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Abstract

Mixed Y and Yb disilicate coatings (Y/Yb)DS have been proposed as dual function thermal and 
environmental barrier coatings (EBCs) for protecting SiC-based ceramic matrix composites in gas-turbine 
environments. As an initial step, the 1350°C dry air cyclic oxidation of atmospheric plasma sprayed 
(Y1.2/Yb0.8)DS and ytterbium disilicate/ytterbium monosilicate (YbDS/YbMS) EBCs deposited onto Si bond 
coatings was compared. As a baseline for evaluating EBC oxidant permeability, the dry air cyclic oxidation 
scale growth rates for bare silica formers (SiC, Si) were also measured and were consistently higher than 
rates previously measured after isothermal oxidation. Regarding Si bond coat oxidation rates underlying 
(Y/Yb)DS and YbDS/YbMS EBCs, the thinner silica scale formed under the thinner and denser (Y/Yb)DS 
coatings suggested a lower oxidant permeability than YbDS/YbMS. After 500 1-h cycles, the (Y/Yb)DS 
coating was comprised of only the β-polymorph disilicate and minor amounts of the X-2 phase 
monosilicate phase. Negligible differences in oxidation kinetics for (Y/Yb)DS coatings over the 90 – 240 
µm thickness range were observed.

Introduction

SiC-based ceramic matrix composites (CMCs) are an attractive class of high temperature structural 
materials due to low rates of oxidation1 and excellent high temperature strength 2, 3. However, in high 
pressure and high velocity environments containing water vapor like gas-turbines, SiC oxidizes in a 
paralinear manner4 owing to the competing processes of water vapor enhanced silica formation5, 6 and 
silica volatilization7, 8. To prevent component recession, SiC-based CMCs are coated with environmental 
barrier coatings (EBCs)9–19 which mitigate scale volatilization while simultaneously inhibiting water vapor 
enhanced rates of oxidation20, 21. Although having already achieved commercial success in the aerospace 
sector22, there are still large gaps in the literature regarding performance and failure mechanisms of 
EBCs23.



The current generation of EBCs are typically comprised of a ytterbium disilicate (YbDS) top coating 
deposited onto a Si bond coating23–28, where both coatings are applied via atmospheric plasma spraying 
(APS)29, 30. YbDS is selected as a top coating due to its low coefficient of thermal expansion mismatch with 
SiC24, 30, excellent chemical compatibility, seemingly low rate of oxidant permeability 24, and lower rates 
of silica activity compared to SiO2 scales [i.e. volatilization] 31. However, YbDS still experiences minor 
volatilization rates at lower gas velocities 24 and detrimental volatilization rates at higher velocities 32. 
Thus, alternative top coating materials are being evaluated.

From a thermomechanical perspective, most single component rare-earth disilicates (REDS) other than 
YbDS are viewed as unsuitable due to high coefficient of thermal expansion (CTE) mismatch with SiC-based 
materials 11, 33  and/or exhibiting phase transformations at gas-turbine relevant temperatures34, 35. 
However, studies have shown that judicious fabrication of multicomponent rare-earth disilicates (REDS)35–

40 may offer coatings exhibiting a primarily single-solution ß-phase composition and tailorable properties 
like CTE and thermal conductivity. As a nearer term application, Turcer et al. have shown that two-
component Y/Yb disilicates have lower thermal conductivities than YbDS35, 40, which may lower the bond 
coating temperature and thereby extend coating lifetimes. Based off Fernandez-Carrion et al.’s earlier 
experimental work 41, a (Y1.2/Yb0.8)DS composition is expected to exhibit a single ß-phase up to 
approximately 1650°C.

Many researchers are working to understand O diffusion across EBCs 42–48. Zhao et al. combined atomistic 
modelling and O tracer diffusion studies to suggest that shortened bond lengths in ß-REDS crystal 
structures may lead to lower rates of O lattice diffusion 47. Additionally, modeling work by Sullivan 
indicated that EBC thickness may have a pronounced role on the underlying silica formation kinetics48. 
Thus, during air oxidation, mixed (Y/Yb)DS EBCs could have a lower overall O permeability than solely 
YbDS EBCs, and varying EBC thickness may impact oxidation kinetics.

