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In recent years, rare-earth silicates have become the industry standard for coating state-of-the-art SiC ceramic
matrix composite (CMC) gas turbine engine components, due to their low volatility, high melting point,
and thermal shock resistance. Current research is focused on designing rare-earth silicate based thermal-
environmental barrier coatings (T/EBCs) with improved resistance to CMAS (CaO-MgO-Al,0;-Si0,), steam, and
crack formation, while maintaining high temperature performance and stability. In this work we compare the

high temperature performance of a variety of single and multi-component rare-earth mono- and disilicates (MS,
DS) and rare earth apatites by measuring their melting points and spectrally averaged visible emissivities using
laser heating and radiation pyrometry. We also report room temperature thermal conductivity measured by time-
domain thermoreflectance (TDTR).

In order to achieve greater efficiency, gas turbine engines must be
able to operate at higher temperatures. Silicon carbide ceramic matrix
composites (CMCs) are promising alternatives to current industry stan-
dard nickel superalloys due to their high temperature performance and
high strength-to-weight ratio [1]. However, the introduction of SiC in
engine components brings about a new set of challenges to overcome.
SiC is highly susceptible to steam corrosion [2-5] and reaction with de-
posits of molten atmospheric debris [6]. A suitable barrier coating for
SiC components must therefore not only have a low thermal conduc-
tivity and match the coefficient of thermal expansion (CTE) of SiC, but
also limit the diffusion of steam and molten debris to the SiC surface.
The class of materials collectively referred to as rare earth silicates has
emerged as a strong candidate for the next generation of environmental
barrier coatings [3,4,7-10].
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The materials studied in this work include a variety of rare earth
mono- and disilicates and rare earth apatites, as well as several composi-
tionally complex disilicates containing multiple rare earth metals. Com-
positionally complex materials have received much attention in recent
years, especially for high temperature applications, where their high
configurational entropy offers the potential for improved stability. Mul-
tiple principle component barrier coating materials have been shown
to have advantageous thermal and mechanical properties in a num-
ber of high temperature applications throughout literature [8,11,12],
including low thermal conductivity [8,13] and high hardness and mod-
ulus [14-16]. Although rare earth silicates have been well studied up to
1500°C [8,10,17], the target surface component temperature for CMC
combustors and vanes is >1482 °C [18], and few studies have considered
these materials at temperatures near melting since the work of Toropov
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and Bondar in the 1960s [19-24]. In this work we use a high-power
infrared laser to locally heat the silicate samples beyond their melting
point and employ a spectrally-resolved radiation pyrometry technique
to simultaneously measure melting point and spectrally-averaged visible
emittance. We report the resulting melting point and high temperature
thermal emittance, hereafter referred to as “emissivity”, for a variety of
single and multiple principle component rare earth silicates [25,26]. We
also measure room temperature thermal conductivity using the optical
pump-probe technique, time-domain thermoreflectance [27]. Finally,
we investigate the effects of high temperature laser heating and melt-
ing on the microstructure of select rare earth silicates through energy
dispersive spectroscopy (EDS), and microfocus-Xray diffraction (XRD),
reported in Supplemental Materials. These measurements are essential to
the evaluation of new coating materials that would facilitate increases in
gas turbine inlet temperature and improve efficiency in next-generation
engines.

Room temperature thermal conductivity was measured via time-
domain thermoreflectance (TDTR), as described in Supplemental Ma-
terials, and the results are plotted in Fig. 1. We find that the single-
component disilicates collectively demonstrate substantially higher
thermal conductivity than the single-component monosilicates or ap-
atites, with Sc,Si, O, exhibiting a notably high thermal conductivity
exceeding 10 Wm~!K~!. Although the monosilicates measured have
larger rare earth (RE) crystal radii than their disilicate counterparts, this
appears to not be the only factor in play. When considering Yb,Si, 0,
and Yb,SiOs, the Yb coordination numbers are very similar, resulting
in nearly identical crystal radii. However, the two systems exhibit dras-
tically different thermal conductivities. We hypothesize this is due to
greater distortion in the monosilicate lattice [28], leading to increased
phonon scattering.

