformation o-
to-f occurs at 300 °C during the next heating step which is
accompanied by the inverse volume expansion. Breneman
et al. (Ref 66) studied the hysteresis on o-ff transition
temperature when a cristobalite powder is subjected to
repeated thermal cycles. They observed that cristobalite
grains with a diameter inferior to 38 pum did not show
hysteresis. They explain this phenomenon by microcracks
appearing in large cristobalite grains and not in grains
smaller than 38 um. In YZ and LZ coatings, the cristobalite
grains have a diameter around 2 pum (see (Ref 37)), so that
these grains can certainly accommodate tensile stresses
developing during the repeated thermal cycling tests so that
coating spallation can be avoided.

All coatings present a cristobalite interphase between
the coating and the substrate (see Fig. 8) which is induced
at high temperature by oxygen migration through the
coating pores resulting in substrate oxidation (Ref 67, 68).
This thermally grown oxide (TGO) layer of cristobalite is
subjected to tensile stress during cooling due to the above-
mentioned f-to-a cristobalite displacive transformation.
Based on experimental results, Richards et al. (Ref 69)
proposed a delamination mechanism of an EBC system
which develops a similar silica TGO layer. After exposing
their tri-layer EBC system (Si/mullite/Yb,SiOs) to thermal
cycling and water vapor environment at 1316 °C, they
observed that the TGO layer with a thickness higher than
10 um causes the EBC delamination by microcracking
(due to cristobalite o-f transformation). After Richards
et al., this cristobalite TGO layer is considered as the major
weakness of the EBC systems. In our experiments, no EBC
delamination has been observed after thermal cycling tests

Fig. 7 SEM micrographs of heat-treated Y,SiO; (left) and Y,Si,O; with additional ZrO, (right) coatings (zirconia grains indicated by white

arrows)
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Fig. 8 (a) BSE-SEM micrograph of YZ coating after thermal cycling
test showing cristobalite TGO layer (2.7 pm thick) with isolated
microcracks indicated by black arrows (b) enhanced phase contrasts

despite the presence of a cristobalite TGO layer. Indeed,
Fig. 8 shows the presence of isolated microcracks in the
TGO layer, but the TGO layer is thin enough (under 3 pm)
to avoid catastrophic delamination during thermal cycling
tests.

High-temperature Corrosion Tests

EBC Performances Under High-Temperature Water Vapor
Exposure

Figure 9 displays BSE-SEM micrographs of coating cross
sections after water vapor exposure at 1200 °C during
24 h. The four water vapor jets were directed normally to
the four samples center, and the coating spallation occurs at
the impingement points of the water vapor jets. The SEM
observations in Fig. 10 were made at the edge of the
spallation zone in order to illustrate the integrity of the
remaining coating.

After heat treatment in air at 1500 °C during 7 h, the
TGO layer has an average thickness inferior to 1 pum, see
Fig. 10. After corrosion tests, the TGO thickness has
increased and measurements are reported in Table 5.
According to Richards et al. (Ref 22), the TGO thickness
growth is driven by oxygen diffusion through Yb,Si,0;
and has been estimated at 1.44 nm/h for a 100-pm-thick
dense coating when exposed to 90% vol. H,O and 10% vol.
O, atmosphere at 1316 °C. From our results summarized in
Table 5, the TGO thickness growth rate has been measured
between 100 and 150 nm/h which represents a value 100
times higher than Richards’ one. Therefore, this suggests
that oxidizer transport is much faster than molecular dif-
fusion. Indeed, the water vapor can migrate through coat-
ings porosity which provides a direct pathway for oxidizer
to the substrate. Moreover, according to the discussion on
section “Sources of Thermal Stress”, the TGO thickness
has to be controlled and minimized in order to prevent
spallation during thermal cycles.

of the same micrograph highlighting the vertical microcracks and the
TGO layer

Fig. 9 Representative BSE-SEM micrographs of L, LZ, Y and YZ
coatings after corrosion tests (24 h at 1200 °C and 1 atm-100% H,0)

