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a b s t r a c t

Environmental barrier coating (EBC) systems are applied to the surface of silicon-based composites
exposed to high temperature combustion gas flow paths in gas turbine engines. They reduce the rate of
composite oxidation, its volatilization by reactions with water vapor, and the temperature of the com-
posite as their thermal conductivity decreases. Current EBC systems consist of a silicon bond coat covered
by an ytterbium disilicate (Yb2O3,2SiO2: YbDS) permeation resistant and low silica activity barrier. When
applied by atmospheric-plasma spray deposition, this outer layer contains 10e15% of a secondary
ytterbium monosilicate (Yb2O3,3SiO2: YbMS) phase. YbDS has a coefficient of thermal expansion (CTE) of
4e5� 10�6 �C�1, similar to those of the silicon and the silicon-based composite, but a relatively high
thermal conductivity of 5e7 W m�1 K�1. YbMS has a higher steam volatility resistance than YbDS, and it
has a much lower thermal conductivity (�2e2.5 W m�1 K�1) at ambient temperature compared to YbDS,
but its higher, highly anisotropic CTE (3e11� 10�6 �C�1) results in channel cracking which reduces
environmental protection. Here, we use a combination of scanning electron beam and laser-based
thermoreflectance methods to spatially map the distribution of the silicate phases and thermal con-
ductivity at ambient temperature in a Si-ytterbium disilicate EBC system exposed to thermal cycling in
water vapor. We show that during thermal cycling, diffusion of silica from the thermally grown oxide on
the Si bond coat surface to nearby YbMS regions transforms this phase to YbDS, thereby reducing the risk
of thermomechanical coating failure but decreasing its effective thermal resistance. We also show that as
silica is volatilized at the water vaporeytterbium silicate interface, YbDS is transformed to YbMS,
restoring some of the thermal protection of the coating system lost by its reduction in thickness and the
YbMS to YbDS transformation near the bond coat.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Silicon carbide based ceramic matrix composites (SiC CMCs) are
beginning to be implemented in the hottest section of advanced gas
turbine engines where their surface is exposed to hot (� 1500 �C),
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high pressure combustion gas flow [1]. In these environments, the
SiC surface reacts with both residual oxygen and water vapor to
simultaneously first form a silica thermally grown oxide (TGO)
layer which is volatilized by reactions with the steam to form
gaseous silicon hydroxide species such as Si(OH)4 [2,3]. These re-
actions lead to loss of the SiC at rates of up to several micrometers
per hour, sufficient to greatly reduce the useful life of the compo-
nent [3,4]. This problem is presently addressed by the deposition of
an environmental barrier coating (EBC) to the surface of the CMC
exposed to the gas flow. The EBC’s primary function is to avoid
oxidation and volatilization of the SiC component but, if made from
materials with low thermal conductivity, can also function as a
thermal and environmental barrier coating (T-EBC) that reduces
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Fig. 1. Schematic illustration of a Si-ytterbium silicate EBC system applied to an a-SiC
substrate. The ytterbium silicate top coat consists of ytterbium disilicate (YbDS) and
ytterbium monosilicate (YbMS).
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the maximum temperature of the underlying composite. Charac-
terization of the thermal transport behavior of T-EBC systems is
therefore an area of considerable current interest.

State-of-the-art EBC systems utilize a silicon bond coat with a
low silica activity, rare-earth disilicate top coat [5e8]. In the
absence of a Si bond coat, SiC will form gaseous oxidation products,
such as gaseous CO, which will introduce interfacial porosity and
ultimately result in coating spallation. Thus, the primary function of
the Si bond coat is to prevent oxidation of the SiC by preferentially
forming a SiO2 TGO on its exterior surface [1], as the very low ox-
ygen activity at the interior silicon-SiO2 interface greatly reduces
the oxidizer flux that reaches the SiC surface. The bond coat’s co-
efficient of thermal expansion (CTE) of 4� 10�6 �C�1 is similar to
that of the SiC composite (CTE of 4e5� 10�6 �C�1), and thus re-
duces the driving force for delamination arising from mismatch in
thermal strain between the CMC and bond coat during thermal
cycling. Unfortunately, the TGO layer of the bond coat crystallizes at
elevated temperatures to form b-cristobalite. On cooling through �
240e270 �C, it transforms to the a-phase with a 4e7% reduction in
volume [9e12]. The large elastic strain created by this trans-
formation then creates a driving force for delamination at the Si-
TGO interface that increases with TGO thickness [6].

The rare-earth silicate top coat serves multiple purposes. It re-
duces the oxidizer flux that permeates to the bond coat, thereby
reducing the rate of SiO2 scale formation and consumption of the
bond coat [31]. In addition to a high resistance to the permeation of
oxidizing species, this exterior layer must have a low steam vola-
tility since its outer surface is in contact with the combustion gas
flow [32,33]. To reduce the risk of coating failure by thermo-
mechanical mechanisms, the rare earth silicate CTE needs to be
well matched to the SieSiC composite on which it is attached.

Top coats with a low thermal conductivity are preferred since
they are then able to decrease the temperature of the Si bond coat
to prevent melting and reduce the rate of thermally-activated TGO
thickening. The low thermal conductivity also helps to reduce the
temperature of the SiC CMC, whose strength is reduced as the
temperature approaches 1500 �C [7,34,35]. Ytterbium disilicate (b-
phase Yb2Si2O7; YbDS) is widely used and such a Si-YbDS system,
schematically illustrated in Fig. 1, has exhibited good thermo-
mechanical stability and resistance to volatilization for up to 2000 h
of steam cycling between 110 and 1316 �C [6]. Its CTE match to SiC
and moderately low thermal conductivity of 5e7 W m�1 K�1 at
room temperature make it a strong candidate for top coats as a T-
EBC system.

