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S1.

ATMOSPHERIC PLASMA SPRAY DEPOSITION

Powders used for the Si bond coat were S1-122 electronics grade powder (Micron Metals), with a particle diameter range of 28-129 µm. Ytterbium silicate powders (YbDS and
YbMS, Treibacher Industrie Inc.) in fused-crushed form with irregular/angular morphology and a particle diameter of 20-50 µm were used for plasma spraying of the top-coat.
The plasma spray conditions were chosen to ensure complete particle melting but sought to
avoid overheating which has been linked to rapid loss of SiO2 from the YbDS coatings.1,2
To compensate for the low molten particle temperature (which promotes low density, high
permeability coatings),1,2 the depositions were conducted in a furnace set at 1200 ◦ C so that
the hot substrate surface prolonged the time for droplet solidification after impingement,
thereby extending the radial distance of droplet flow over the surface, d, resulting in a high
density coating of low oxidizer permeability. Oxidation of the samples during deposition was
inhibited by the use of an argon flow (21:1 Ar2 :H2 at 20 slm) furnace where the substrate
was held at 1200 ◦ C during deposition. A ∼50 µm thick Si layer and ∼100 µm thick YbDS
layer were deposited using the plasma spray parameters indicated in Table S1. Both sides of
the α-SiC substrates were coated using this method. Samples were stabilization annealed at
1250 ◦ C for 24 hours, and then thermally cycled in a 90 vol % H2 O/10 vol % O2 environment.
Thickness

Torch

Arc

Primary Secondary Powder Feed Ar Carrier Gas

APS Layer
(µm)

Power (kW) Current (A) Ar (slm) H2 (slm) Rate (g/min) Flow Rate (slm)

Si

∼50

22.7

500

77.87

0.94

31.0/upper

5.9

Yb2 Si2 O7

∼100

11.2

275

84.95

0.94

41.5/lower

5.9

TABLE S1. Atmospheric plasma spray parameters used for the deposition of the YbDS-silicon
EBC.

S2.
S2.1.

ELECTRON-BACKSCATTER DIFFRACTION CHARACTERIZATION
EBSD: As-Deposited Specimen

EBSD band-contrast micrographs for the as-deposited specimen can be found in Fig. S1.
For reference, we also show the SEM BSE micrograph in Fig. S1(a). The band-contrast
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FIG. S1. As-deposited specimen. (a) BSE-mode electron micrograph, showing the phase contrast
of the coating. (b) EBSD band-contrast micrograph and (c,d) corresponding diffraction patterns
from the blue and red dots in (b). (e) EBSD phase contrast micrograph showing that the large
crystalline splats are of the YbDS phase, and the lack of heterogeneity present in the system. (f)
Inverse pole figure (IPF) Z micrograph showing the differences in grain orientation of the crystalline
splats present in the coating.

micrograph in (b) shows the presence of large crystallites in a amorphous/nanocrystalline
matrix. Based on the step size used in the micrographs (1 µm), we are unable to resolve
grains with dimensions smaller than this. Nonetheless, the large crystallites are highly
diffractive while the matrix shows some diffraction in the patterns found in Fig. S1(c)
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FIG. S2. SEM BSE, EBSD phase, and EBSD IPF Z micrographs for specimens in their (a)
stabilization annealed states and after cycling in a steam environment for (b) 500 and (c) 2000
hours. EBSD micrographs were acquired using a 0.25 µm step size. The IPF Z legend is for a
monoclinic structure, and is thus applicable for YbDS and YbMS phases present in the system.

and (d), respectively. The phase contrast micrograph in Fig. S1(e) shows that the large
crystallites are of the YbDS phase. Additionally, the micrograph exemplifies that the coating
is not entirely comprised of YbMS or YbDS – trace amounts of Si and α-cristobalite appear
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FIG. S3. (a) SEM BSE and (b) EBSD band contrast micrographs of the specimen cycled for 2000
hours.

to be present. For the large YbDS crystallites, the inverse pole figure (IPF) Z micrograph
shows the relative orientation between each crystallite.

S2.2.

