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ABSTRACT

Yttrium mono- and di-silicates are excellent candidate materials for Environmental Barrier Coatings
(EBC), to protect Ceramic-Matrix Composites (CMC). A large distribution of microstructures can be
generated by varying the duration of sintering, the particle size distribution of the precursor and/or the
deposition method. In the present work, investigations of the corrosion resistance of yttrium silicate
coatings with various microstructures in the high temperature range, under different oxidizing environ-
ments are reported. An original experimental methodology has allowed quantifying the influence of the
microstructure (especially grain size and grain boundary surface area) on properties such as ionic con-
ductivity, resistance to oxygen diffusion, volatilization rate and surface recession, and showing that they
directly affect their protection efficiency against oxidation. Based on these results, guidelines for the
design of an optimized yttrium silicate EBC featuring microstructural and compositional variations are

proposed.



1 - Introduction

Over the past four decades, the oxidation of steel in super-heaters has dramatically affected the integrity
of many high-temperature devices. Almost all coal fired plants, boilers and gas turbines have been af-
fected by hot corrosion with dry or wet oxygen or air, reducing drastically the equipment lifetime. Fu-
ture generations of turbine elements currently composed of super alloys are considered to be replaced by
Ceramic Matrix Composites (CMCs) [1,2]. Generally, these CMCs consist of a SiC-based ceramic ma-
trix reinforced with carbon or silicon carbide fibers. CMCs are chosen because of their high thermal and
mechanical properties. At elevated temperatures and under severe environments, silicon carbide present
in the matrix reacts with di-oxygen (O) and water vapor (H20) in the atmosphere to form a passivation
silica scale [3]. However, in presence of moisture at elevated temperature under high gas velocity, volat-
ilization of silica occurs and may cause an excessive surface recession leading to a higher silicon car-
bide consumption rate and to the lowering of mechanical properties of the composite [4]. It then follows
a strong degradation of the material element. To protect CMCs from these phenomena induced by se-
vere environments, Environmental Barrier Coatings (EBCs) are used. The most stable EBCs are often
Rare-Earth (RE) silicates [5,6] usually yttrium disilicate (YDS) and monosilicate (YMS); they have ex-
tremely low oxygen permeation rates, have low thermal conductivity, have suitable mechanical proper-

ties and their Coefficients of Thermal Expansion (CTE) match the ones of CMCs [7-11].

As mentioned in previous studies, combining experimental data and a thermodynamic approach, YDS
and YMS have a stability in humid air almost 7 times greater than silica [12-14]. Yttrium silicates also
reportedly present a good resistance to the surface volatilization or to corrosion by Calcium-

Magnesium-Aluminum-Silicate sands (CMAS) [6,14-29].



In the binary diagrams between rare earth oxides and silica, there are three defined compounds: the rare
earth monosilicate RE;SiOs, the disilicate RE,Si,O; and the oxyapatite RE;SizO1, [26]. Each of these
defined compounds has different characteristics (crystallography, melting temperature, etc.) which di-
rectly influence their properties for applications as EBCs [2-33]. Monosilicates are composed of two
types of anions (SiO4)* and O% and a rare earth cation RE** to form an arrangement of tetrahedra of
(SiO,) and (O-RE,). The disilicates are themselves composed of double tetrahedra (SiO;)® and rare

earth cations RE** and have several polymorphs [27].

EBCs are usually deposited on the CMC surface over a bond coat layer, most frequently made of sili-
con; after having been exposed some time to an oxidizing environment, a Thermally Grown Oxide
(TGO) layer develops at the interface between the Si bond coat and the RE silicate layer. In favorable
situations, TGO growth is limited by oxygen transfer through the EBC, which occurs by diffusion. O,
and H,O molecular forms may diffuse within the cracks but also in dense materials in ionic forms ac-
cording to the migration of O and OH™ anions in the crystalline network of the material. It is desirable
to limit the O% and OH" diffusivity of the coating because the growth of TGO under the coating leads to
spallation of the layer and slowing the diffusion of ions reduces the rate of growth of TGO. As a conse-
quence, the characterization of the mobility through the material of ionic species by the ionic conductiv-

ity is very important [34-37].

In addition, to better understand the surface exchange of oxygen over an oxide material and its transport
into the material (volume diffusion), *%0, tracer diffusion experiments have been performed and Sec-
ondary lon Mass Spectrometry (SIMS) has been used to determine oxygen diffusivities [38-40]. Many
authors working on ionic and mixed ionic-electronic conductors for Solid Oxide Fuel Cells (SOFC) [41-
43] carried out isotopic exchanges in order to evaluate the effective oxygen coefficient (Do) in their
materials. This technique has mostly been used with relatively well-conducting oxides; very few authors

have been interested in the diffusion coefficient of oxygen in insulating ceramics [38, 44, 45]. The ef-
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fective oxygen diffusion coefficient can reach extremely low values Do = 6.10* m%s™ at 1300 °C in
yttrium monosilicate single crystals, which confirms their good potential as EBCs. Furthermore, among
silicates, a decrease of the recession rate can be obtained by the selection of a rare earth with smaller
ionic radius [38, 44, 45]. For instance, lutetium disilicate (ionic radius of Lu = 86 pm) is less sensitive to
volatilization phenomena than yttrium disilicate (ionic radius of Y = 90 pm). According to literature
data [46-49], the formation of a monosilicate layer above a disilicate coating allows contributing to limit
surface recession, by changing the chemical composition and the microstructure of the surface [50].
Indeed, monosilicates have a lower recession rate than disilicates. However, RE silicate-based EBCs are
polycrystalline, contain defects, pores and display microstructural inhomogeneity, which can deeply

influence the effective diffusion coefficient and consequently on the recession rates.

In the literature, the influence of the microstructure on transport properties in ceramics [30] has been
demonstrated, in particular in Yttria Stabilized Zirconia (YSZ). In thin films, a nanostructured and
equiaxial microstructure developed by Spark Plasma Sintering (SPS) has been shown to be more resis-
tive than a columnar microstructure with a preferential direction [30]. In the columnar microstructure,
the absence of tight grain boundaries between the columns forms preferential diffusion pathways. On
the other hand, in the nanostructured and equiaxial microstructure, the migrating species are forced to
cross grain boundaries, which can be considered to act as barrier layers. Inside conductive oxides like
YSZ, a grain boundary is a diffusion barrier that greatly limits the ionic conductivity [31]. By decreas-
ing the grain size, the surface of grain boundaries is increased and the ionic conductivity of the material
is lowered [32, 33, 41]. The grain boundary appears as a place where the concentration of oxygen va-
cancies decreases sharply. The grain boundaries are sinks of oxygen vacancies and thus generate deple-
tion areas of oxygen vacancies around them. By dramatically decreasing the concentration of oxygen
vacancies near the grain boundary, there is a large decrease in the number of possible "jumps"” for mi-
grating atoms [32]. Moreover, the energy required to perform the step-by-step jump is increased, which
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results in an increase in the activation energy. In rare earth apatites, known for their high ionic conduc-
tivity (they are promising materials for SOFC), a similar influence on conductivity is reported on dense
samples processed by sintering: with micrometric grains, the conductivity is 10 times higher than with a

nanometer-sized microstructure [42-43].

To sum up, very few studies report quantitative data on the protection efficiency of RE mono- and di-
silicate based EBC coatings against oxidation and water vapor corrosion, especially in relation with
their microstructure. Actual data on oxygen diffusion through EBC materials, which display a complex
microstructure, are not available in many cases. To characterize ionic conductivity in the ceramic coat-
ings, Electrochemical Impedance Spectroscopy (EIS) is a classical method. Because it is easy to set up,
cheap, non-destructive and very sensitive to the materials transport properties, this technique is widely
used in solid state electrochemistry. Indeed, it makes it possible to determine the transport properties of
the material such as ionic conductivity (separating bulk and grain boundaries contributions) and/or the
electrode reaction kinetics such as gas electrode properties as a function of temperature, oxygen pres-

sure, and microstructure [40,51-55].