YbDS top coats are applied using atmospheric plasma spray
(APS) deposition of nominally pure YbDS powders [6]. However, a
second ytterbium monosilicate (Yb2SiO5; YbMS) phase is usually
present either from contamination of the powder or by loss of SiO2
during the thermal spray process [36]. As a result, the ytterbium
silicate top coat typically consists of a two-phase system with
10e15% YbMS as elongated solidified droplets in a YbDS matrix
[37]. This has significant implications on the operating performance
of the coating as the thermal conductivity, CTE, and steam volatility
resistance of the two phases are very different, shown in Table 1. On
one hand, a coating consisting entirely of the YbDS phase has been
thought to be preferable since its CTE is well matched with the a-
SiC substrate. However, the steam volatility resistance of YbMS is
much greater than that of YbDS alone [18,38,39]. In practice, the
presence of some YbMS in YbDS coatings appears unavoidable, the
coating’s effective thermo-physical properties are then determined
by the volume fractions and dispersion (i.e., microstructure) of the
two phases. In addition, as the EBC is thermally cycled in steam,
SiO2 loss from the YbDS transforms the outer surface to more
slowly volatilized eroded YbMS [6].

From a CMC thermal protection perspective, low thermal
2

conductivity (�2.5 Wm�1 K�1 at room temperature) YbMS offers a
higher thermal resistance compared to YbDS (�5e7 W m�1 K�1 at
room temperature [7,13,14,40]). Considerations, however, have not
been made for the anisotropic nature of these materials. We have
previously determined the anisotropic thermal conductivity tensor
of b-Y2Si2O7 [41], and expect YbDS to have similar anisotropy based
on its similarity in elastic constants [13]. At the atomic scale, Zhou
et al. [14] and Xiang et al. [40] have argued that the thermal con-
ductivities of YbMS and YbDS can be attributed to the heterogenous
bonding environment of the crystal, where weaker YbeO bonding
results in low sound velocities and Debye temperatures and, ulti-
mately, low thermal conductivity. Indeed, the sound velocity and
Debye temperature are smaller in YbMS compared to YbDS, despite
YbMS possessing a higher atomic density [14,40]. At the micro-
scopic scale, additional scattering of phonons occurs at grain
boundaries, a mechanism that has been shown to reduce the
thermal conductivity of materials relative to their bulk counter-
parts [42,43].

In addition, due to the anisotropic CTE of YbMS [22] and YbDS
[14,16], it is generally thought that the small grain size formed
during the thermal spray deposition process is preferable so that
large variations in CTE anisotropy at the microscopic scale are
averaged out. This results in a reduction of local strain and a
reduced chance of coating cracks. However, small YbDS grain size
provides a fast transport path for molecular oxygen and hydroxyl
group diffusion to the bond coat, and is therefore not desirable for
slowing the rate of TGO growth [44]. In practice, during the high
temperature use of an EBC, retention of the small grain size is un-
likely, and the system’s microstructure dynamically evolves. An
understanding of the microstructural evolution of a thermally
cycled ytterbium silicate coating and its influence on the associated
thermal profile would be helpful during the design of coatings for
the hot sections of a gas turbine engine. To design coatings with a
reliable use life, an understanding of the dynamic behavior of the
EBC phase fractions and microstructure during its use in high
temperature, oxygen and steam cyclic conditions, and implications
for thermophysical properties, is therefore needed.

Here, we characterize the evolution of the phase fractions and
microstructure of a model APS deposited Si-YbDS EBC and measure
the thermal conductivity distribution of the EBC system subjected
to varying periods of thermal cycling in a flowing oxygen/steam
environment. This is accomplished by combining scanning electron
microscopy techniques with spatially resolved time-domain ther-
moreflectance (TDTR) thermal conductivity measurements. We



Table 1
Crystal structure, room temperature thermal conductivity (k), coefficient of thermal expansion (CTE), and steam volatility resistance for b-Yb2Si2O7 (YbDS), Yb2SiO5 (YbMS),
APS Si, and SiC/SiC CMCs from the literature..

Material Crystal Structure k
(W m-1 K-1)

CTE (10�6 K�1) Steam Volatility Resistance

b-Yb2Si2O7 Monoclinic 4.5e5.0 [13,14] 3.6e4.5 [15e17] moderate [18]
Yb2SiO5 Monoclinic 2.5e3.0 [7] 2.7e10.57, [15,19e22] high [18]
Atmospheric Plasma Spray Si Powder Cubic 10e20 [23] 2.5e4.5 [18,24] low [25]
SiC Hexagonal 10e73 [26e28] 3e5.5 [15,18,29] low [30]
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characterize these structural and thermal property variations in the
as-deposited material state, after stabilization annealing, and
periodically during thermal cycling between 110 and 1316 �C for up
to 2000 1-h cycles in a flowing steam-oxygen environment. In
addition to the anticipated phase fraction and microstructure
evolutions, we have also observed a disappearance of the YbMS
phase near the TGO, consistent with the solid state reaction of silica
from the TGO with YbMS to form YbDS.
2. Materials & methods

Coating layers were deposited on 25.4 mm � 12.7 mm x 4.8 mm
a-SiC substrates (Chand Associates, Inc., Plymouth, MA). The edges
of the SiC substrates were chamfered at 45� to allow for over-
spraying of the edges, reducing the risk of coating delamination.
The SiC surface was conditioned using a light grit blast, followed by
an ultrasonic clean in ethanol prior to the deposition procedure.
The Si/YbDS EBC system was deposited using an atmospheric
plasma spray (APS) system located in a spray cell equipped with
exhaust and particle trap systems, described in Ref. [45]. This sys-
tem used a Praxair-TAFA Model SG-100 torch with a Model 02083-
175 anode configuration andwas attached to a six-axis robotwhose
pattern of translationwas preprogrammed and remotely controlled
from outside the spray cell. Additional details regarding the APS
deposition process can be found in the Supplementary Information.