In the current study, the 1350°C dry air cyclic oxidation of a mixed APS (Y1.2/Yb0.8)DS coating was compared 
to a APS YbDS/YbMS20, 25 coating. To evaluate both coating’s impact on underlying rates of Si bond coating 
oxidation, the silica scale growth rates during cyclic oxidation of bare silica formers (SiC, Si) also were 
measured for comparison. (Y/Yb)DS coatings were also deposited at varying thicknesses to study the 
effect of coating thickness on scale growth rate. X-ray diffraction was used to investigate the stability of 
the mixed silicate coating during thermal cycling at 1350°C.

Experimental details

Mixed (Y1.2/Yb0.8)DS coatings were deposited at Praxair Surface Technologies (Indianapolis, IN) with APS. 
Chemically vapor deposited (CVD) SiC (Dow Chemical, 99.99% purity) coupons (10x20x2mm) with a ~2mm 
through hole for sample suspension and chamfered edges were grit-blasted with SiC and subsequently 
coated on one face with a Si bond coating (nominally ~70 µm). (Y/Yb)DS top coatings were deposited at 
three different thicknesses: 90, 160, and 240 µm. No annealing step was performed after deposition. The 
YbDS/YbMS coatings (formerly referred to as YbDS20, 25, 49 were deposited by APS at the Center for Thermal 
Spray Research, (Stony Brook, NY). Coatings were deposited on similar CVD SiC coupons, also grit-blasted 
with SiC and subsequently coated on one face with a ~60 µm thick Si bond coat, and then deposited with 
a ~180 µm YbDS/YbMS coating and annealed for 4 h at 1300°C in air to increase coating crystallinity25, 50. 
No annealing step was necessary for the (Y/Yb)DS coatings. The microstructures of the two EBCs will be 
discussed below.



The coated coupons, bare Si (Dow Chemical, 99.99% purity, 17 mm OD x 2 mm thickness) and CVD SiC 
coupons were subjected to 1-h furnace cycle testing (FCT) at 1350°C in dry air. A cycle consisted of 1 h at 
temperature followed by 10 min cooling with flowing dry air (~130 mL/min) in the reaction tube. The cyclic 
rig utilizes an alumina reaction tube, with over ~15 kh of exposure time at temperatures >1300°C. After 
FCT, coupons were cross sectioned, embedded in resin, and metallographically prepared with a final 
colloidal silica polish. Cross-sectional back-scatter electron microscopy was performed with a Tescan 
Mira3 operating at 10kV. Raman Spectroscopy was performed with an inVia Raman Microscope 
(Renishaw) using a 532 nm laser. XRD was collected with a Panalytical X’pert diffractometer utilizing MoKα 
radiation. Scale thickness was determined with a semi-automated Python-based image analysis method 
developed at ORNL20, 51, 52, called Size of Oxidation Feature Image Analysis (SOFIA), which enables 
thousands of reaction layer thickness measurements to be made from a single micrograph.

Results and Discussion

Dry air isothermal and cyclic oxidation rates of silica formers

The cyclic and isothermal rates of dry air oxidation of SiC (red) and Si (green) are compared in Figure 1. 
Rate constants, kp (µm2/h), were calculated assuming parabolic kinetics20, 53, 54 with

𝑋2 = 𝑘𝑝𝑡,

where x is scale thickness in µm and t is exposure time in hours. The rate constants in Figure 1 were 
calculated from scale thicknesses measured at single times (fit to the origin; will include transient 
oxidation) as opposed to steady-state rates that are calculated from thicknesses measured at several 
times6, 20, 49, 54 (not fit to the origin; will not include transient oxidation). Cross sections were not taken at 
multiple times, so the single exposure times used in Eq. (1) are included as data labels in Figure 1.