Through-coating cracks provide another direct pathway for
water vapor to the SiC substrate and cause substrate oxidation
and recession. The SiC oxidation and silica volatilization
reactions occur simultaneously and are described by paralin-
ear kinetics (Ref 13). The parameter dependence derived from
the paralinear model of SiC oxidation and silica volatilization
explains both morphology of corrosion voids created on SiC
substrate observed in Fig. 9 and reproduced in Fig. 11.
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Figure 11 shows two representative corrosion voids: the
first is characterized by thin cracks and a thin corrosion
void along the silica interphase, and the second is charac-
terized by large cracks and a deep corrosion void located at
the bottom of the crack. The main difference between both
types of corrosion voids is the limiting oxide thickness x;,
expressed by derivation from the paralinear model (Ref
13, 70):

10 pm

Fig. 10 BSE-SEM micrograph of LZ coating reference (after the
heat treatment at 1500 °C during 7 h) showing the TGO layer of
0.7 £ 0.1 um

ky

=% (Eq 4)

XL
where k, and k; are SiC oxidation parabolic rate constant
and SiC volatilization linear rate constant, respectively.
This limiting oxide thickness is the thickness of the silica
scale between the corrosive environment and the SiC
substrate. It results from the competition between SiC
oxidation and silica volatilization reactions. In the case of
the thin cracks (Fig. 11a), the limiting oxide scale is visible
and is approximately 1 pum thick. Considering that the
steady state is achieved, the presence of this limiting oxide
thickness confirms the paralinear kinetic of oxidation/
volatilization and suggests that both reactions are taking
place. In the case of large cracks (Fig. 11b), this oxide
scale is not visible at the bottom of the void—as in pure
SiC oxidation preliminary experiments (section “Corrosion
performances qualification”)—and it is supposed too thin
to appear on SEM micrographs at x 5000 magnification
with backscattering electron detector. The « absence » of
oxide scale is an indication of the predominance of the
volatilization over the oxidation reaction. Considering the
volatilization reaction limited by product transport, large
cracks allow a rapid extraction of the volatile by-products
by convection which results in enhanced corrosion

Table 5 Morphological

characteristics of L. LZ, Y and Coating Thickness, pm Spallation percentage, % TGO thickness, pm

YZ coatings after 24 h at Before After Before After

1200 °C in water vapor

atmosphere L 175 £ 1.1 17.6 £ 0.9 1.7 04 £+ 0.1 39+£02
Lz 28.7 £ 1.1 274+ 1.0 1.1 0.7 £ 0.1 31+£02
Y 215 £ 0.8 22.1 +£ 1.1 0 0.5 £ 0.1 40 £ 0.6
YZ* 732 £ 2.1 n/a 19.6 0.6 £0.1 n/a

* EBC layer was spalled off under the water vapor injection point

Fig. 11 BSE-SEM micrographs of coatings after corrosion test showing corrosion voids and cracks; (a) L coating with thin crack and SiO, layer

is highlighted between the arrows; (b) LZ coating with large crack
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compared to thin cracks where mass transport is achieved
by diffusion. Therefore, the corrosion voids morphology is
related to the crack width.

Moreover, the vertical crack width is correlated with the
EBC spallation percentage after the corrosion test (see
Table 5). Y coating shows only a few thin cracks, and, after
24 h at 1200 °C in 100% water vapor atmosphere, the
coating has no spallation and only few TGO corrosion spots.
L and LZ coatings have more numerous thin cracks which
lead to a more rapid TGO corrosion. The spallation per-
centage is under 2% after the corrosion test. YZ coating has
the largest vertical cracks which induce catastrophic spal-
lation under water vapor action. This is explained by the ease
for water vapor to reach the substrate and the TGO. As the
silica volatilization reaction has a fast kinetic, the TGO is
corroded which induces the rapid coating spallation. In fact,
as demonstrated by Richards et al., the corrosion of the TGO
reduces drastically the EBC lifetime when exposed to water
vapor at high temperature (Ref 69). Indeed, the presence of
vertical cracks in our coatings provides a direct access for
water vapor to the TGO which is easily corroded. As the
TGO corrosion induces rapid coating spallation, the EBC
ideal design should be a dense—or at least water—vapor
hermetic—coating (Ref 71).