The EBC system consisted of an �125 mm thick, predominantly
YbDS top coat and an �50 mm Si bond coat deposited by APS on an
a-SiC substrate, see Fig. 1. Specimens were stabilization annealed at
1250 �C for 24 h before being subjected to thermal cycling in a 90
vol% H2O/10 vol% O2 gas environment at a pressure of 1 atm for 500
and 2000 cycles. Each cycle consisted of a 60-min hold at 1316 �C
followed by cooling to�110 �C for 10 min. The gas flow rate was 4.4
cm/s. We removed specimens after 500 and 2000 cycles, yielding
three total samples including the stabilization annealed specimen.
All specimens were cross-sectioned, polished, and coated with a
nominal 80 nm Al transducer to facilitate thermal conductivity
measurements in the plane of the coating via TDTR.

We use TDTR to locally probe variations in the thermal con-
ductivity of the YbDS EBC. An 80 MHz Ti:Sapphire oscillator
centered at 808.5 nm is energetically split into pump and probe
paths. The pump is electro-optically modulated at 8.4 MHz, and
creates a frequency-dependent heating event at the sample surface.
In a conventional TDTR measurement, the probe is mechanically
delayed in time, monitoring the thermoreflectance at the sample
surface following the pump heating event. The data are fit to the
radially-symmetric heat diffusion equation to extract thermal pa-
rameters of interest, namely the thermal conductivity of the un-
derlying EBC. To expedite this process, and spatially monitor the
thermal conductivity, we fix the delay time and raster the sample
over the region of interest. The delay time is chosen such that
changes in the acquired signals are reflective of changes in the
thermal conductivity of the underlying EBC, not the resistance
associated with the Al/EBC interfacial region. The specific delay
times for each of the specimens examined in this work are further
3

discussed in the Supplementary Information. The effective pump/
probe 1/e2 radii of 5 mm provides sufficient resolution to delineate
between the ytterbium mono- and disilicate phases present in the
EBC system. For finer resolution micrographs, the effective pump/
probe 1/e2 radii is 1.4 mm. In regions where microstructural and
phase features are smaller than the effective pump/probe radii,
TDTR measures a volume-averaged thermal conductivity, which
includes the influence of grain boundaries, nanoporosity, and any
residual stresses that may be present in the coating structure.
Several works in the literature outline the methodology and anal-
ysis associated with TDTR [46,47], as well as the extension of the
technique to spatially understanding variations in thermal prop-
erties [48e51].

SEM BSE micrographs were acquired using a Helios UC G4 Dual-
Beam FIB-SEM at an accelerating voltage of 20 kV. We use the
focused ion beam (FIB) to etch trenches approximately 100 mm
apart through the coating to be able to better identify those regions
when performing TDTR measurements. Electron backscatter
diffraction (EBSD) micrographs were procured using a FEI Quanta
650 Field-Emission SEM in high-vacuum using a specimen pre-tilt
of 70�. The typical step size for EBSD micrographs was 0.25 mm.

3. Results

Fig. 2 shows cross-section SEM images taken in backscattered
electron (BSE) imaging mode so that pixels of lighter contrast
correspond to regions with a higher concentration of high atomic
number elements such as Yb. Thermal conductivity micrographs of
the same regions acquired using TDTR are also shown in Fig. 2. See
Supplementary Information for SEM BSE and thermal conductivity
micrographs of the as-deposited specimen. Also shown in Fig. 2 are
the thermal conductivity and phase profiles for each specimen,
where black and red lines represent the YbMS and YbDS volume
fractions, respectively, while the blue band is representative of the
range of thermal conductivities measured in the same region.

In the following three subsections, we discuss the phase, ther-
mal conductivity, and microstructural profiles of the coatings as
they evolve in time, where the observed trends in phase and
thermal conductivity are summarized in Table 2 for reference.

3.1. Phase

The presence and spatial distribution of YbMS regions within
the predominantly YbDS coating can clearly be observed in the BSE
SEMmicrographs of Fig. 2 as areas with lighter contrast. This phase
distribution is also confirmed via EBSD phase micrographs, see
Supplementary Information. The YbMS/YbDS phase fraction in the
stabilization specimen was approximately uniform throughout the
coating, see Table 2. Splats in this specimen were composed of
either YbMS, YbDS, or some fraction of the two. Trace amounts of
Yb2O3 have also been reported to be present in the coating [45].
Many of the splats have a curved, thin plate morphologyea struc-
ture that is consistent with the impact of liquid droplets with the
rough coating surface during the APS deposition process.