The aim of the present work is to better understand the relations between the transport properties (ionic
conductivity and/or effective diffusion coefficient) and the recession rate of yttrium silicates with vary-
ing microstructures and compositions. For this, ceramic samples with different microstructures have
been prepared and a new methodology is introduced. The idea is to obtain by two distinct methods esti-

mates of the diffusion coefficient of species through the EBC.

We propose to characterize the ionic conductivity by Electrochemical Impedance Spectroscopy meas-
urements, which has not yet been attempted on this type of materials so far. This technique will be used

to study chemical stability and ageing processes by measuring the evolution of the impedance at a given
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temperature according to the time duration. The goal is then to compare ionic conductivity
measurements by EIS on massive oxide materials and effective diffusion properties under corrosion
atmosphere. Recession rates have been determined from mass loss during corrosion tests. Further, mod-
el samples based on layered composite structure (EBC/SI/EBC) have been designed. By following the
oxidation of silicon (TGO growth), the efficiency of the EBC to protect a CMC by limiting the diffusion

of oxidizing species has been quantified.

2 - Materials and methods

2.1 Samples design

Single phase model samples have been prepared in this work to give access to the specific properties of
materials and to compare between yttrium monosilicate (YMS) and disilicate (YDS), with different mi-
crostructures. Two types of specimen geometries were chosen to study respectively: the recession rate
and the protection efficiency of silicates under high temperatures conditions. For recession tests and
ionic conductivity measurements, the materials samples were in the form of pellets with a diameter
between 10 mm and 15 mm and a thickness between 1 mm and 2 mm. For the estimation of protection
efficiency, model coatings were part of a “sandwich”-type structure made of a Si pellet embedded in
silicate, i.e. a Y,Si,07/Si/Y,Si,07 tri-layer, where the substrate of silicon is protected on each face by a
layer of EBC material (detailed in part 2.3 and Figure 1). The choice of Si for the pellet was motivated
by the fact that Si is used as bond coat on a CMC; additionally, it allows the measurement of diffusion
through the EBC thanks to the measurement of TGO growth Kinetics.

Ceramic samples pellets were made of YMS, YDS and YDS-30%vol. Yttrium Oxy-Apatite (YOA) ma-

terials.



Monolithic Yttrium silicate samples were also prepared for high-temperature corrosion tests in order to

characterize the surface morphologies after the tests.

Samples of well-known materials also have been synthesized for sake of comparing conductivities: (1)
Yttria Stabilized Zirconia (8YSZ, ZrO,-8%Y,03, here with a relative density close to 95%), widely used
as a thermal barrier (TBC) on the blades of metal turbines and (2) Barium Strontium Alumino-Silicate

(BSAS, (1-x)BaO « xSrO *Al,03 +2Si0,), a material for the second generation of EBCs.

2.2 Powder synthesis

To get yttrium silicates (monosilicate and disilicate) under a thin powder form, a sol/gel route was cho-
sen. This method has been selected in the aim of obtaining a pure compound with the expected poly-
morph. The sol-gel method consists in synthesizing a solid powder by means of solution precursors [46-
47]. The principle is based on the succession of hydrolysis-condensation reactions to form networks of
oxides which are then heat-treated. Several precursors exist to form rare earth silicates: the reaction is
possible starting with alkoxide precursors dissolved in isopropanol [48] or precursors in the form of

nitrates dissolved in a tetraethylorthosilicate (TEOS) [49].

In the present work, the sol-gel process used was essentially the same as the one described by Chrysafi
[50]. Colloidal silica was selected as silica source instead of TEOS. A RE nitrate RE(NO3); * xH,0 was
dissolved in a minimum amount of water with stirring. The silica was then added in stoichiometric pro-
portion to obtain either the monosilicate or the disilicate of the rare earth considered (ratio 1:1 for the
monosilicate and 1:2 for the disilicate). The whole was then heated with stirring at 70°C for 4 h, to get
the gel form. After drying and calcination at 900°C for 5 hours allowing the last organic ligands to be

released, an amorphous powder made up of aggregates was obtained. To obtain the desired polymorph



for yttrium disilicate (y phase) and yttrium monosilicate (X2 phase), heating treatments were performed

in air at temperatures higher than 1400°C during up to 50 h (detailed in part 2.4 and Figure 2).

As expected, during the heating treatment, the grains have undergone granular coalescence and
numerous sintering necks have formed. Thus, grinding (Euwax from Retsch) was essential to obtain a
powder of submicron size with a higher specific surface and reactivity during sintering. It is a high en-
ergy mill using grinding speeds of up to 1500 rpm. In this device, zirconia bowls and grinding balls (di-
ameter of the balls = 500 um) were used. The solvent was water. The grinding time was 1 h, alternating
grinding sequences of 5 min at 1500 rpm and 5 min at 300 rpm to avoid excessive heating of the bowls,
the grinding balls and the solvent. The particles size distribution (PSD) of the powder after grinding was

submicronic, monomodal and centered around an average grain size of 0.7 pm.

2.3 Elaboration of tested samples

The specimens were processed by Spark Plasma Sintering (SPS, Dr. Sinter Lab model 511/515) and by
classical natural sintering in air. The SPS sintering conditions for the pellets were as follows. A first
heating was carried out up to 600°C in a “blind” mode (600°C is the pyrometer lower detection limit)
and continued up to 1000°C at 80°C.min™. The second ramp was 50°C.min™ up to the target tempera-
ture, i.e. 1400°C, followed by a 5-min dwell period. Cooling down was made at the rate dictated by the
furnace thermal inertia. The pressure applied during the whole cycle was 100 MPa.

For the “sandwich”-type geometries, a Si pellet (poly-crystallized wafer) is embedded in a powder bed
of silicate. Then, the SPS cycle was identical except that the maximum sintering temperature was lim-
ited to 1250°C due to the presence of silicon, which has a melting point at 1415°C.

In the “sandwich”-type samples, the final thickness of each disilicate layer after sintering was

approximately 500 pm. A summary of these elaboration process and a view of this sample geometry are
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available on Figure 1. When a classical natural sintering in air is used, a larger grain size is obtained and

a thin TGO scale is formed at surface of the silicon pellet.

b) polymer encap- C) cross section

Sintering, once embedded in
a powder bed of silicate

4
1

Sandwich geometry
(@ =1cm)

a) processing

Figure 1: Fabrication process of the “sandwich”-type sample geometry: a) processing, b) polished cross
section in a resin encapsulation (yttrium disilicate in white fully covering silicon in black) and c) micro-
graph of Si/YDS interfaces, with the presence of a silica layer when a classical natural sintering in air is

performed

2.4 Structural, chemical and morphological characterizations

The X-ray diffraction technique makes possible to obtain information on the structures, the phases, the
preferred orientation of the crystallites, the average size of the crystallites and the state of crystallization
of the materials. A Bruker D8 Advance diffractometer, with a copper anticathode, has been used. The

measurement mode was Bragg-Brentano or parallel beam. The search for phases corresponding to the
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diffraction peaks had been carried out automatically using the EVA software and the JCPDS-ICDD da-

tabase.

In this work, XRD was used to control the purity (mostly, absence of potential pollution by ZrO, from
the grinding step) and the crystallinity of the powder throughout the production stages and to check that
only the desired polymorph (y for YDS ; JCPDS-ICDD 04-015-5861 and X, for YMS : JCPDS-ICDD

00-038-023) is present in each material.

The coatings were also imaged using a Scanning Electron Microscope (SEM) (FEI 400 FEG). The Elec-
tron Back-Scattering (EBS) analysis mode was mainly used to qualify the homogeneity of different el-
ements (by deduction: constituents) across the samples and the potential presence of impurities. The
grain size was evaluated from SEM snapshots using Image J software. An Electron Dispersion
Spectroscopy (EDS) probe was used to carry out point measurements or maps to check the chemical
composition and its homogeneity.

In this work, the AFM will allow to observe where the corrosion phenomena (consumption of EBC) are
located in order to identify the zones the least resistant to degradation process, in connection with the
microstructure. Characterizations were performed on monolithic silicate materials with different grain
sizes Initially, one surface was polished to get low roughness (Ra of around few nanometers). After
ageing, AFM characterizations were done to locate where the volatilization over the material surface
took place.