EBSD: Stabilization Annealed, 500, 2000 Hour Specimens

EBSD characterization for the stabilization annealed specimen, as well as specimens
cycled for 500 and 2000 hours can be found in Figs. S2(a), (b), and (c), respectively.
Specifically, Fig. S2 shows BSE-mode SEM micrographs, EBSD phase contrast micrographs,
and EBSD inverse pole figure (IPF) Z micrographs, which represent the orientation of grains
normal to the EBSD measurement orientation. Good agreement in phase contrast can be
found between the SEM BSE micrograph contrast and EBSD phase contrast micrographs.
We do not observe significant texturing in any portion of the coating as a function of cycling
time. The EBSD band contrast micrograph for the specimen cycled for 2000 hours can be
found in Fig. S3.
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FIG. S4. YbMS and YbDS grain size distributions for the (a) stabilization annealed specimen and
specimens cycled for (b) 500 and (c) 2000 hours.

S2.3.

Grain Size Distributions

Grain size distributions for YbMS and YbDS in each of the specimens can be found in
Fig. S4, which shows these distributions for (a) the stabilization annealed specimen and
specimens cycled for (b) 500 and (c) 2000 hours. For the stabilization annealed specimen,
YbMS grain sizes were small, generally on the order of ∼2 µm or less, with < 10 grains in the
2–3 µm range. The YbDS grains were of similar size, although grain sizes extended to ∼5
µm. Similar distributions can also be observed after cycling for 500 hours, Fig. S4(b). Some
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coarsening was observed for both silicates in the 2–3 µm range, although the distributions
remained nominally the same due to the early cycling times. After 2000 hours of cycling,
Fig. S4(c), significant coarsening was observed for both YbMS and YbDS constituents.
In YbMS, a greater fraction of the grains had diameters of 1–3 µm, while those of YbDS
increased significantly in the 1–6 µm regime, with several grains reaching 6–8 µm.

S3.

PHASE PROFILE DETERMINATION

We determine the YbDS and YbMS phase profiles for each of the specimens presented
in the manuscript using pixel counting statistics in a custom MATLAB program. There is
sufficient contrast between YbMS and YbDS in the BSE micrographs, and this contrast is
in excellent agreement with the EBSD phase contrast micrographs, as shown in Fig. S2.
Ideally, we would utilize the EBSD phase data to create the phase profiles shown in Fig. 2
of the manuscript. However, the resolution used to acquire this data (0.25 µm) was much
smaller than that of the BSE micrographs (70 nm).
The MATLAB program functions as follows. First, the grayscale BSE micrograph is
imported, and a histogram of the grayscale values are plotted to identify YbDS and YbMS
phases, the distributions of which are nominally gaussian. The micrograph is then compartmentalized vertically into 200 sections from the exposed portion of the coating to the bond
coat. A gaussian distribution is fitted to the histogram of each compartment at grayscale
values of YbDS and YbMS for each micrograph, which yields the phase profile. We note
that the profiles calculated only show relative amounts of YbDS and YbMS, and do not
include fractions of, for example, porosity and the silicon bond coat as a function of depth.
We also perform pixel counting statistics on our EBSD-acquired micrographs. The phase
profiles calculated from BSE and EBSD micrographs can be found in Fig. S5 for the (a)
stabilization annealed sample and samples cycled for (b) 500 and (c) 2000 hours. EBSD
micrographs are coarser in resolution, and are unable to index YbDS and YbMS when
the grain size becomes less than the step size used in our measurement, 0.25 µm. This
is particularly noticeable in the EBSD phase micrographs for the stabilization annealed
specimen and the specimen cycled for 500 hours in Figs. S2(a) and (b), respectively. As
a result, the acquired phase profiles using the EBSD micrographs appear more discrete,
rather than the continuous profiles using the SEM BSE micrographs. As mentioned earlier,
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FIG. S5. A comparison of YbDS and YbMS phase profiles in (a) the stabilization annealed coating
and after cycling for (b) 500 and (c) 2000 hours acquired from pixel counting statistics using SEM
BSE and EBSD micrographs.

however, the generally good agreement between the contrast of YbDS and YbMS in the
BSE micrographs and the identification of these two phases in the EBSD phase micrographs
merits the use of the SEM BSE micrographs for the determination of the phase profiles.
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S4.