Recession of Coating Materials

Bulk rare earth silicates have demonstrated their resistance
to water vapor corrosion at high temperature in the litera-
ture (Ref 22-26, 29, 69, 72-74). Table 5 contains the
coating thickness measurements before and after corrosion
tests and their spallation percentage. As expected, all
coating materials showed an excellent resistance to water
vapor corrosion with no thickness decrease after SEM
measurements. Indeed, according to the literature, the
erosion rate of rare earth silicates is estimated between 1 to
10 nm/h when exposed to high-temperature water vapor
environments (Ref 17, 24, 75) which indicates that after
our 24-h corrosion tests, the thickness of our coatings
should have decreased about 200 nm, which is not mea-
surable on our SEM micrographs.

Macroscopic corrosion damages are observed from the
coating spallation which are caused by the corrosion of the
silica TGO layer as demonstrated in the previous section. L
and Y coatings show a low spallation—even no spallation
for Y coating—due to the presence of thin cracks which
limit water vapor access to the TGO layer and the SiC
substrate. LZ coating also shows a low spallation because
large cracks are present but not predominant. Nevertheless,
the YZ coating only exhibits large cracks with an average
aperture of 20 um, which does not provide an efficient
barrier to water vapor, resulting in its fast coating
spallation.

The chemical stability of the coatings was also analyzed
by XRD after corrosion tests. Rare earth silicates are
known to be corrosion resistant but they react—at very low
constant rates of reaction—with water vapor. Figure 12
shows XRD patterns of L, LZ, Y and YZ coatings before
and after the water vapor corrosion tests.

L Coating L coating is composed of a Lu,Si,O; major
phase and a Lu,SiO5 minor phase before corrosion tests.
After corrosion, Lu,Si,O phase is still the major phase,
while Lu,SiOs content is reduced to traces. Ueno et al.
found that, at 1300 °C, Lu,Si,0- dissociates into Lu,SiOs
under the water vapor action following (Ref 28):

Lu2$i207 + 2H20(g) = Luzsi05 + SI(OH)4(g) (Eq 5)

In our case, the Lu,Si,O, dissociation is not observed. An
explanation could be found considering the mullite tubes
which are used to bring the water vapor to the tested
samples. It is well known that mullite reacts with water
vapor according to the equation (Ref 76):

AlgSi,0y3(s) + 4H,0(g) — 3A1L,05(s) + 2Si(OH), (g)
(Eq 6)

Our water vapor jet is then charged with silicon hydroxide
which modifies the chemical equilibrium of reaction pre-
sented in Eq. 5. This could inhibit the chemical reaction
between Lu,Si,O; and water vapor and favor the reverse
reaction between silicon hydroxide and Lu,SiOs which
leads to the formation of Lu,Si,O. This could explain the
decrease of the relative amount of the Lu,SiO5 phase after
the corrosion test.

LZ Coating Before the corrosion test, the LZ coating was
composed of Lu,Si,O; and ZrO, with an excess of SiO,.
As expected, after corrosion test, the SiO, phase has been
vaporized into silicon hydroxide and Lu,Si,O; and ZrO,
stays stable. The stability of Lu,Si,O; at 1200 °C has
already been observed in the L coating, and ZrO, is known
for its strong water vapor corrosion resistance (Ref 77).