Fig. 2. Cross-section back-scattered electron (BSE) micrographs, thermal conductivity micrographs, and normalized phase counts and depth-dependent thermal conductivity for
the (a) stabilization-annealed specimen and specimens cycled for (b) 500 and (c) 2000 h in a steam environment. In the thermal conductivity/phase profiles, red and black lines
correspond to the darker/lighter area fractions in micrographs corresponding to the YbDS and YbMS phases, respectively, while the blue band corresponds to the range of thermal
conductivity measured as a function of depth.
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After During steam cycling, the SEM images reveal the devel-
opment of a surface region with substantially reduced YbDS. This
resulted from differential steam volatilization rates for the YbDS
and YbMS phases in the coating. Costa and Jacobsen [38] have
shown that mixtures of Yb2O3 þ Yb2SiO5 have a lower silica activity
than Yb2Si2O7 þ Yb2SiO5 mixtures. As a result, during the reaction
of water vapor with these silica rich compounds in which
SiO2 þ H2O # Si(OH)4, silica loss at 1316 �C is approximately 100-
fold higher from the YbDS compared to YbMS under equilibrium
conditions. The loss of SiO2 from the YbDS phase is accompanied by
a partially constrained �26% volume reduction [6], resulting in a
porous silica depleted YbMS reaction product layer. The combina-
tion of underlying YbDS constrained lateral shrinkage during the
reaction and the higher CTE of the reaction product results in
channel cracking and local reaction product delamination upon
cooling, reducing its subsequent utility for resisting inward
4

permeation of oxidizers towards the bond coat [6].
After 500 h of steam cycling, the outer YbDS surface region

shows evidence of this volatilization, resulting in the formation of a
thin (�5 mm thick) YbMS layer at the steam-exposed surface of the
coating. Not only does this result in a porous YbMS layer, the YbMS
fraction rose from�25 to�67%within 10 mmof the coating surface.
The remainder of the coating matrix was predominantly a YbDS
matrix containing a fine distribution of YbMS particulates. The
average YbMS fraction was �20% but could vary significantly from
0 to 50% from one splat to another, see Table 2.

The specimen cycled for 2000 h, Fig. 2(c), shows the presence of
a 10e15 mm thick steam volatilized region near the outer surface of
the coating. This layer was both porous and had suffered channel
cracking. Its YbMS phase fraction, as indicated by the profile in
Fig. 2(c), indicated the YbMS volume fraction was on average �70%
within 10 mm of the coating surface. The YbDS volume fraction in
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the bulk of the coating was similar to the stabilization annealed
specimen as well as the specimen cycled for 500 h, at� 75%.Within
15 mm of the TGO, however, this volume fraction increased to 99%,
and a lack of YbMS present is confirmed via Raman spectroscopy
(see Supplementary Material).
Fig. 4. (a) BSE and (b) EBSD band contrast micrographs of the specimen after cycling
for 500 h in a steam environment.
3.2. Microstructure

EBSD band and phase contrast micrographs of the stabilization
annealed specimen are shown in Fig. 3. Fig. 3 (a) shows the SEM BSE
micrograph together with a thermal conductivity map from
Fig. 2(a) for reference. This micrograph shows a wide variation in
gray scale of the individual splats that had solidified to form the
coating. Splats of darker and lighter contrast consisted of almost
pure YbDs and YbMS, respectively. This is also confirmed via EBSD
phase contrast micrographs, see Supplementary Information.

The stabilization annealing process is intended to fully crystal-
lize the as-deposited coating and transform metastable phases
which are often present after thermal spray deposition [6]. EBSD
micrographs of the as deposited specimen can be found in the
Supporting Information, and indicate an amorphous/nanocrystal-
line matrix with the occasional large YbDS crystallite.

Inspection of the EBSD data in Fig. 3(b) indicates that the
average grain size within the stabilized YbDS rich regions was very
small (< 2 mm). High resolution band and phase micrographs are
shown in Fig. 3(c) and (d), respectively, and indicate that in YbDS
rich regions the grain size was �100 nm, conducive to grain
boundary transport of oxidizing species to the bond coat [44].
However, in splats composed of almost pure YbMS, such as those
entering the upper left of the dotted white box in Fig. 3(b), the
grains were much larger and of comparable size to the width of the
splat (1e5 mm). The grain size that results from a directional so-
lidification process like that encountered in APS deposition is
influenced by the cooling rate, and by the thermal and composi-
tional gradients in the melt, with the latter dependent on the
diffusivity of the silica and ytterbia in the melt. However, a
rationalization of these differences must await future assessments
of the solidification processes. Grain size distributions for YbMS
and YbDS can be found in the Supplementary Information for the
stabilization annealed specimen.

YbMS and YbDS grain size distributions for the specimen cycled
for 500 h can be found in the Supplementary Information. Fig. 4
shows the (a) BSE micrograph and (b) EBSD band contrast micro-
graph of the system subjected to 500 steam cycles. Near the surface
of the coating, where the YbMS phase counts dominated the first �
10 mm, the grain size was relatively small, < 500 nm. This was
similar to the grain size within fine YbMS particulates interspersed
Fig. 3. (a) SEM BSE and (b) EBSD band contrast micrographs of the stabilization annealed s
region outlined in (a) and (b). In (d), red and yellow regions are representative of YbDS an
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throughout the YbDSmatrix. Regions of pure YbMS had larger grain
sizes, approaching�4e5 mm in some cases. The YbDSmatrix had an
average grain size of�1 mm. Near the Si bond coat, grain coarsening
of YbDS was observed, resulting in a grain size of �5 mm in the
region depleted of YbMS. The TGO thickness of �500 nm remained
similar to the stabilization annealed sample, consistent with the
delayed permeation of oxidizing species to the bond coat surface.