TIME-DOMAIN THERMOREFLECTANCE

We use time-domain thermoreflectance (TDTR) for the thermal conductivity measurements of the YbDS top-coat layer. An 80 MHz Ti:Sapphire oscillator centered at 808.5 nm
(∼12 nm FWHM), is spectrally separated into high- and low-energy pump and probe paths,
respectively. The pump is amplitude-modulated via an electrooptic modulator at 8.4 MHz,
and creates a frequency dependent heating event at the surface of the specimen coated with
Al. The probe is mechanically delayed in time, and monitors the thermoreflectance at the
sample surface following the pump heating event. We monitor both the in-phase (Vin ) and
out-of-phase (Vout ) components of the probe signal via lock-in detection, and compare the
ratio of the two (-Vout /Vout ) to the radially symmetric heat diffusion equation to extract
both the thermal conductivity of the specimen as well as the conductance at the Al/specimen
interface. The thickness of the Al transducer are determined by picosecond acoustics, and
using the literature value for the speed of sound in Al.7,8 While we are not particularly
sensitive to the thermal conductivity of our Al transducer, we determine this parameter
by codepositing a-SiO2 and Al2 O3 reference samples in the same deposition, and using the
Wiedemann-Franz law to relate the electrical conductivity to thermal conductivity. The
volumetric heat capacity of YbDS and YbMS are calculated based on literature values of
density and heat capacity, and are summarized in Table S3. The parameters used in our
analysis for the extraction of the thermal conductivity of the coating can be found in Table
S3. Note that we utilize the volumetric heat capacity of YbDS in this analysis. For the
majority of our measurements, the 1/e2 pump and probe radii are 4.5 and 3.5 µm, respectively, when using a 20x objective, except when high-resolution measurements are performed
with a 50x objective, in which case the effective pump/probe radii is 1.4 µm. Example data
are shown in Fig. S6 for a probed region predominantly of the disilicate phase in the 2000
hour specimen. Additional details regarding TDTR and its analyses can be found in the
Density Heat Capacity Volumetric Heat Capacity
Material

(g cm−3 ) (J kg−1 K−1 )

(J cm−3 K−1 )

β-Yb2 Si2 O7

6.153

2744

1.69

Yb2 SiO5

6.925

3526

2.44

TABLE S2. Thermophysical parameters of β-Yb2 Si2 O7 and Yb2 SiO5 .
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Thermal Conductivity Volumetric Heat Capacity Thickness
Layer

(W m−1 K−1 )

(J cm−3 K−1 )

(nm)

Aluminum

115 ± 5

2.42

82 ± 2

β-Yb2 Si2 O7 /Yb2 SiO5

F

1.69

–

TABLE S3. Thermophysical parameters use in the analysis of TDTR data. Fitting parameters
are designated by F.

literature.
To spatially profile the thermal conductivity of the coatings at various points in the
cycling process, we mount each specimen onto an XY translation stage. The sample is
rastered relative to the probe beam so that we do not have to alter the alignment in our
laser setup. To perform the raster, we select a single-pump/probe delay time that minimizes
sensitivity to the conductance at the Al/silicate interface. An example of this process is

FIG. S6. (a) Example TDTR curve on a YbDS-rich region on the specimen cycled for 2000 hours.
The inset shows the picosecond acoustic response at shorter time delays, where oscillations were
used to extract the thickness of the Al transducer. (b) Sensitivity analysis for the thermal conductivity of YbDS, κYbDS , and conductance at the Al/YbDS interface, GAl/YbDS . The pump/probe
delay time is fixed at 3150 ps, as sensitivity to GAl/YbDS is zero at this point.
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shown in Fig. S6 for the specimen cycled for 2000 hours. First, we perform numerous
full TDTR measurements across the region to be probed to extract an expected thermal
conductivity and interfacial conductance. We find that the thermal conductivity across
various YbDS-rich regions is 5.9 ± 0.4 W m−1 K−1 , and the conductance at the Al/YbDS
interface, GAl/YbDS , to be 31 ± 2 MW m−2 K−1 . Following, we calculate the sensitivity to
each of these parameters to -Vin /Vout , defined by9
Sα =

dln(−Vin /Vout )
,
dlnα

(1)

where α is the parameter of interest.
Sensitivity to the YbDS thermal conductivity and Al/YbDS interfacial conductance can
be found in Fig. S6(b). We perform a linear interpolation to extract the point at which the
sensitivity to the conductance goes to zero. Conceptually, this means that small perturbations of GAl/YbDS about its nominal value will not result in large changes in the acquired
thermoreflectance signal, and that any variations we observe when rastering across a sample
are primarily indicative of changes in thermal conductivity. A summary of the conductances
measured across all specimens in this work and their corresponding pump/probe delay times
can be found in Table S4.