The isothermal oxidation rates of SiC and Si were previously found20 to be in excellent agreement with 
rates determined by Ogbuji and Opila54 and the projected rates of Deal and Grove53, respectively. At 
1250°C, the isothermal rates of SiC and Si are almost two orders of magnitude lower than the rates of 
alumina formation on Pt-NiAl coatings determined by Smialek 55. The cyclic rates of SiC and Si oxidation 
(filled symbols) were marginally higher than the isothermal rates (the activation energy of the Si 
isothermal rates over 1250°-1350°C was used to project the FCT Si oxidation rate down to 1250°C). Raman 
spectroscopy identified cristobalite as the sole crystalline reaction product, indicating that alumina 
reaction tube impurity driven tridymite formation56 was not responsible for the accelerated rates. The 
higher cyclic rates conflicts with the earlier findings of Opila et al.57, who reported that dry air cyclic and 
isothermal rates of SiC and Si3N4 were nearly identical at 1300° and 1500°C. However, Opila et al. utilized 
specimen mass change to calculate rate constants and only compared 5-h cyclic and isothermal exposures 
up to 50 h, while the current study calculated rates from scale thickness and performed 1-h cycling up to 
500 h. A possible explanation for the increased rates with cyclic oxidation is scale cracking due to the 
cristobalite phase transformation and associated stresses (estimated as 101-102 GPa58) and/or thermal 
transient scale stresses. Vertical “channel-cracks” 24 could provide short-circuit diffusion pathways that 
accelerate growth. During thermal cycling in steam of α-SiC, Kowalski and Harder observed slightly 
increased oxidation rates with increased rates of cycling59 and attributed it to earlier cracking leading to 
thicker scales.  Utilization of the dry air oxidation rates of Si (a framework developed by Harder21 and 
recently repeated20) creates a baseline to assess the impact of an EBC on reducing dry air cyclic oxidation. 
Different conclusions are reached based on what base line (isothermal or cyclic) is used.



Crystallographic microstructure of the (Y/Yb)DS coating

XRD patterns of the (Y/Yb)DS coating in the as-sprayed condition and after 500 1-h cycles in dry air at 
1350°C are reported in Figure 2(a) and Figure 2(b), respectively. After deposition, the high background 
suggests the coating was comprised of amorphous and a solid-solution lattice expanded β-YbDS phase, 
the latter being strongly evidenced by the shifted lattice reflections from 2θ = 32.5-34.0. No prominent 
monosilicate peaks were detected. After dry air FCT, the coating became highly crystalline, being primarily 
composed of the solid-solution β-phase and a small amount of yttrium monosilicate, suggesting the β-
phase is stable during thermal cycling at 1350°C in air. Regarding the monosilciate phase, a solid solution 
(Y/Yb)MS cannot be ruled out presently. Due to poor x-ray penetration depth, quantification of the 
disilicate:monosilicate ratio was determined via image analysis, and will be discussed below.

Comparison of (Y/Yb)DS and YbDS/YbMDS microstructure after FCT

Cross sectional BSE micrographs of the (Y/Yb)DS-90µm and YbDS/YbMS-180µm samples after 500 1-h 
cycles in dry air at 1350°C are shown in Figure 3(a) and Figure 3(b), respectively. The microstructure of the 
(Y/Yb)DS and YbDS/YbMS coatings were dramatically different, the former being highly dense and the 
latter possessing large pores and splat boundaries. The darker gray contrast regions of the coating are the 
disilicate phase, while the lighter contrasted regions are monosilicate24, 25. Image analysis of the three 
different (Y/Yb)DS coating thicknesses (90, 160, 240 µm) found no appreciable differences in either 
monosilicate content or porosity over the course of thermal cycling. For the (Y/Yb)DS coating, the DS:MS 
ratio was ~93:7 and porosity was 4.8±2.5 vol.%. Conversely, the DS:MS ratio for the YbDS/YbMS coating 
was 6:4, and porosity was 9.7±1.6 vol.%. Also, the YbDS/YbMS coating visibly contains more microcrack 
networks with potentially varying degrees of through-coating continuity. Higher magnification BSE 
micrographs of the top coating-bond coating interfaces show the formed TGOs in Figure 3(c) and Figure 
3(d) of both EBC types. Even with a thicker silicate coating, the YbMS/YbDS sample formed a visibly thicker 
TGO than the (Y/Yb)DS sample.