From these results we also observe that the multiple principle compo-
nent silicates and the rare earth apatite structures exhibited suppressed
thermal conductivities, below that predicted by rule of mixtures. The
apatites were measured to have particularly low thermal conductivities
for this class of materials, approaching the theoretical minimum of their
monosilicate counterparts of ~1 Wm~'K~! [4,29]. This is expected due
to the presence of cation vacancies in the REg 33 ¢7(Si04)60, struc-
ture and large concentrations of oxygen vacancies [30-33] that both
act as point defects. This effect has been previously studied in yttrium
stabilized zirconia (YSZ). Although Y3+ and Zr*t are very similar in
size and mass, oxygen vacancies are necessary to preserve the charge
balance when zirconia is doped with yttrium to form YSZ [30]. The re-
sulting reduction in conductivity, from ~5 Wm~'K~! in zirconia to ~1.5
Wm~!'K~! in YSZ is attributed almost exclusively to phonon scattering at
the new oxygen vacancy point defects based on experiments performed
on rutile [34]. Similarly in the apatites measured here, these point de-
fects scatter phonons and lead to a significant reduction in thermal
conductivity. The low thermal conductivity of apatite, and its potential
to limit CMAS infiltration, offers benefits to monosilicate or disilicate
EBCs when they are exposed to CMAS and an apatite layer forms on the
surface. In the case of the multiple principle component silicate sam-
ples, it is instead the high degree of mass disorder between the cations,
as well as the resulting distortion in the Si-O tetrahedra that contributes
to phonon scattering and the suppressed thermal conductivity observed
in these samples, as previously observed by Ridley et al. [8,35], leading
to a thermal conductivity below that predicted by rule-of-mixtures.

The low thermal conductivity demonstrated in both the multi-
component silicates and the apatite structures is promising for their
potential as thermal barrier coatings. Thermal conductivities on the
order of YSZ (1.49 Wm~'K™!) or lower are necessary to provide a suffi-
cient reduction in temperature between the hot inlet gas temperatures
of the engine and the surface of the SiC CMC turbine blade. Low thermal
conductivity of apatites along with their high melting temperature rec-
ommends them as top candidates for next-generation combined T/EBCs.

The melting temperature of a variety of rare earth silicates and ap-
atite structures was measured by radiation pyrometry, described in de-
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Fig. 1. Thermal conductivity at 300 K is measured by time-domain thermore-
flectance (TDTR) and plotted as a function of rare earth cation radius.

tail in Supplemental Materials. Briefly, we heat the samples by a high
power Nd:YAG laser at 1064 nm. A 256-channel spectropyrometer mea-
sures the spectrally resolved radiation intensity from the sample in the
500-1000 nm wavelength range while a single-wavelength pyrometer
operating at 663 nm measures surface radiance temperature with a
higher temporal resolution. A set of example thermograms is shown in
Fig. 2. We measure the melting temperature as the temperature of the
thermal arrest associated with resolidification upon cooling. Trials of
each sample were conducted in both 1.5 bar argon and ambient air envi-
ronments. Although many of the samples were observed to change color
when heated in argon, when we compare the measured melting temper-
ature between the two environments, we find that with the exception
of Gd,SiO5 and LaGd apatite, the presence of an inert atmosphere does
not impact the melting point of the silicate samples, and we therefore
average the results of trials in air and argon to calculate the reported
melting temperature. We hypothesize that the darkening of the samples
at high temperatures in argon is due to the creation of oxygen vacan-
cies in the high temperature, low-oxygen environment, as this is also
observed in silicates sintered via spark plasma sintering (SPS) in argon.
Material darkening due to oxygen vacancies can occur at very low va-
cancy concentrations, affecting the optical properties while not affecting
the material’s mechanical properties. This results in much higher absorp-
tion at the laser wavelength, allowing us to reach melting temperatures
with much less laser power. The sample subsequently returns to its orig-
inal color when it is heated in air. In the case of Gd,SiO5 and LaGd
apatite, we not only observe a color change when the samples are heated
in argon, but an increase in emissivity and a ~100 K decrease in melting
temperature. We report the results of the trials conducted in argon for
these samples, as they more closely resemble the conditions of Toropov
and Bondar’s experiments on the Gd,05-SiO, system, which were con-
ducted under vacuum [20]. The results of all melting point experiments
are shown in Fig. 3.