The porosity ratio was measured by helium pycnometry (Micromeritics AccuPyC 1330).

2.5 Electrochemical Impedance Spectroscopy (EIS) measurements

This method. widely used in solid state electrochemistry. Indeed, it makes possible to determine the

transport properties of the material such as ionic conductivity (bulk and grain boundaries contributions)
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and/or the electrode reaction kinetic such as gas electrode properties as a function of temperature, oxy-
gen pressure, and microstructure.

EIS measurements were carried out on the dense ceramic pellets. Before a measurement, two symmet-
rical platinum electrodes are painted and sintered on both sides of a pellet. Then, the pellet is placed
inside a dedicated furnace with controlled temperature and atmosphere between two platinum grids used
as current collectors. A sinusoidal voltage U is applied to the sample, which is then fully traversed by an
alternating electric field, and the resulting alternating current | is measured. From the ratio between
voltage and current, the impedance of the system is extracted using Ohm’s law in alternative mode:

Z(m) = AU(®) / Al(w) (1)

Measurements were carried out across the widest allowed frequency range (10° Hz > f > 0.1 Hz) to ob-
serve the largest possible number of phenomena. According to the Nyquist representation, the results are
plotted in a complex plan (Z ', - Z"), as reported on Figure 2. In order to identify the experimental data,
the impedance diagram is then modeled using an electrical equivalent circuit consisting of associated
elements (resistances (R), inductances (L), capacitances (C), constant phase elements (CPE), ...). After
data fitting, the real part of the impedance has been used to determine the conductivity of the sample

thanks to the following relation (2):
5
X3 (2
With:
o = conductivity (S.m™)
d = thickness of the material or deposit (m)

R = identified resistance (Q2)

S = electrode surface area (m?)
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Figure 2: Typical impedance diagram of yttrium disilicate ceramic sample (- 9um grain size), measured
by EIS, at 777°C in dry air: a) Nyquist representation: raw data (filled squares) and global fit using an

equivalent circuit and b) deconvolution into 2 main contributions: bulk and grain boundaries.

This technique is also used to study chemical stability and ageing processes by measuring the evolution

of the impedance at a given temperature according to the time duration.

2.6 Oxidation/corrosion tests and characterization

High temperature oxidation tests were first carried out under dry air at 1300°C: in a simple configura-
tion dioxygen is the only oxidizing species. Later, corrosion tests were performed at 1300°C and
1400°C in moist air under a total pressure of 100 kPa with a water vapor partial pressure of 50 kPa (10
kPa O, and 40 kPa N,), during testing times up to 600 hours. In order to supply air with steam, dry air
goes through a pre-saturating system at room temperature (Pn,0 ~ 2-3 kPa), then through a heating col-
umn maintained at 81°C to obtain the desired water vapor partial pressure (Pr,0 = 50 + 1 kPa). This

particular temperature was chosen using a water vapor saturation pressure table. The water vapor partial

pressure in the corrosive atmosphere was verified by measuring the quantity of liquid water carried
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away by the dry air flow during the test. The oxygen partial pressure represents 20% of the complemen-
tary pressure to attain the atmospheric pressure (Po, = 0.2 X (Patmc- PH,0) = 10 kPa). The value of gas
flow velocity is 5 cm.s™ in the cold zone of the furnace or around 28 + 1 cm.s™ in the hot zone. Samples
are introduced in the alumina tube (inner diameter: 34 mm, purity: 99.7 %, OMG, France) of the fur-

nace, on YSZ plates to avoid possible reactions with alumina.

To determine the volatilization rate from such corrosion tests, the surfaces of pellets were polished to
mirror state (R, of around few nanometers) in order to get well-defined and reproducible reactive sur-
face areas. The experiment durations are limited to a few hours, to avoid a significant pollution (as alu-
minates) of the surface by reaction with Al(OH)s, formed itself by reaction of the Al,O3 furnace tube

with moisture, as previously observed in the literature [56, 57].

Evaluation of protection efficiency

The “sandwich”-type geometries samples with model coatings were developed to access to experimental
values of diffusion coefficient. The goal was to compare to ionic conductivity measurements by
complex impedance spectroscopy on massive oxide materials and effective diffusion properties under
corrosion atmosphere. To quantify the protection efficiency of silicates as EBCs, the oxidation rate of Si

pellets in sandwich geometries (i.e. under a silicate layer) has been determined.

The comparison between the oxidation behaviors of a coated silicon with yttrium di-silicate and an as-
received silicon pellet allowed highlighting the efficiency of protection of the EBC material in reducing
the gas diffusion up to the Si pellet. After selected temperature and ageing duration, samples are cut in

two parts and the thickness of silica layer formed at the interface DSY/Si was measured using SEM im-
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ages (Figure 1). The growing rate of the silica layer formed by oxidation of Si is used to evaluate the

protection efficiency of the EBC material.

The global recession rate is deduced from weight losses during ageing tests.

In a previous study performed with this equipment with a similar gas flow rate, it had been checked that
the evacuation of produced hydroxides over the sample occurred by convection, through the geometric
surface [12-14]. Knowing the sample surface area in contact with the moist environment, the oxide vo-
latilization rate was derived directly from the weight loss/surface ratio as a function of working time. On
such a short time of corrosion, the volatilization disilicate can be considered as complete without the

formation of a residual monosilicate layer (not significant, since not observed) [12,13].

3 — Results

3.1 Structure, morphology and composition of the samples

In this work, DRX was used to control the purity and the crystallinity of the powder throughout the pro-
duction stages (Figure 3). The DRX will ensure that only the desired polymorph (y for DSY and X2 for
MSY) is present in each material. After each processing step, no pollution was detected by XRD, as

ZrO, from grinding.

As expected, the fired xerogel was amorphous. y-Y,Si,O; was the only polymorphic form after a heat-

ing treatment at least at 1400°C for 50 hours in air.
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Figure 3: X-ray diffraction pattern of the sol/gel powder of yttrium disilicate at different steps during the

elaboration: xerogel, crystallised powder and grinded crystallised powder

Further, different microstructures of disilicate have been obtained by variation of the sintering condi-
tions (times and temperatures) (Table 1). The effect of temperature and time on the coalescence phe-
nomena can be observed on Figure 4. The grain sizes overcome 10 um after the heating treatment at the

highest temperature and the longest time (Table 1).

Table 1: Sintering conditions, grain size and relative porosity of yttrium disilicate (to get various micro-

structures — see Figure 3).

Material 1 2 3 4
Sintering method SPS Conventional Conventional conventional
Heating treatment 1400°C 1400°C 1500°C 1500°C
5 min under vacu- 50 h in air 50 h in air 150 h in air

15



um

Grain size (pm) 0.8 2.7 4.2 10.9

Standard deviation +0.1 +1.1 +1.5 +4.4
Relative porosity (%) 8 6 6 4

Figure 4: SEM images and microstructures observed with the different pellets of disilicate, sintered at

different times and temperatures (see Table 1)

3.2 lonic transport properties

Comparison of oxygen ionic conductivities into EBC/TBC materials
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The values of ionic conductivity were deduced from EIS measurements performed at various tempera-
tures in dry air, on YDS, 8YSZ (ZrO,-8%Y,0; - YSZ with relative density close to 95%) and BSAS
((1-x)Ba0.xSr0.Al>,03.2Si0;) ceramic samples with a similar grain size, close to ®gpin ~ 5 pm. The
results are reported on Figure 5 as an Arrhenius plot. Using the present set-up, accurate measurements
could not be obtained for ionic conductivities below o < 2.107 S.cm™. As a consequence, only few
points are available for very resistive materials. Figure 5 shows that yttrium disilicate has a much lower
ionic conductivity than 8YSZ by about five orders of magnitude (cyps = 2.107 S.cm™ 6ysy = 1.107
S.cm™ at 1000°C). Concerning 8YSZ, the obtained results agree with literature data [36, 58]. Indeed, the
substitution of zirconium by yttrium leads to the creation of oxygen vacancies contributing to consider-
ably increase the ionic conductivity. On the other hand, the values of ionic conductivity of YDS are very
low and are smaller than those of BSAS, confirming YDS as a potentially efficient material to limit the
diffusion of oxidizing species. Reversely, YSZ appears as an excellent oxygen ion conductor especially
in the high temperature range. These first results confirm the choice of YDS in regard to references ma-

terials in this field: 8YSZ and BSAS.
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Figure 5: Arrhenius plots of ionic conductivity measured by EIS of yttrium disilicate, BSAS an Yttria

Stabilized Zirconia (8YSZ), at high temperature in dry air (N2/O,=80/20) and a ~5um grain size.