(Y/Yb)DS and YbDS/YbMS kinetics

Median TGO thickness values for (Y/Yb)DS for the 90, 160, 240 µm coatings after 100, 300, and 500 1-h 
cycles at 1350°C in dry air are plotted against the square root of time in Figure 4(a) (assuming parabolic 
kinetics). The error bars for each measurement are the 25-75% inner quartile range (IQR). At each time, 
all measured mixed silicate TGO thicknesses were identical within the error range. The calculated steady-
state parabolic rates (determined from the slopes of the dashed lines, not including transient stage up to 
100 h) for the 90, 160, and 240 µm thick coatings were 1.2E-3, 1.4E-3, and 3.2E-3 µm2/h, respectively. 
Although the fastest rate was determined for the 240 µm thick coating, because scale thicknesses at each 
time were nearly indistinguishable, the differences in calculated rate are deemed insignificant. Therefore, 
all three thicknesses are viewed as resulting in similar oxidation kinetics up to 500 1-h cycles in air at 
1350°C. The TGO thickness of the YbDS/YbMS sample at 500 h is also shown. Although the IQR of the 
YbDS/YbMS scale thickness overlaps those of the (Y/YbDS), the difference in median is larger than the 
relative differences between the (Y/Yb)DS samples.

Rate constants can be calculated from single times (utilizing Eq. 1) but using multiple times generates a 
steady-state rate. This difference is shown in Figure 4(b), where rates determined from the scale 
thicknesses of the (Y/Yb)DS-90µm sample at 100, 300, and 500 h are plotted as hollow symbols, while the 
steady-state rate over 100-500 h is plotted as a filled symbol; the steady-state rate, which does not include 



transient oxidation, is lower than all the single-time rates, stressing the important of utilizing steady-state 
rates when projecting thickness evolution over time. Although steady-state rates were not determined 
for the YbDS/YbMS EBC, comparisons of the 500 h rates indicate that the (Y/Yb)DS EBC exhibited a lower 
growth rate than the YbDS/YbMS EBC.

Another identical YbDS/YbMS sample was subjected to 500 1-h cycles in dry air at 1300°C and the resultant 
rate was identical to the dry air isothermal rate of Si, Figure 4b. In a similar vein, the steady-state rate of 
dry air cyclic oxidation of a YbDS coating reported by Lee23 is also nearly identical to the isothermal rate. 
If the isothermal rates of Si oxidation are utilized as the baseline (green dashed line), one could conclude 
that only the (Y/Yb)DS coating had a significant impact on reducing dry air cyclic oxidation rates. However, 
if instead, the cyclic rates of bare Si oxidation (solid green line) are utilized, then all three EBCs, the 
(Y/Yb)DS, YbDS/YbMS, and YbDS coatings, reduce the oxidation rate of the underlying Si bond coatings 
but to varying degrees. The activation energy of the isothermal rates of bare Si oxidation was utilized to 
extrapolate the mixed silicate (Y/Yb)DS steady-state rate down to 1316°C, resulting in an order of 
magnitude lower TGO growth rate than the steady-state rate of YbDS23. 

All of the (Y/Yb)DS coatings showed lower scale growth rates than the 180 µm YbDS/YbMS coating during 
1-h cycling at 1350°C. This could be attributed to a change in diffusion rate or mechanism through the 
TGO but a number of literature results suggest differences in EBC permeability are responsible. Vassen et 
al. deposited YbDS coatings with well controlled variations in coating porosity and correlated density with 
reduced oxidation in air26. Comparatively, Richards et al.24 reported relatively slow-growing steam 
oxidation kinetics for YbDS coatings (Figure 4(b), purple triangle), while Lee, under identical testing 
parameters, reported  kinetics over an order of magnitude faster (red triangle)23, and attributed the 
differences to coating density. The (Y/Yb)DS coating is significantly denser than the YbDS/YbMS coating. 
Conversely, Zhao et al.47 compared lattice O diffusion of β-YbDS and β-ScDS (scandium disilicate) with 
tracer diffusion studies, and combined with atomistic modeling, attributed the lower rates of O lattice 
diffusion through ScDS to the smaller atomic bonds compared to YbDS. Presently, the mixed (Y/Yb)DS 
silicate structure, Figure 2, exhibits larger bond lengths than YbDS, and thus should possess higher rates 
of O lattice diffusion. However, Wada and Matsudaira et al. 42, 43 revealed that the oxygen permeation 
contribution from grain boundary diffusion is orders of magnitude higher than lattice diffusion, and 
furthermore that under oxygen pressure differentials similar to the present EBC oxidation experiments, 
oxygen diffusion coefficients at YbMS-YbMS grain boundaries are higher than at YbDS-YbDS grain 
boundaries, 1.2E-13 and 5.2E-14 m2s-1, respectively43. Thus, coatings with decreased concentrations of the 
monosilicate phase, such as the (Y/Yb)DS coatings in this study, may experience slower TGO kinetics due 
to the order of magnitude decrease in oxygen grain boundary diffusivity for YbDS compared to YbMS. The 
results of this work suggest that the starting EBC microstructure and its evolution with respect to time are 
more likely to reduce TGO growth rates for extended hours in service than simply increasing the EBC 
thickness.