Y Coating Before corrosion test, the Y coating was
composed of Y,SiOs major phase, Y,Si,O; secondary
phase and Y,O; traces which remains because of a lack of
silica input during the deposition process. After corrosion
test, a YAG (Y3Als0,,) phase has been identified on XRD
analysis (see Fig. 12). The aluminum could come from the
mullite tubes, which have on their surface an alumina
phase after Eq. 6, and the alumina tube (see Fig. 2). The
reaction between water vapor and alumina produces a
gaseous aluminum hydroxide Al(OH)3 according to the
equation (Ref 78):

AL O3(s) + 3H,0(g) = 2A1(OH);(g) (Eq 7)
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Fig. 12 XRD analysis of L, LZ, Y and YZ coatings before (1) and after (2) corrosion tests at 1200 °C during 24 h

The equilibrium partial pressure of the aluminum hydrox-
ide in 1 atm. H,O environment at 1400 °C is one order
magnitude lower than the silicon hydroxide one (Ref
78, 79). This indicates that this reaction is not preponderant
but non-negligible. This results in the formation of YAG
phase in the presence of yttrium oxide or yttrium mono-
silicate. Similar rare earth aluminum garnet formation on
rare earth (Y, Yb, Lu) silicate coatings has been observed
during water vapor corrosion experiments by Maier et al.
(Ref 19). Moreover, comparing the relative peak intensities
of Y,Si,0; and Y,SiOs phase, the Y,Si,0; amount has
increased after the corrosion test. This behavior has already
been observed for L coatings where the mono-silicate
phase reacts with the Si-hydroxide, contained in the water
vapor, to form a disilicate phase.

YZ Coating Before the corrosion test, the YZ coating was
composed of Y,Si,0; and ZrO, with an excess of SiO,.
After the corrosion test, the Y,Si,O; and ZrO, phases

@ Springer

remain stable, while the cristobalite was corroded away by
water vapor.

These results demonstrate that the partial pressure of Si-
and Al-hydroxides in the water vapor jet has an incidence
on the environmental barrier surface composition. When
the literature results show that rare earth disilicates tend to
decompose into mono-silicates (Ref 22, 24, 26, 28, 80), we
observed that this reaction equilibrium has been displaced
due to the presence of Si-hydroxide in our corrosive gases.

Conclusion

The custom-made oven has demonstrated its capabilities in
terms of thermal cycling and high-temperature corrosion.
With +45 and —55 °C/s, as, respectively, heating and
cooling rates, thermal cycling experiments are efficient to
test the mechanical behavior of coating/substrate systems
under high thermal gradients. Bulk SiC corrosion experi-
ments show recession rates of about 1 um/h at 1200 °Cin a
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saturated water vapor atmosphere which is close to reces-
sion rates observed in industrial turbines under service
conditions.

Coatings have been successfully thermal cycled and
have withstood thermal cycles without delamination. Their
porous structure increases their damage resistance to ther-
mal cycling test. The major weakness of yttrium and
lutetium silicate EBC is the presence of a thermally grown
oxide layer at the EBC/SiC interface. This TGO layer is
made of cristobalite which exhibits a displacive f-to-o
transformation at 200 °C during cooling, accompanied by a
volume contraction of about 3-5%. In our coatings, the
TGO layer measures less than 10 pm thick which is too
thin to induce catastrophic microcracking when samples
are thermal cycled.

During water vapor exposition at 1200 °C, the perfor-
mances of the environmental barrier coatings have been
evaluated. Despite the stability of coating materials, the
protection was not effective due to the presence of vertical
cracks which provide a corrosion path for water vapor to
the sensitive SiC substrate and silica TGO layer. Never-
theless, the rare earth silicates have demonstrated their
performance as environmental barrier under water vapor by
providing an effective corrosion resistance. During the
corrosion tests, the coating surface composition has been
modified due to the corrosive gases. The presence of Si-
and Al-hydroxides in the water vapor jet modifies the
chemical equilibrium at EBC surface. This results in an
improved stability of rare earth disilicates and the forma-
tion of a YAG phase by reaction between Al-hydroxides
and yttria or yttrium mono-silicate. In order to improve the
custom-oven design, the use of zirconia tubes, replacing
the mullite tubes, should provide a water vapor jet without
metallic hydroxide impurities.

Therefore, the typical coating structure, related to the
SPPS process, seems not suitable for the application of
environmental barrier coatings. Efforts have been made to
optimize the coating structure by decreasing the coating
porosity (Ref 37, 40), but corrosion tests have been
unequivocal: environmental barrier coating has to be dense
to provide hermeticity.
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