EBSD characterization of the specimen cycled for 2000 h is
shown in Fig. 5, which shows (a) BSE, (c,f) EBSD band and (b,e)
phase micrographs of the same region as that found in Fig. 2(c). See
Supplementary Information for band contrast micrograph of
Fig. 5(a), which shows mean grain sizes increasing from �500 nm
after 500 cycling hours to �2e3 mm in the volatilized region. In
Fig. 5(c), near the center of the coating, the mean grain size of the
YbMS and YbDS are �1 mm for the majority of the grains present in
the region. Regions inwhich the YbMS fractionwas larger exhibited
larger grain sizes, on the order of �5 mm, consistent with the
coarseningmechanisms of two-phase systems [52,53]. Towards the
bottom of the coating, in Fig. 5(f), grains of the YbDS phase are
much larger in size, on the order of 5e10 mm. While YbMS pre-
cipitates are present in this region, they are much smaller than in
the rest of the coating and their phase fraction relative to YbDS
decreases significantly closer to the bond coat, see Table 2.
3.3. Thermal conductivity

Prior to cycling, the stabilization annealed specimen exhibits a
pecimen. (c) High-resolution EBSD band and (d) phase contrast micrographs from the
d YbMS, respectively. (e) Thermal conductivity micrograph of the region shown in (a).



Fig. 5. (a) SEM BSE micrograph of the coating cycled for 2000 h. High resolution (b) phase contrast, (c) band contrast, and (d) thermal conductivity micrographs of region outlined in
the middle of (a). High resolution (e) phase contrast, (f) band contrast, and (g) thermal conductivity micrograph of region outlined at bottom of (a). In the EBSD phase contrast
micrographs, red and yellow regions are representative of YbDS and YbMS, respectively, while trace amounts of a-cristobalite can also be observed as green. In (b)e(d) and (e)e(g),
the scale bars are 5 and 25 mm, respectively.
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spatially varying thermal conductivity dependent on the local
YbMS/YbDS phase fraction, see Fig. 2(a). In regions consisting of
primarily YbMS, the thermal conductivity is �2 W m�1 K�1,
whereas in those composed of YbDS, the thermal conductivity is
closer to �6 W m�1 K�1. Because TDTR measures a spatially aver-
aged thermal conductivity, regions in which finer YbMS and YbDS
features are present tend to result in a composite thermal con-
ductivity of 4e5 W m�1 K�1. Interestingly, we see a progressive
increase in thermal conductivity from the surface of the coating to
the bond coat, as indicated by the profile outlined in Fig. 2(a).

The grain sizes for YbDS and YbMS, in general, are larger near
the Si bond coat compared to the surface of the stabilization
annealed coating. Various previous works have indicated a reduc-
tion in thermal conductivity with a decrease in the mean grain size
of a material system [42,43,54,55]. This appears to be consistent
with our observations between the EBSD band contrast and ther-
mal conductivity micrographs. Indeed, the small grain sizes near
the top of the coating are associated with a lower thermal con-
ductivity, while the relatively coarser grains near the Si bond coat
are correlated with a higher thermal conductivity. This is graphi-
cally represented by the thermal conductivity profile in Fig. 2(a),
where the thermal conductivity of the coating increases progres-
sively from �4 W m�1 K�1e�6 W m�1 K�1 from top to bottom of
the coating. However, we cannot solely attribute the observed
trends in thermal conductivity to a difference in grain size. Indeed,
since the laser spot size used in our TDTR measurements is large
compared to the characteristic grain size, and thus inherently
samples over the multi-phase system with large grain and phase
boundary densities.

The volatilization of silica from YbDS to form a porous YbMS
layer at the surface of the coating, Fig. 2(b) and (c), is correlated
with a lower thermal conductivity (�2Wm�1 K�1) region near the
exterior surface of the coating. We note that the presence of
porosity as well as the low thermal conductivity of the YbMS phase
(2e3 W m�1 K�1 evident in the interior of the coating) will have
contributed to the measured value [56e58]. The lower thermal
conductivity of this partially volatilized region, in practice, aids in
increasing the temperature gradient between hot gasses in the
combustion environment and the turbine blade.

The thermal conductivity of the part of the coatings that had not
been steam volatilized also evolved during thermal exposure.
6

When cycled for 500 or 2000 h, the average thermal conductivity of
the central region of the coating increased slightly compared to the
stabilization annealed specimen to �5 W m�1 K�1. These increases
were much greater near the Si bond coat, from �5Wm�1 K�1 after
the stabilization anneal and cycling for 500 h to�6Wm�1 K�1 after
cycling for 2000 h. The thickness of this higher conductivity region
also increased with cycling time, consistent with a loss of the low
thermal conductivity YbMS phase.

To further investigate the loss of this phase, we utilize EBSD to
monitor phase and microstructural changes as they relate to the
thermal conductivity of the coating following cycling. High reso-
lution thermal conductivity micrographs of regions presented in
Fig. 5(c) and (f) can be found in Fig. 5(d) and (g), respectively. In
Fig. 5(d), the thermal conductivity is approximately equivalent in
regions composed entirely of YbMS, even when the grain size ap-
proaches 5 mm as on the right of Fig. 5(d). This is in contrast to what
was observed in the stabilization annealed specimen, where we
observed a progressive increase in the thermal conductivity of the
coating from the surface to the bond coat, see Fig. 2(a). However, we
note that the grain sizes in the stabilization annealed specimen
near the surface were on the order of �100 nm, while those in the
specimen cycled for 2000 h are on the order of �1 mm. The grain
boundary density, thus, is much smaller in the cycled specimen,
and our measurement will then average over fewer grain bound-
aries that could potentially reduce our measured thermal conduc-
tivity. In Fig. 5(g), near the Si bond coat, a relatively high thermal
conductivity (5e6 W m�1 K�1) was measured in regions devoid of
YbMS. We attribute this higher thermal conductivity primarily to
the large phase YbDS fraction near the TGO. We do not observe any
significant differences between measurements in Fig. 5(g) and in
Fig. 2(c), suggesting that grain boundary density is low enough to
not contribute to our measured thermal conductivity.