Although the present air oxidation experiments appear less relevant from an application standpoint 
where H2O (g) is present, the findings indicate the complexity associated with EBC performance without 
the further complication of H2O (g) effects on scale growth.  For example, the mechanical implications of 
a highly dense EBC are not understood. A porous microstructure may allow greater strain tolerance but 
increased permeability. Also, if EBC chemistry and phase composition strongly influence permeability and 
therefore TGO growth rates, there may be tradeoffs between permeation and other properties such as 
CTE, volatilization, thermal conductivity and resistance to CMAS.  The very low rates observed may be 



useful for other applications such as coatings for ultra-high temperature ceramics1. The coupling effects 
of porosity, grain size, and EBC phase boundaries on TGO growth rates remain an important topic for 
exploration of novel EBC architectures.

Experimentation is also needed to investigate if cyclic steam oxidation rates of bare silica formers are 
higher than isothermal steam rates, as an earlier report relies on steam isothermal rates to evaluate EBC 
effectiveness20, where effectiveness is deemed the propensity to reduce steam oxidation rates. The 
steady-state rate at 1350°C of a YbDS/YbMS sample in 90vol%H2O/10vol%air20 (filled brown triangle, 
Figure 4) was previously calculated to be proportional to the isothermal rate of bare Si in ~6vol%H2O-air 
balance. This was done by extrapolating the steam isothermal oxidation rate of bare Si down to lower PH2O 
environments. If the cyclic steam oxidation rates are higher than isothermal rates, then a similar 
extrapolation to lower PH2O environments would calculate a more effective EBC than previously reported.

Conclusions

Dry air cyclic oxidation of bare silica formers and multilayer Si/RE-silicate EBCs was conducted to 
investigate TGO formation rates in (Y/Yb)DS and YbDS/YbMS EBCS. For bare SiC and Si, the cyclic oxidation 
rates were higher than previously measured rates in isothermal oxidation. After 1350°C cyclic exposures, 
the (Y/Yb)DS coating was highly crystalline, being comprised of a solid-solution lattice expanded YbDS 
phase and a small amount of YMS. Calculation of TGO thicknesses for both EBC variants found that the 
significantly denser (Y/Yb)DS EBC reduced dry air cyclic oxidation rates more than the 180 µm YbDS/YbMS 
coating.  No significant difference in kinetics was observed when the (Y/Yb)DS coating thickness was 90, 
160, or 240 µm. 
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Figure 1 Arrhenius plot of rates of silica formation on bare CVD SiC (red circles) and bare silicon (green squares) after isothermal 
(hollow) and FCT (filled) dry air exposures. All exposure lengths are labelled. Isothermal exposures were performed in a SiC 
reaction tube20, 58 and FCT exposures were performed in thoroughly aged alumina reaction tubes. Rates of isothermal alumina 
formation on Pt-NiAl coatings from Smialek55 are shown in blue.

Figure 2 XRD pattern of (Y1.2/Yb0.8)DS coating in the (a) as-sprayed condition and (b) after 500 1-h cycles in dry air at 1350°C.



Figure 3 Cross sectional BSE micrographs of (a) (Y/Yb)DS-90µm and (b) YbDS/YbMS-180µm samples after 500 1-h cycles at 
1350°C in dry air, and higher magnification BSE micrographs showing the formed silica TGO of the (c) (Y/Yb)DS and (d) 
YbDS/YbMS samples.

Figure 4 (a) Scale thickness of the (Y/Yb)DS and YbDS/YbMS samples over the course of 1-h FCT in dry air at 1350°C plotted 
against the square root of time. (b) Arrhenius plot comparing the isothermal and cyclic rates of Si oxidation, the cyclic rates of 
(Y/Yb)DS-90µm and YbDS/YbMS-180µm, and literature reports of EBC oxidation rates from Richards et al.24, Lee23, and Kane et 
al20. All exposures, unless otherwise noted, were performed in dry air.
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