Thermal Boundary Conductance Delay Timea
Cycling Time

(MW m−2 K−1 )

(ps)

As-Deposited

52 ± 2

680

Stabilization Annealed

49 ± 1

890

500 Hours

53 ± 1

830

1250 Hours

52 ± 2

800

2000 Hours

31 ± 2

3150

TABLE S4. Measured thermal boundary conductance at Al/YbDS coating interface and derived
pump/probe delay time for mapping procedure from sensitivity analysis described in the text.
a For

measurements performed with a 20x objective.
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FIG. S7. (a) SEM BSE, (b) thermal conductivity micrograph, and (c) thermal conductivity histogram of the as-deposited specimen.

S5.

THERMAL CONDUCTIVITY MICROGRAPH OF AS-DEPOSITED

SPECIMEN
The thermal conductivity of the as-deposited specimen can be found in Fig. S7, alongside its SEM BSE micrograph. The as-deposited specimen shows a generally low thermal
conductivity, less for the high thermal conductivity YbDS crystallites, and is on the order of
2–4 W m−1 K−1 , see histogram in Fig. S7(c). The low thermal conductivity of the coating
can be attributed to its amorphous/nanocrystalline nature, in which heat carriers are more
frequently scattered causing a reduction in the thermal conductivity. We attribute the differences in thermal conductivity of YbDS splats to their differing orientations, as β-YbDS is
monoclinic in nature. This is also confirmed via the EBSD IPF Z micrograph in Fig. S1(f).
We have previously10 determined the anisotropic thermal conductivity tensor for β-Y2 Si2 O7
(β-YDS). In general, we find good agreement between the anisotropic thermal conductivity
of β-YDS and β-YbDS, where a higher thermal conductivity (∼7 W m−1 K−1 ) is observed
near to the [100] direction, and a lower thermal conductivity (∼5 W m−1 K−1 ) near to the
[010] direction. Unlike in our previous work, there are not a sufficient number of grains to
fully recreate the stereographic projection of the thermal conductivity of β-YbDS.

S6.

ESTIMATION OF TOTAL SILICA FORMED

To estimate the total amount of silica formed in the TGO, and therefore that lost to the
reaction described in Eq. 1 of the manuscript, we begin with the measured thickness the
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YbDS rich (YbMS free) region at the silicon bond coat. By assuming YbDS consists of an
average of 12.5 ± 2.5 mol% YbMS, the number of moles of YbMS reacted can be calculated
using the molar volumes of YbDS (VM = 83.62 cm3 mol−1 ) and YbMS (VM = 65.63 cm3
mol−1 ). For each mole of YbMS consumed, one mole of SiO2 is required to form YbDS, and
is therefore the amount lost to the reaction in Eq. 1 of the manuscript. We use the molar
volume of β-cristobalite (VM = 27.64 cm3 mol−1 ) for this calculation. The total thickness
of the TGO that is formed is the sum of that reacted and that measured via SEM.

S7.

TEMPERATURE GRADIENT EVOLUTION CALCULATION

To model the temperature gradients in the steady-regime of a coating system, we begin
with Fourier’s Law with a thermal conductivity that varies in space:

q = −κ(x)

dT
.
dx

(2)

Rearranging and performing a cumulative integral with respect to x, we find
Z x
1
T (x) − T (0) = −q
dx0 .
0)
κ(x
0

(3)

For a coating of thickness x = L, the equation can be further simplified to determine the
heat flux necessary to induce a nominal temperature drop across the entirety of the coating:
T (0) − T (L)
.
q = RL 1
0
dx
0
0 κ(x )

(4)

In our calculations, the heat flux is calculated for a 100 K temperature drop such that the
silicon bond coat remains at 1400 K, and is taken as the temperature drop associated with
Coating Layer
YbMS

Thermal Conductivity (W m−1 K−1 )

Thickness (µm)
√
179 × 10−3 t

0.74

√
YbDS/YbMS 100 – (176 + 179) × 10−3 t – 2.1
√
YbDS
2.1 + 176 × 10−3 t

0.96
1.18

TABLE S5. Thicknesses and thermal conductivities used for the estimation of the thermal gradients
experienced by a ytterbium silicate-silicon EBC. Time, t, is in hours.
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the specimen composed entirely of YbDS. This same heat flux is used for the calculations
at longer cycling times.
The growth of the YbMS at the surface of the coating due to the volatilization of YbDS
√
is modeled to grow parabolically at 179 nm t ,while that of the YbDS-rich region near to
√
the silicon bond coat is also modeled to grow parabolically at 176 nm t with an initial
thickness of 2.1 µm based on the experimental observations of thickness in our material
systems. The thermal conductivities of each layer and their progressions in thickness are
tabulated in Table S5.
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