Influence of the grain size on the ionic conductivity of yttrium disilicate

The same type of oxygen ionic conductivity measurements has been performed on YDS pellets with
different grain sizes, and considering similar relative porosity (around 6%). The goal was to better un-
derstand the relationship between the oxygen transport properties and the ceramic microstructure. The
grain size has been controlled through the temperature and the duration of the sintering, as described
previously. According to the Arrhenius curves reported on Figure 6, the modification of grain size (in

the range 2um < dg,in < 9um) appears as a significant factor influencing O% conductivity. The data

have been fitted (x? = 0.0015) with the following expression (equation (3)):

G = 8.97 exp(-[23360 - 1500 Dgrain]/T) Dgrain”>* 3)
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where o is in S.cm™ and Dyrin being the grain diameter in um. The activation energy is (2.014 —
0.129®in) €V. The comparison of ionic conductivity values for each material shows that a reduction in
grain size leads to a significant decrease in oxygen conductivity. The sample with a grain size of ® gy, ~
1 pm has an ionic conductivity about 10 times lower than the pellet with a grain size close to ®gyain ~ 9
pm. Respectively, the value of activation energy increases when the grain size decreases. The conduc-
tivity mechanism thus seems to require more energy to take place. As the associated surface area of
grains boundaries increases with the decrease of the grain size, the density of grain boundaries could be
responsible for this behavior. These results show that grain boundaries may act as diffusion barriers to-
wards ionic species. These observations agree with many previous works on various oxides [32, 33,41-

45].
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Figure 6: lonic conductivity measured by EIS of yttrium disilicate with different grain sizes (obtained

by a sol-gel route and sintered), at high temperature in dry air (N2/O,=80/20): a) Arrhenius plots and b)
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Among the factors influencing ionic conductivity of EBCs, the structural types of single-phase yttrium
silicates YMS, YDS, or yttrium oxy-apatite (YOA), and their mixtures have also to be considered. Thus,
conductivity measurements were carried out on monolithic materials with iso-microstructure (grain size
around Dgyrin ~ Spm and relative porosity close to 6%) (see Figure 7). As previously described, ceramic
samples pellets were made of YMS, YDS and YDS-30%vol.YOA materials and densified by
conventional sintering. The associated ionic conductivity properties are plotted against temperature in
Figure 8. Considering similar microstructures, the disilicate phase possesses the lowest ionic conductivi-
ty. Monosilicate appears as a slightly better ionic conductor than disilicate. This observation can be ex-
plained by the difference in crystallographic structure and the type of bonds present in the material, in
particular between silicon and oxygen groups [16-19, 26-33]. In the disilicate, the silicon groups in-
volved are Si,O7 whereas in the monosilicate these groups are present in the SiO4 form. The creation of
oxygen vacancies would be easier in monosilicate (less stable) than in disilicate. This slight increase in
the point defect concentration would explain the increase in the ionic conductivity of monosilicate rela-
tive to disilicate. As a consequence, disilicate material can be considered as the most effective barrier to

the diffusion of oxidizing species.

According to Figure 7, it can also be noticed that the presence of yttrium oxy-apatite as a secondary
phase in the sample material leads to a considerable increase in the ionic conductivity of this material.
The high conductivity of apatite is mainly due to its hexagonal crystalline structure, which presents con-
duction pathways that are favorable to the mobility of O* (and / or OH™ ions in wet atmosphere). The
apatite phase, being located at the grain boundaries of YDS and strongly bonded to the adjacent grains,
would seem to play a key-role by creating diffusion short-circuits to the ionic species, between the

grains.
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Figure 7: Arrhenius plots of the ionic conductivity measured by EIS of yttrium monosilicate, yttrium
disilicate and a mix of yttrium disilicate and oxy-apatite yttrium with a similar relative porosity (6%)

and grain size (around 5 pm), at high temperature under dry air (N»/O,=80/20)

3.3 Volatilization studies

Corrosion tests were carried out at high temperature (1400°C) in moist air (50 kPa of H,O) under lami-
nar flow (limitation by convection) with a gas velocity in hot zones of 28 cm.s™. The surfaces of pellets

were mirror polished to get well defined and reproducible reactive surface areas.
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Recession process of different silicate materials with similar microstructures

At 1400°C under moist air (O,/H,O/N, = 10/50/40 kPa, the volatilization kinetics for the yttrium
disilicate and monosilicate shows a linear behavior over the first hours of corrosion (Figure 8).
Monosilicate appears to be more resistant to volatilization phenomena in the presence of water vapor,
with a thermochemical stability nearly 3 times higher than disilicate. This difference is much more no-
ticeable than in previous works reported in the literature [12-14]. However, the possible dependence on

the microstructure had not been taken in consideration in the previous works about the recession rate.
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Figure 8: Specific weight loss of yttrium monosilicate and yttrium disilicate at 1400°C in moist air
(O2/H,0/N, = 10/50/40 kPa), under laminar flow (limitation by convection) with a gas velocity in hot

zones of 28 cm.s™
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Recession process of disilicate materials with different microstructures

Corrosion tests were performed on materials with two grain sizes, ®gqin ~ 0.8 and 4 pm, to establish a
relation between the volatilization rate and the microstructure (Figure 9). The weight loss curves of the-
se materials show a linear behavior over time and a constant volatilization rate could be extracted over
the first hours of corrosion.

As much for mono as for disilicate, the decrease of grain size (by a factor of 5) lead to a neat rise in the
values of recession rates (by a factor of 5) (Table 2). This rising of recession rate with the decrease of
the gain sizes has been related to the higher grain boundary area fraction. Indeed, these latter areas are

poorly crystallized and the attacks by corrosive species are much more localized there.

0,0 F T T T T T T
”g YDS - 4um
S 01 k_=45nm.h’ .
E
[)]
(2]
o
<
()]
©
2 02} .
Lo
S YDS -0,8 um
_ El
(% k =220 nm.h
_0,3 L 1 L 1 L 1
0 1 2 3
Time hours

Figure 9: Specific weight loss of yttrium monosilicate and yttrium disilicate at 1400°C in moist air
(O2/H,0/N; = 10/50/40 kPa), under laminar flow (limitation by convection) with a gas velocity in hot
zones of 28 cm.s™
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Tableau 2: Recession rates k; of silicates and silica at 1400 ° C (O,/H,O/N, = 10/50/40 kPa) under lami-

nar flow (limitation by convection) with gas velocities in hot zones of 28 cm.s™

Material YMS YMS YDS YDS Silica
Grain size (um) 0.8 5 0.8 5 -
Recession rate (calculated and measured [59])
k. (nm.h™) 70 15 220 45 150

Observation of corroded surfaces

To locally observe the corrosion process, the extreme surface topology of aged samples was character-
ized by Atomic Force Microscopy as is can be seen on Figure 10 for a YDS typical sample.

The development of roughness on AFM micrographs showed where microstructural degradation mainly
occurs. The results were similar for mono and disilicate. The corrosion mechanism was preferentially
localized along the grain boundaries and a grain size reduction is observed. After 3 hours of oxidation,
the grain boundaries are well revealed on the corroded surface of the pellet. This observation was exac-
erbated after 6 and 12 hours of treatment. Fine and deep grooves were created in place of these grain

boundaries and they reached more than 1 um deep after 12 hours of corrosion at 1400°C in a moist air.
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Figure 10: AFM images of yttrium disilicate surface before (0 hour) and after corrosion test (during 3, 6
and 12 hours) at 1400°C in moist air (O,/H,O/N, = 10/50/40 kPa), under laminar flow (limitation by

convection) with a gas velocity in hot zones of 28 cm.s™

3.4 Oxidation of the silicon in the model coating

Since the bond coat for EBC on SiC/SiC composites is generally made of silicon, the corrosion tests on
“sandwich”-type geometries are only done at 1300°C. On such a sample, the variation in weight meas-
ured is the result of two inverse contributions: matter lost from volatilization and weight gain from sili-
con oxidation. To focalize only on the oxidation/corrosion of silicon, the thickness of the silica scale is
directly measured on a polished cross section of samples from micrographic observations for each aging
time. To estimate the efficiency of protection of an EBC sample, the oxidation rates of silicon with an

EBC and without (as-received) are compared using the same treatment.