4. Discussion

Thermal cycling of a Si-YbDS EBC system between 110 �C and
1316 �C in a steam environment results in a significant change in
the coating phase fractions, their spatial distributions, and in the
associated local thermal conductivity within the coating system.
These macrostructural characteristics are summarized in Fig. 6(a),
which shows the thicknesses of the YbMS surface layer, the YbDS-



Fig. 6. (a) Relevant layer thicknesses following thermal cycling for YbMS (circles),
YbDS (squares), and the TGO (upward-facing triangles). The thicknesses of YbMS
surface layer and YbDS near the Si bond coat grow approximately parabolically, while
the growth rate of the TGO is approximately linear. (b) Measured TGO thickness
(upward-facing triangles), derived total TGO thickness formed (downward-facing tri-
angles), and derived TGO lost (diamonds) via reaction given in Eq. (1).

Table 2
Summary of dynamic and spatially varying phase and thermal conductivity (k)
distributions of cycled specimens at the top, middle, and bottom of the coating. The
top region is considered to be within �10 mm from the surface of the coating, while
the bottom is considered to be within �15 mm from the Si bond coat. The middle
region excludes the top and bottom regions.

Cycling Hours YbDS Fraction YbMS Fraction k (W m�1 K�1)

0
Top 0.74 0.26 4.0 ± 0.7
Middle 0.80 0.20 4.8 ± 0.9
Bottom 0.90 0.10 5.3 ± 0.9

500
Top 0.33 0.67 2.6 ± 0.8
Middle 0.81 0.19 4.9 ± 0.9
Bottom 0.87 0.13 5.4 ± 1.1

2000
Top 0.30 0.70 1.8 ± 0.6
Middle 0.75 0.25 5.2 ± 1.0
Bottom 0.99 0.01 6.2 ± 1.1
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rich region near the bond coat, and that of the TGO layer. The
growth of the YbMS surface layer and YbDS-rich region near the
bond coat are both parabolic in nature, while the thickness of the
TGO remained at �500 nm for the stabilization annealed specimen
and that cycled for 500 h, increasing to �2 mm after 2000 h of
cycling.

From a thermal property perspective, the stabilization annealed
specimen, as well as the specimen cycled for 500 h, show similar
thermal conductivities in the central portion of the coating. As the
stabilization annealed specimen has yet to be cycled, it does not
exhibit a volatilized surface region primarily composed of YbMS,
suggesting that the specimen cycled for 500 h offers comparably
better insulating characteristics. At 2000 h, we also see a reduction
in thermal conductivity at the surface of the coating as a result of
SiO2 YbDS volatilization. Within 15 mm of the Si bond coat, the
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thermal conductivity is increased, and was correlated with an in-
crease of the YbDS fraction to >99%, Table 2, which we attribute to
a reaction between silica in the TGO and nearby YbMS.

Inspection of the Yb2O3eSiO2 phase diagram at elevated tem-
peratures shows that it is thermodynamically favorable to form
YbDS from YbMS and silica [59]. At the YbDS/Si bond coat interface,
the reaction between residual YbMS in the YbDS layer and SiO2 in
the TGO is as follows [60]

Yb2SiO5ðsÞþ SiO2ðsÞ/Yb2Si2O7ðsÞ: (1)

The result is consistent with previous reports in an ytterbium-
hafnate/ytterbium-silicate TBC/EBC system [61], and possible re-
actions in a yttrium monosilicate EBC [60].

The reaction between SiO2 and residual YbMS near the TGO is
further exemplified via the SEM BSE micrographs in Fig. 7, where
we examine the YbMS distribution near the Si bond coat. In the
stabilization annealed specimen, shown in Fig. 7(a), fine YbMS
particulates are present near the TGO, which remains amorphous
prior to cycling at elevated temperatures. The observation that
YbMS is never in direct contact with the TGO layer is consistent
with the reaction described by Eq. (1), which occurs with the
substrate held at 1200 �C in ambient conditions for the stabilization
annealing process. The elevated temperature of deposition also
increases the rate of Si oxidation, which creates an SiO2 source for
YbMS to react with and form YbDS. Upon cycling to 500 h the
fraction of YbMS near the Si bond coat is greatly diminished, and
this layer extends to �5 mm despite the TGO remaining at a con-
stant thickness, as in Fig. 7(b). Small YbMS particulates are still
present within this region, although much less so than those in the
stabilization annealed specimen. In the specimen that has been
cycled for 2000 h, a region of �10e15 mm within the TGO is pre-
dominantly YbDS, with a very small phase fraction being YbMS. The
formation of cristobalite is confirmed via Raman spectroscopy for
this specimen (see Supplementary Material). The reaction between
cristobalite and residual YbMS near the TGO is also confirmed via
EBSD phase micrographs (see Supplemental Information), where
trace amounts of cristobalite can be found within the YbDS region
void of YbMS.