Limitation of the oxidizing flow through an EBC in dry air

The evolution of the silica thickness versus time observed at 1300°C, in dry air, is reported on Figure
11. The oxidation kinetics for as-received silicon and coated silicon with a layer of YDS show a para-

bolic behavior, characterizing a passivation mechanism.
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For as-received silicon samples, this kinetic of silica formation is characterized by a rapid growth of the
Si0O; layer, which is progressively reduced after 15 hours of treatment. The silica scale becomes protec-
tive (growth regime deviating from the linearity) when the silica thickness overcomes around Jsjo2 ~ 0.5
pum. The oxidation of the underlying silicon can be considered being limited by the diffusion of oxygen
across the silica scale.

In the case of silicon coated with yttrium disilicate, the mechanism appears similar. The slowing down
of the oxidation speed is effective for a similar silica thickness close to dsi02 ~ 0.5 um. According to the
lower oxygen flow across the EBC, the same thickness of silica is reached after 55 hours. To get this
latter thickness, the growth mechanism is expected to be independent on the oxygen partial pressure in
this short range of partial pressures.

During the first stage of oxidation, the interfacial growth rate can be considered as proportional to oxy-
gen content at the silicon surface (the kinetic laws are commonly written with a relative order of reac-
tion equal to 1 for oxygen) [60]. According to this hypothesis, the ratio between the initial slopes of the
oxidation rates of these both silicon samples (0.036 and 0.0088 pm.h™) can be related to the limiting
factor of the oxygen diffusion flow through the EBC layer (~ / 4). Respectively, the ratio between times
required to reach a sufficient thickness of silica to move in a passive oxidation regime is similar (with
inaccuracies close to the determination of this border). This ratio value is again found for any points in
the parabolic regime between the instant growth rates for the same silica thickness (when this thickness
is 0.8 um, the local growth rates are respectively 0.016 + 0.001 pm.h™ and 0.004 + 0.001 um.h™). Final-
ly, the equivalent partial pressure of oxygen under this EBC, approximately 500 um thick with a grain

size of ®gpin ~ 0.8 pm, should be lowered to a value close to 5 kPa.
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Figure 11: Kinetic oxidation (silica thickness versus time) of uncoated silicon and coated silicon with
yttrium disilicate under dry air (O,/N, = 20/80 kPa) at 1300°C, with a gas velocity in hot zones of 26

cm.s?

Limitation of the oxidizing flow through an EBC in moist air

The protection efficiency of an yttrium disilicate is expected to be related to the microstructure as previ-
ously shown by the conductivity measurements. Thus, measurements of the silica thicknesses formed at
the EBC / Si interface were performed on “sandwich”-type samples made of EBC materials with differ-
ent microstructures. Two sets of samples were made with either an average grain size of ®gpin ~ 0.8 um
or 3 um. The oxidation kinetics of silicon measured at 1300°C in wet air (O/H,O/N;, = 10/50/40 kPa)
are shown on Figure 12. As a reference, the oxidation of as-received silicon is reported. But according
to the volatilization of silica in presence of water vapor, the real formation rate of silica had to be calcu-

lated by summing at any time the thickness of residual silica and the equivalent one volatilized. This
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calculation is based on a limitation of the volatilization through a diffusion across a boundary layer [61]:
0.023 um.h™. The partial pressures of silicon hydroxide species are determined from [13-14]. Inversely,
the volatilization of silica underneath the EBC coating is considered as negligible, due to its contain-
ment inside the sandwich architecture.

At 1300°C in such a moist environment, the shapes of the curves of silica growth on silicon are similar
in any cases, with or without an EBC coating. The evolution of the thickness of the silica scale can be
assumed as correctly described by a linear law. Such a behavior shows that the silica scale formed is not
passivating, even for a thickness higher than 10pum at the DSY / Si interface.

The relative position of the curves in Figure 12 confirms that the microstructure and in particular the
grain size has a significant influence on the oxidation protection of the Si substrate. Indeed, the coating
with an average grain size of 3 um seems to be less protective than the coating with submicronic grains.
Following the same method of data analysis than previously, the increase of the grain size by a ratio
around 3.75 lead to multiply the growth rate of the silica scale by a ratio close to 1.2 (= 0.024 pm.h™* for
a grain size equal to 0.8 pm and =~ 0.028 pm.h™ for 3 um). This result is consistent with the evolution of
ionic conductivity measurements in function of the grain size, (but with a lower ratio, in regard to meas-
urements done under dry air).

Under wet atmosphere, the interfacial rate can be considered as proportional to water content at the sili-
con surface. The kinetic laws are commonly written with the relative orders of reaction equal to 1 for
water and O for oxygen [60]. The respective growth rate of silica (residual + volatilized) on as-received
silicon being equal to =~ 0.048 pm.h™, the water diffusion flows up to silicon under the EBC are divided
by a factor ~1.9 or 1.6 depending on the grain size (®y4, ~ 0.8 or 3 um). Finally, the equivalent partial
pressure of water vapor under these EBC, approximately 500 um thick, should be lowered to a value

between ~26 kPa and 32 kPa.
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Figure 12: Kinetic oxidation of uncoated silicon and a coated silicon with yttrium disilicate with differ-
ent microstructure at 1300°C in moist air (O,/H,O/N, = 10/50/40 kPa), under laminar flow (limitation

by convection) with a gas velocity in hot zones of 28 cm.s™

Limitation of the oxidizing flow through different silicates in moist air

Following the same methodology, the protection efficiency of monosilicate is evaluated and compared
to that of disilicate. On Figure 13, the Kkinetic of oxidation process are reported for sandwich samples
with either YMS or YDS coatings. The relative position of the curves, YMS above YDS, is consistent
with the classification of previously measured values of ionic conductivity for both samples: the

monosilicate is less protective than the disilicate.
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Under a monosilicate layer, the growth versus time of the silica scale can also be described by a linear
law with a slope closer to that of the as-received silicon. For a same grain size of @y ~ 0.8 pum, this

latter growth rate (= 0.043 um.h™) is much higher than that under di-silicate: factor x 1.8.
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Figure 13: Kinetic oxidation behaviour of uncoated silicon and coated silicon with yttrium disilicate and
silicon coated with yttrium monosilicate at 1300°C in moist air (O,/H,O/N, = 10/50/40 kPa), under lam-

inar flow (limitation by convection) with a gas velocity in hot zones of 28 cm.s™

4- Discussion

4.1 Grain boundary and ionic conductivity

As discussed previously, the ionic conductivity of ceramic samples seems highly dependent on the

amount of grain boundaries surface area. Thus, MET images of these regions have been performed on
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yttrium silicate samples. The resolution point of the used apparatus (Philips CM30ST MET, with an
acceleration voltage is 300 kV) is close to 0.2 nm. A typical example MET image observed on YDS
pellets produced by natural sintering at 1400°C for 50 hours, is reported on Figure 14 in order to ob-
serve the boundaries microstructure. Analysis of these micrographs did not allow to identify polluting
phases or glassy phases. According to the picture, the average thickness of the grain boundaries has
been estimated at around 2 nm, which is a conventional value for such type of ceramic. As expected, no
concordance of crystallographic arrangement is shown; a grain boundary becomes here a well-defined

stop to ionic diffusion.

This blocking effect at the grain boundaries had already been shown in diverse oxides [33, 35, 37,59-
65]. This effect is due to a variation of oxygen concentrations at the grain boundaries area. This chemi-
cal variation around a grain boundary could degrade locally the ionic conductivity. A high grain
boundary density is therefore beneficial for reducing the ionic oxygen diffusion species within the

structure of yttrium disilicate.