The reaction between the TGO and residual YbMS near the bond
coat has significant implications on the performance of EBCs. Pre-
viously, it has been shown that the lifetime of YbDS-based EBCs are
contingent on the thermomechanical stability of the TGO layer
[6,37]. Recall that crystallization of the as-deposited amorphous
TGO layer at elevated temperatures results in the formation of b-
cristobalite, which is accompanied by a 4e7% volume change upon



Fig. 7. SEM micrographs near the Si bond coat for specimens after (a) stabilization annealling and cycling in a steam environment for (b) 500 and (c) 2000 h. In the stabilization
annealed specimen, the TGO remains amorphous, while vertical cracking in the TGO after 500 and 2000 cycles is suggestive of TGO crystallization.
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cooling to the a phase at lower temperatures [9e11]. Richards et al.
have shown that this results in additional strains along the SieSiO2
interface, increasing the risk of delamination [6]. As growth of the
TGO layer via oxidation of the bond coat occurs in parallel with the
reaction between the TGO and residual YbMS, the net growth of the
TGO layer is mitigated by the competition of the two processes.

The measured thicknesses of the TGO formed due to cycling,
shown in Fig. 6(a), fundamentally underestimates the total thick-
ness of the TGO that would form as a result of the reaction given by
Eq. (1). To estimate the total amount of SiO2 formed, we begin with
our measured thicknesses for the YbDS enriched region. First, we
assume that this YbDS region initially consisted of an average of
12.5 ± 2.5 mol% YbMS. Following, the number of reacted moles of
YbMS can be calculated by using the molar volume of YbDS and
YbMS. For each mole of YbMS formed, 1 mol of SiO2 is required to
form YbDS. By using the molar volume of b-cristobalite, the thick-
ness of the SiO2 lost to the reaction in Eq. (1) can be estimated and
the total thickness of SiO2 that would have been formed can be
calculated. Details regarding the calculations can be found in the
Supplementary Information, and the results of these calculations
are shown in Fig. 6(b). They indicate that the fraction of SiO2 lost
from the TGO as a result of the reaction with YbMS is parabolic in
nature.

The increase in TGO thickness from �0.5 mm to � 2 mm after
cycling for 500 and 2000 h, respectively, is consistent with diffusion
of oxidizing species through the YbDS/YbMS top coat to reach the
TGO/Si interface, whereupon they react with Si to increase the
thickness of the TGO layer. At the same time, SiO2 is taken to diffuse
through YbDS to reach regions in which YbMS exists. The trend
seen in Fig. 6(b) indicates the fraction of SiO2 lost from the TGO as a
result of the reaction with YbMS is parabolic, and therefore
consistent with diffusion through a YbMS depleted layer whose
thickness increases with time. The presence of porosity may have
provided fast diffusion pathways for SiO2 from the TGO, increasing
the extent to which it reacted with YbMS to form YbDS [61].
Poerschke et al. [62] have extensively examined SiO2 diffusion in
YbMS/Yb6HfO11 and YbMS/Yb4Hf3O12 systems, and argued that
mobility of the diffusing species is enhanced by both grain
boundaries and porosity, consistent with the observations reported
here. When the SiO2 thickness consumed via reaction (1) is
compared to that measured, Fig. 6(b), the total SiO2 thickness
would have been �0.45 mm thicker than that measured after
2000 h of steam cycling. Since the delamination risk of the coating
systems scales linearly with the TGO thickness and the difference in
the CTE of the layers [37], reducing the thickness of the TGO, and
the fraction of high CTE YbMS phase has improved the long-term
thermomechanical stability of the coating system.

While we are not able to identify the mechanisms by which the
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grains near the Si bond coat coarsen, we hypothesize that it is
related to the reaction described in Eq. (1), in addition to traditional
coarsening mechanisms of two-phase systems [52,53]. As the
migration of silica occurs from the TGO to YbMS near the bond coat,
the twomaterials react to from YbDS, as discussed earlier. We posit
that the reaction site will begin to nucleate, and if energetically
favorable, will be consumed by a larger YbDS grain in the vicinity.
Coarsening of YbDS grains near the Si bond coat has significant
implications for the growth of the TGO.Wada et al. [44] have shown
that oxygen diffusion pathways are enhanced along grain bound-
aries in polycrystalline YbDS. Larger grains of the YbDS phase near
the Si bond coat may therefore delay transport of oxidizing species
through this region of the topcoat, reducing the growth rate of the
TGO layer and contributing to the observed parabolic reaction with
YbMS.

Additional considerations in CTE must be made for this
dynamically evolving system. As mentioned previously, it is pref-
erable for YbDS to be in close contact with that of the Si bond coat
due to a similarity in CTE between the two materials. Because the
region near the Si bond coat preferentially forms YbDS over time,
the CTE between adjacent media in the silicate top coat and Si bond
coat are better matched as the coating is cycled.

While we have measured the thermal conductivities in the
plane of the YbDS coating, the associated temperature gradients
experienced by a turbine blade will be perpendicular to our mea-
surements. Additionally, our measured thermal conductivities for
YbMS and YbDS were all performed at ambient temperature, and
will not be the thermal conductivity at elevated temperatures
typically experienced in a gas-turbine engine. Based on the crys-
talline nature of these materials, one would expect a reduction in
the thermal conductivity as the ambient temperature is increased
due to an increase in anharmonic phonon-phonon scattering. A
variety of experimental and theoretical works have observed this
trend in YbMS [7,40] and YbDS [13,14]. The majority of these
experimental works, however, employ laser flash to measure the
thermal diffusivity of these materials up to 1600 K. As the charac-
teristic laser spot size in the laser flash technique is several orders
of magnitude larger than those used here, they inherently average
over multi-phase systems where grain and phase boundaries all
contribute to an average thermal conductivity of their specimen,
and does not provide the intrinsic thermal conductivity of YbDS or
YbMS alone. As a result of this, we choose to investigate the tem-
perature gradients that such coatings would endure at elevated
temperatures based on the theoretically calculated thermal con-
ductivity in the high temperature limit.

The theoretical minimum thermal conductivity in the high
temperature limit has extensively been discussed by Clarke [63].
Using this formalism, Zhou et al. [14] have estimated a lower limit
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of 1.18 W m�1 K�1 for YbDS, while Xiang et al. [40] have estimated
this to be 0.74Wm�1 K�1 for YbMS. Even at elevated temperatures,
the thermal conductivity of YbDS theoretically exceeds that of
YbMS. Using these theoretical high temperature thermal conduc-
tivity values, we calculate the nominal temperature distributions
based on the heat-conduction equation in the steady-state regime.
Wemodel these temperature gradients as a function of cycling time
to exemplify the impact of the compositional variation on the net
temperature differential of the coating. Specific details of the
simulation can be found in the Supplementary Information, but
includes the volatilization of SiO2 from YbDS at the surface of the
coating and the formation of YbMS, the presence of YbMS in YbDS
in the middle of the coating, and YbDS enrichment near the Si bond
coat. We do not include the TGO or the Si bond coat in our calcu-
lations. For reference, we also calculate the temperature gradients
formed if the EBC were comprised of either YbDS or YbMS.

The results of our calculations, Fig. 8, indicate a system
composed of pure YbDS exhibits the smallest temperature change
across the coating at 100 K, while the largest temperature differ-
ence of 160 K was achieved with pure YbMS. The temperature
difference across the stabilization annealed specimen, which was
modeled approximately as a composite with equal distributions of
YbMS and YbDS, shows a temperature difference of � 122 K. This
temperature differential is larger than a pure YbDS EBC, which has
better CTE match to the a-SiC substrate, but smaller than a pure
YbMS EBC, which has superior steam volatility resistance but has a
high CTE mismatch to the a-SiC substrate. As the EBC is cycled
further, and YbMS forms at the surface of the coating while YbDS is
enriched near the Si bond coat, the temperature differential in-
creases slightly, extrapolated to� 124 K at 5000 h of cycling time as
indicated via the inset of Fig. 8. This marginal increase in temper-
ature differential can be attributed to the volatilization of SiO2 from
YbDS at the surface of the coating, as the formation of YbMS is
Fig. 8. Calculated temperature drops across a typical 100 mm ytterbium silicate EBC,
accounting for SiO2 volatilization from YbDS at the surface of the coating, mixing of
YbMS and YbDS, and an increase in YbDS fraction near the Si bond coat. Temperature
calculations include an EBC composed entirely of YbDS (black line) and YbMS (cyan
short dotted line), the stabilization annealed coating (red dashed line), and coatings
cycled for 500 (blue dotted line), 1250 (green dashed-dotted line), 2000 (magenta
dashed-dotted-dotted line), and 5000 (beige short dashed line) hours. The inset shows
the total temperature drop arising from the implementation of the EBC as a function of
cycling time.
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coupled with its lower thermal conductivity. The higher thermal
conductivity YbDS serves to counteract this effect near the Si bond
coat, effectively creating a constant temperature differential across
the EBC as a function of cycling time. These results are fortified with
the improved steam volatility resistance of YbMS at the surface of
the coating and improved CTEmatch of YbDS that forms near the Si
bond coat to the a-SiC substrate. Combined, these factors allow the
coating to be more environmentally protective and thermo-
mechanically stable, all while offering thermal insulation compa-
rable to a TBC.

5. Conclusion

The associated microstructure and thermal characteristics of a
top coat EBC has drastic implications on the performance and
longevity of turbine components that implement such an EBC. The
steam volatility resistant YbMS and CTE-matched YbDS are ideal
constituents that should be readily implemented in such systems.
As-deposited, the top coat contains amorphous and metastable
constituents, and is not ideal for insertion into the hot section of a
gas-turbine engine. Upon a stabilization anneal, crystallization
throughout the coating is observed, which improves the CTE match
to the underlying SiC. The coating consists of a YbDS matrix with
YbMS interspersed throughout the coating, suggesting that an
improved distribution is possible. As the steam-cycling process
extends to prolonged periods, an increase in the YbDS concentra-
tion is found near the Si bond coat, while the volatilization of
SiO2 fromYbDS at the surface of the coating results in the formation
of YbMS, which has a higher steam volatility resistance. After 2000
cycling hours, this volatilized region thickens to �15 mm, and a
region free of YbMS is observed near the bond coat. This is further
confirmed via the associated thermal conductivity micrographs,
where the lowest thermal conductivities in the cross-section of the
coating are found at the exposed portion, and the highest are found
near the Si bond coat. The increased fraction of YbDS near the Si
bond coat enhances the CTE match with the underlying a-SiC and
reduces oxygen grain boundary diffusion as grain coarsening occurs
for prolonged cycling times. The implementation of a YbMS/YbDS
top coat EBC layer has several distinct advantages that make it a
strong choice for the use on SiC CMCs.
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