However, in an amorphous oxyde, a molecular diffusion can also take place, as mentionned during the

oxidation of Si, through a vitreous silica scale [60].

32



Figure 14: TEM images on the grain boundaries area between two grains of yttrium disilicate with dif-

ferent crystallographic orientations into a pellet produced by natural sintering at 1400°C for 50 h in air

4.2 Evolution of ionic conductivity in presence of water vapor

To better understand the influence of wet atmosphere on the ionic diffusion, additional conductivity
measurements were carried out under different atmospheres (at atmospheric total pressure): dry air
(O2/N, = 20/80 kPa), moist air (H,0/O,/N, = 30/14/56 kPa) and wet nitrogen (H,O/N, = 30/70 kPa).
These gaseous mixtures allow to better identify or combine the effects of O and OH™ on the ionic con-
ductivity of YDS. The ionic conductivity measurements were carried out at 1100°C by time increments
over 96 hours (humid air and wet nitrogen) or 24 hours (dry air) with conductivity measurements. These
increments were respectively 5 hours (moist air, wet nitrogen) and 2 hours (air dry), up to reach stabi-

lized measurements over time. All the measurements are reported on Figure 15.

In dry air, where only O is the involved ionic species (Gpry = 602.), the ionic conductivity seems to be

very stable over time. Under wet nitrogen, the ionic conductivity increases significantly during more

than 10 hours, before being constant. In that case, it can be considered that the only ionic species in-

volved in the conduction process are OH™ ions (Gwer n2 = con-). Finally, it takes a little more time under

moist air, with a continuous and regular much lower increase over time (Gwer AIRr)-

Considering ower n2 , the initial increase in conductivity over 10 hours may be related to a progressive

solubility of water into the disilicate with a formation of hydrates species in the structure. A saturation
process into the crystallographic structure would then be shown through the stabilization of the ionic
conductivity over time. The formation of these O-H bonds seems to further controlling the oxygen dif-

fusion, since both curves in a moist environment have a similar initial shape. The hydroxyl anion OH" is
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known to be smaller than oxygen anion O?. This basic consideration could explain the larger OH™ mo-

bility compared to O (at least in the short time range).

Regarding the total ionic conductivity may be the sum of the ionic conductivities for each species, it can

be deduced that the maximum hydration state could not be reached under wet air after 70 hours. Indeed,

the experimental value is only Gwer ar = 9 x10° S.cm™ instead of Gror = 10 x 10° S.cm™ (as waited

using the sum Grot = Go2- + Gon- IN agreement with equation 5).

The increase of ionic conductivity is close to the simple ratio between the involved partial pressures of

reactive species: when oxygen is replaced by water in the gaseous mixture, the ratio of partial pressures

H,0/0, is a factor of ~ 1.5 and the respective increase of conductivity is a factor ~1.3 (Gop. = 4.7 x 10°®

S.cm™ and Gon. = 5.95 x 10 S.cm™). Inversely, the conductivity in moist air (H,O/O2/N, = 30/14/56
kPa) after 100 hours do not reached a value corresponding to the direct sum of that in wet nitrogen
(H,O/N, = 30/70 kPa) and in dry air (x 14/20): Gror = 9.24 x 10° S.cm™. The overall increase in con-
ductivity would appear as the sum of: the full contribution of water in the environment and the gradual
contribution of oxygen ion diffusion over time, leading to a constant slow increase in the kinetic con-
stant (k, = 2.7 x 10® S.em™.h™). In such a situation, 110 hours should be required to reach a stabilized

state. With this first results, the modifications of ionic conductivity of a disilicate in oxidizing and cor-

rosive environments begin to be predictable.
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Figure 15: lonic conductivity measured versus time by EIS measurements of yttrium disilicate, with a

grain size of 5 um at 1100°C in various gaseous mixtures.

4.3 Evolution of EBC properties with grain growth under working conditions

Under working conditions (temperature, pressure), the pieces undergo a heating treatment which can be
responsible for sintering process with grain growth. Thus, the ionic conductivity of an initial dense EBC

should increase over time at high temperature and certainly never decrease.
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Furthermore, when the grain size is initially smaller (®g,in ~ 0.8 pm), a delay in the oxidation of the
silicon pellet protected by the YDS can be observed in the “sandwich”-type geometry samples (Figures
12 and 13). As previously mentioned, the ionic conductivity, and respectively the ionic diffusion, is
lowered with the increase of the surface area of grain boundaries. This behavior can be explained by two

main phenomena:

- The first concerns the solubilization of oxidizing/corrosive species into the structure of the sili-
cate material. This phenomenon can be identified according to the measurements of ionic con-
ductivity in dry or wet air. Indeed, the material seems to hydrate initially, during at least 10

hours and therefore its O* jon or OH™ ion conduction properties increases over time.

- The second process may be explained by the morphological evolution of the ceramic sample
(Figures 16-a, 16-b). Indeed, at 1300 °C under a high water partial pressure, water vapor can be-
have as a sintering agent. To demonstrate this hypothesis, a monitoring of the grain size as a
function of time was carried out in similar corrosion conditions. The ceramic undergoes granular
coalescence over time. This granular coalescence leads to an increase in grain size and therefore
a decrease in the surface area of grain boundaries. To show the link between the microstructure
and the conductivity during such experiments, values available of conductivity versus grain size
are reported on Figure 16-c in the temperature range close to 1010°C. Considering small grain
sizes (@grain < 5pm), the increase of ionic conductivity can be considered, in a first approxima-
tion as proportional to the logarithm of the grain size. Thus, this evolution can be correctly rep-

resented by the relation (4):
Ln(c) = 52,92.10° x dyai” - 15,64 (4)

with dgy the grain average diameter in pm (the linear regression coefficient of the fitting is R? =

0.9915).
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The ionic conductivity may significantly increase during aging. For example, for a coating at
1300°C, and after an ageing of 550 hours (Figure 16b), an increase of ionic conductivity is ex-
pected around 10% (if measured at 1010°C), in regard to equation (4). With the ageing of an
EBC, made in disilicate, the diffusion of OH™ and O% ions could thus be expected to be progres-
sively enhanced with the exponential of the square of the grain size. This trend of evolution has
now to be considered in the analyses of the growth rate versus time of a TGO (thermal growth

oxide by oxidation of the bonding layer) below the EBC.
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Figure 16: Corrosion test (evolution of the grain size versus time) on Yttrium disilicate in moist air
(O2/H,0O/N, = 10/50/40 kPa), under laminar flow (limitation by convection) with a gas velocity in hot
zones of 28 cm.s™: (a) microstructural evolution over time at 1300°C, (b) Evolution of the grain size

during corrosion at 1300°C and (c) illustration of the evolution of the ionic conductivity as a function of

the grain size, measured at 1010°C.

37



It must be mentioned that the present results are in contradiction with diffusion properties observed by
Wada et al [] with Yb,Si,O ceramic using permeation measurements and *°0 isotopic exchange depth
profiling by SIMS imaging. Indeed, this authors suggests that ultra-rapid oxide ions diffusion along the
grain boundaries. This induces that a higher grain boundary density would result in a higher diffusivity.
These apparent conflicting results could be explained by a difference of local grain boundary chemical
composition (impurities) and also the thickness of the grain boundary and the width of the space charge

area which can drastically modified the ionic diffusion behavior.

4.3 Diffusion coefficient extraction

To determine the effective oxygen diffusion coefficient within the coating, a recent accurate modelling

have been previously proposed by Sullivan et al. [66, 67].

This model is developed in the case of a parabolic growth rate of the silica layer over the Si bond coat,
met under dry air, at high temperature. In our case, in presence of moisture, with a high ratio of the total
pressure, 50%, the growth rate of this layer can be assumed to be correctly described by a linear law, on
the long ageing duration carried out, few hundred hours. A new modelling should be developed, based
on a similar approach. Even if it appears simpler, it also considers the limited supply of oxidizing spe-
cies by diffusion through the EBC layer up to the SiO, silica surface (Figure 18). The growth kinetic of
a silica layer under an EBC was considered as proportional to the equivalent flux of H,O, diffusing
through the EBC and reaching the silicon surface. This scenario considers the contributions of two phe-

nomena characterized by two linear constant rates versus time.

The effective rate constant of the TGO, ie. for an uncoated surface is defined as k (m.s™). It is the ratio
between the incoming molar flux J; and the oxygen or water concentration at the surface Cex::

Jl = k Cext (5)
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This rate constant is the linear rate of consumption of H,O.
When the surface is coated by the EBC, one has an effective rate constant k; defined in the same way:
J2 = Ke. Cext (6)

Where J; is the new molar flux traversing the system consisting of the EBC and the TGO. At this stage,
the limitation of the diffusion through the EBC is considered as a constant since its thickness is fixed
and it is assumed to remain constant since the modification of microstructure is considered as insignifi-
cant during the duration of tests. This approach is proposed over a limited time of few hundred hours
and is not affected by possible change of microstructures for longer aging times. This reasoning is based
on the same flow equalities as those written by Deal and Grove or Sullivan (just adapted to a linear
growth rate of the TGO). The relationship between k and k. involves the diffusion coefficient through

the EBC, as can be described using the following scheme (Figure 18):

Coext
J>
Coext
SN Cur e
TGO (SIOZ) dTGO TGO (SlO ) dTGO
2

Figure 18: Schematic representation of the geometric models with and without an EBC. From the inside
flows a value of effective diffusion coefficient can be extracted through an EBC, protecting a Si bond-
coat (BC), with Ce: the concentration of the reactive species in the environment and Cj; an equivalent

concentration under the EBC

The flux J> can be written as :

J; = k. x Cint (7
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and as:

J2 = (Desc/ %ac) X (Cext — Cint) (8)

Solving these two equations for Ciy; gives:

Cint = Cext / (1 + kdeBc/ Degc) )
So, we have:

Jo = [k/ (1 + k. esc/ Desc)] X Cext (10)
Or ke* =k™* + Sac/ Desc (11)

This relationship expresses the fact that the overall resistance to diffusion is the sum of two resistances

in series, on linked to the TGO, the other one to the EBC. Reverting this expression gives:

Desc = deac / (ke - k™) (12)

These rate constants, k or K, are extracted from the slope (K) of linear fitting of the experimental values
of silica thicknesses in function of time. This slope in pm.h™, has to be converted in m.s™, and progres-
sively in number of moles of silica formed then number of moles of water consumed (twice) and divid-

ed by the concentration of water (Cey = 3.82 mol.m™)
The relation is similar either for k or k., with K already converted in m.s:
ke =2 x K X (psio2/ Msio2) / Cext (13)

with psioz and Msio, respectively the density and the molecular mass of silica.
However, without an EBC, the whole thickness of silica formed, is the sum of the residual one and the

one volatilized, (with a volatilization rate k;, described earlier).

k=2 x (K+kj) x (psio2/ Msioz) / Cext (14)

All the extracted constant rates of silica growth are gathered in Table 3.
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Table 3: constant rates of silica growth for Si without any coating around and in various EBC materials

at 1300°C in moist air (O,/H,O/N, = 10/50/40 kPa).

Si Si coated with Si coated with Si coated with
without any coat- YDS YDS YMS
ing grain size 0.8 um grain size 3 um grain size 0.8 um
(SPS sintering) (SPS sintering) (SPS sintering)
K in m.s™, in con-
ditions of Cypo (48+2).10° (24+2).10° (28+2).10° (38+2).10°
=3.82 mol.m?
K in mol.m?s™, in
conditions of (1.0+0,2).10° (50+0,2).10" (6.1+02).107 (82+02).107
Chizo(gas) = 3.82
mol.m?
k for Si alone and
k. for Si coated (26+0,2).10" (1.3+0,2).10" (16+02).107 (21+02).107
with an EBC, in
m.s*

The other way to quantify a diffusion coefficient through the EBC is the interpretation of EIS measure-
ments. Indeed, the ionic conductivity and the diffusion coefficient are linked by the Nernst-Einstein

equation, that can be written for each ionic species (see equation (15):

Dieffi Zl-2 e? ¢
e (15)

With:
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oi = partial ionic conductivity associated to species i (S.cm™)
z; = effective charge of the species i (-2 for 0> and -1 for OH")
e = elementary charge (e = 1.602 x 10 "° C)

Ci = concentration of the species i (mol.cm™).

Df'T = effective diffusion coefficient of species i (cm*s™)

ks = Boltzmann constant (kg = 1.38 x 102* J. K™)

Since the inserted ionic concentration Ci in the crystallographic structure is unknown (as the Henry’s
law solubility coefficient for the oxidant in the oxide), all calculations of diffusion coefficient will again
only be related to the concentration of the reactive species in the environment. Due to this configuration,
the electrical conductivity o; is linked to an effective diffusion coefficient Di of species i by equation
(15) (and not to the common ionic diffusion coefficient defined in the Nernst-Einstein equation). This
consideration should introduce differences of values of diffusion coefficient with those obtained from
isotope diffusion, given latter for comparison. As least, the trends about the impact of the nature of the
silicate or the difference of microstructures should be conserved on these values.

Actually, the total ionic conductivity otort IS the sum of the electrical conductivities of each species.

OToT= )i 0; (16)

In moist air, two contributions in the ionic conductivity are expected: O* and OH’, as opposed to corro-
sion tests in which a major species is responsible to the oxidation rate (reaction order different for each
species). So, the values of effective diffusion coefficients extracted from equation (15) remain macro-
scopic since the only available value of concentration, C;, is into the supplied reactive gas mixture (as
done also in corrosion test when equation (10) is used).

For example, from the Figure 15, in a moist air, the values of conductivity for OH™ and O ions can be

easily extracted using equation (14). These values similar are similar, as already reported in part 4.2.
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Contrary, the values of effective diffusion coefficients, calculated using equation 11, highlight that OH"
ion is more mobile than O% ion in yttrium disilicate (with a grain size of Dgrain ~ 5 um): Doz- = (8.2
0.2) x 10 m2.s™ (dry air environment) and Doy- = (2.7 + 0.1) x 10*m?.s™* (wet nitrogen environment),
at 1100°C (Dog- > 3 x Do2).

Respectively, the values of efficient ionic diffusion coefficients evolve as the ionic conductivity versus
the grain size (Table 4). Such an evolution may occur during the ageing of an EBC, as shown on Figure

16¢.

Then, it becomes possible to compare the calculated effective diffusion coefficient (see equation (15)
from ionic conductivity measurements performed with EIS with the effective coefficient of diffusion

extracted from the gas fluxes (see equation (12)) required to TGO growth Kinetics.

The results are reported in Table 4, with the surrounding partial pressures of oxidizing or corrosive spe-
cies. The main oxidizing species are expected to be hydroxyl ion OH" in wet atmosphere [3, 4, 60]. As
the only accessible values are the partial pressures of reactive species, the extracted diffusion coeffi-
cient, calculated from the partial pressures of oxidizing or corrosive species (dry or wet environment),

are effective values, as commonly considered in the oxidation kinetic laws of Si or SiC [3, 4, 60].

Considering the dry oxygen atmosphere and YMS, YDS and ytterbium disilicate materials and whatever
the particle size, it can be noticed that all calculated diffusion coefficients from ionic conductivity
measurements are close. Nevertheless, that determined for Y,Si,Oy is as expected higher. It can be con-
cluded that the protection provided by ytterbium disilicate is more efficient than yttrium disilicate [68].
A comparing with values of diffusion coefficient obtained from the isotopic exchange method can be
done but by keeping in mind that the diffusion driving force may be different. During the isotopic ex-
change process, the involved gradient in the calculation of diffusion coefficient is only function of the
tracer *80% species inserted in the crystalline structure. Considering the corrosion tests, a gradient of
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oxygen activity into the solid phase has to be considered as driving force (consumption by the oxidation
of the Si bond coat). Elsewhere, the value extracted from tracer diffusion experiments on single-crystal
gives much lower values of effective diffusion coefficient. However, a single-crystal only involves bulk
diffusion processes and should induce a reduced concentration of defects. In summary, the effective
diffusion coefficient calculation takes only into account a gradient of dissolved 0% ion concentration
into the ideal crystalline network. Further, the inserted amount of the tracer *0% at the top surface of
the oxide is well known and allows extracting an intrinsic value of coefficient (this amount of tracer
substituted into the crystalline structure is much smaller than the partial pressure *20,). Unfortunately,
this latter value is the not available in our proposed and the extraction of effective diffusion coefficient
is only possible (equations (5) to (14) and (15)). Thus, our estimations are based on equivalent ion con-

centrations, regarding the oxygen and/or water partial pressures.

Another hypothesis to this difference may be that the diffusion through the EBC has two main contribu-
tions: (i) ionic in the crystalline network and (ii) molecular through the grain boundaries. In oxide mate-
rials, these boundaries areas are often described to act as diffusion short-circuits of molecular diffusion
[40, 51, 69, 70, 49] since an amorphous oxide offers a potential pathway to molecular diffusion [60] (the

same zone can act simultaneously as a barrier against ionic diffusion).

Despite this difference of level between calculated values, and considering the independence of the
methods and the respective approximations into calculation, the global trends of evolution of diffusion

coefficients are in good agreement (Table 4).

This work shows that an yttrium monosilicate has a coefficient of diffusion at least, one order of magni-
tude higher than that of a disilicate. So, YMS is clearly less efficient into an EBC to limit the oxida-

tive/corrosive species diffusion. YbMS
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Our work has also to be compared to results on YbDS and YbMS that mention a preferential diffusion
along grain boundaries [40, 71]. It was found that the more preferentially an oxide ion diffuses in the
grain boundary compared to the interior of the grain, the greater the effect of suppressing the movement
of the oxide ion by applying an oxygen potential gradient becomes. It has been shown that oxygen per-
meation proceeded via mutual diffusion of oxide and Yb ions at the grain boundaries with a large con-
tribution from oxide ions. with the introduction of H,O to O,, the interdiffusion of oxide and Yb ions
was accelerated, but no oxygen permeation was detected [40, 72]. YbDS is known to have a different
crystalline structure [29] and consequently may possess properties of mass transfer, as different oxygen
lattice and grain boundary diffusion coefficient. Anyway, O, and H,O molecular forms may diffuse
within the cracks or grain boundaries but also in dense materials in ionic forms according to the migra-

tion of O* and OH" anions in the crystalline network of the material.

In summary, in regard to Wada’ works [40, 70, 71], the method of Electrochemical Impedance Spec-
troscopy allows only to characterize the mobility of ionic species [34-37], and allows to extract only one
contribution involved into the oxidizing/corrosive species diffusion. In comparison, the values of diffu-
sion coefficient extracted from experimental measurements of silica thicknesses involves both diffusion
modes. In our case, the increase of density of grain boundaries seems to slow down the diffusion but the
evolution of the width of the grain boundary in regard to their density (or the grain growth) is not con-

sidered here.

Table 4: Calculated effective diffusion coefficient of oxygen and water in various EBC materials at high

temperature under atmospheric pressure, from ageing of “sandwich”-type samples.

SiO, Mullite | YMS YDS Ytterbium | YDS YDS YMS

single single (Plasma disilicate grain size 0.8 | grain size 3 | grain  size
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crystal- | crystalline | spray) (Plasma pum (SPS sin- | um (SPS | 0.8 um (SPS
line spray) tering) sintering) sintering)
Doz' 1300°C 1250°C 1300°C
m2s? 33107 | 110 | (6.00
—18
in dry air [73] [38] 0.01) 10
[45]
Don’ 1200°C 1300°C 1300°C 1300°C 1300°C 1300°C
m2s, 48101 (28 +1,1) .| 20310"2 (1,3+03).10 | (20 + 03) .| (59 = 0,3) .
11 o 10 -10 -10
inawetair | 451 10 mefs [74] 10 10
For Cio(gas) This work, for | This work, for | This work, for
=6.88 Chizo(gasy = 3.82 | Criz0(gas) = | Chzo(ges) =
mol.m™ [69] mol.m 3.82mol.m® | 3.82 mol.m?
Calculated At 1300°C, At 1300°C, At 1300°C,
DoZ, mafs, (46+02).10 | 11 + 02) .| (7£2).10%
13 -12 R
from ionic 10 This work, for
o This work, for | This work, for | Copges = 1.53
conductivi-
COZ(gas) = 153 COZ(gas) =153 mOl.m-3
ty in dry
mol.m™ mol.m™
air

5 - Conclusion

In the field of Environmental Barrier materials, this work is dedicated to the development of new com-
pounds and an original methodology to study the effect of the microstructure on the essential properties
of the specifications of an EBC: ionic conductivity, the diffusion of oxidizing species, the kinetics of
growth of the silica layer, the material recession rate. Several new specific approaches were proposed:

the electrochemical impedance spectroscopy to access to the ionic conductivity, model samples using a
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sandwich-type geometry to extract global diffusion coefficient across EBC and corrosion tests of pol-

ished surfaces to localize the corrosion.

The different measurements of ionic conductivity under dry air made possible to propose a classification
of silicates with respect to their ionic transport properties of oxidizing species. It appears that yttrium
oxy-apatite shows a relatively good ionic conductor and therefore by definition a less efficient material
as an environmental barrier. Yttrium disilicate is more effective as an EBC material than monosilicate.
Moreover, the increased surface area of the grain boundaries contributes to a decrease in the ionic con-
ductivity of the ceramic samples. A submicronic microstructure is therefore more favorable than a mi-

crostructure with a large grain size.

The effect of grain boundaries on recession seems to be inverse. Due to their lower degree of crystalliza-
tion, corrosion starts along these regions and further, recession occurs deeper inside these boundaries.
The present study shows that monosilicate present a better stability under corrosion and recession condi-

tions than yttrium disilicate.

The development of “sandwich”-type geometries ceramic samples with dense coatings allows to get
model sample to quickly compare selected EBC materials. The analysis of the silica growth under the
EBC layer allows determining a global diffusion coefficient either oxygen or water depending on the
composition of the gaseous environment at high temperature. The evolution of these latter diffusion
coefficients could be compared to ionic conductivity measurements versus temperature, nature of the
silicate and microstructure. The same trends are found in function of these environmental parameters.
The calculations of diffusion coefficient from these different measurements are themselves consistent
and in agreement with the literature. This methodology confirms that the measurement of the ionic
conductivity can be a relevant parameter for characterizing the protection of a material facing the

diffusion of oxidizing species.
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These results provide a rich database on yttrium silicates and help to better understand the influence of
microstructure on material performance. In addition, the present study is the starting point for optimiz-
ing the composition of rare earth disilicates in order to optimize their performance (retain and preserva-

tion of the microstructure during a corrosion test).

However, to extrapolate these results to working conditions of aeronautical turbines with much higher
gas speeds (several hundred m.s™), it will be then necessary to get data in high gas flow rate conditions;

modifications of the phenomena of volatilization and therefore of material recession may occur.

The hypothesis that oxidation rate of silicon under an EBC keeps proportional with oxidizing/corrosive
gaseous concentration has to be checked in future study. Many experiments under various gas mixtures

at different temperatures have to be now carried out.

These results demonstrate that to obtain the best protection against the diffusion of ionic species and the
lowest volatilization rate of the material, a combination between the natures of silicates and their micro-
structures must be considered. Thus, the EBC must be processed with a multilayered architecture where
each layer has its own functionality. The optimal architecture should possess gradients of composition

and microstructure from the surface to the bulk as reported on Figure 19.
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- YDS submicronic grain size

Figure 19: Schematic of an optimised EBC with a gradient of microstructure:

The external layer should be made of a monosilicate with a large grain size to limit volatilization. In
addition, its low thermal conduction coefficient allows also getting a function as Thermal Barrier Coat-
ing (TBC). The temperature of the second layer should be lowered and thermochemically activated
physicochemical phenomena such as granular coalescence or species diffusion in ionic form will be
limited. The second layer is made of a submicronic yttrium disilicate layer. It is selected to act as a dif-
fusion barrier. Thus, the decrease of the diffusion flow through the EBC limit the oxidation of the sili-

con bonding layer.
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