We observe that for silicates of the same rare earth element, the
monosilicate has a higher melting point than the disilicate, as evidenced
by the La and Yb silicates. This is in agreement with the trends present
in phase diagrams developed by Toropov and Bondar [21,19], and as
also calculated by Ye, et al. [37]. In general, the apatite samples demon-
strated even higher melting points than their monosilicate counterparts,
with Yb apatite being the exception. Yb apatite however, exhibited a sec-
ond thermal arrest at 2203 K. Further characterization of the sample via
XRD revealed that the Yb,SiO5 and Yb,Si, O, constituent powders re-
mained unreacted in the sintered Yb apatite sample, and remained a
two-phase system. We thus observed the melting points of the disilicate
and monosilicate phases through two distinct resolidifications. The two-,
four- and five-component rare earth disilicates are observed to have high
melting temperatures, competitive with their single-component counter-
parts and undiminished by their compositional disorder. This is encour-
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Fig. 2. Thermograms of Yb,SiOs, Yb,Si,0,, and Yb apatite cooling from melt,
with the solidification plateau indicated.
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Fig. 3. Experimentally determined melting point for a) RE monosilicates and
apatites and b) RE disilicates, compared against previous measurements by
Toropov and Bondar [19-22,36,24]. Note: Yb ap. sample is unreacted two-phase
mixture of Yb,SiO5 and Yb,Si, 0.

aging as it demonstrates the possibility of tuning high-temperature ther-
mal and mechanical properties through selection of rare earth cations
without compromising melting temperature.

Previous studies on the melting point of rare earth oxides (RE,05)
[38-41] have found linear trends with the rare earth ionic radius, as well
as the number of electrons in the 4 f orbital of the RE. For these oxides,
the melting point decreases with increasing ionic radius, and increases
with increasing number of electrons in the rare earth’s 4 f orbital. This
is to be expected as the distance between the atoms is indicative of the
bond strength. With this reasoning in mind, we similarly expect the melt-
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Fig. 4. Spectrally averaged visible emissivity at the materials’ respective melting
temperature plotted as a function of rare earth cation radius. Red circles rep-
resent RE disilicate samples, blue squares designate monosilicates, and green
triangles designate apatites. (For interpretation of the colors in the figure(s),
the reader is referred to the web version of this article.)

ing point of rare earth mono- and disilicates to trend with rare earth
radius. It has been shown previously in X 1 type monosilicates and ap-
atite structures that elastic modulus increases with decreasing rare earth
ionic radius [42,43]. As the bond length of the [SiO,] tetrahedra is less
impacted by changes in RE cation than the bonding in the REO, poly-
hedra [44], we anticipate trends previously observed in RE oxides to
be representative of the RE silicates as well. However, the results of our
melting temperature measurement do not trend with rare earth radius or
calculated elastic modulus. If we instead look to the average interatomic
force constants, as calculated for a variety of RE,Si,O; polymorphs by
Luo et al. [45], we see that interatomic force trends only weakly with RE
ion, and is far more dominated by phase than RE ion. Additionally, Luo
et al. observe that the average interatomic force constants for the Si-O
bonds are more than five times greater than those of the RE-O bonds.
Considering the weak trend in RE-O bond strength with RE ion and the
relative weakness of the RE-O bond in general, it is reasonable that we
observe little change in melting temperature with RE crystal radius.

To investigate the effects of compositional disorder on melting point,
a number of multi-component silicate systems were measured as well.
The four and five-component disilicates had the highest melting tem-
peratures recorded for the multi-component disilicate samples with
values of 2301+249 K and 2261+351 K, exceeding that of the seven-
component system. The large uncertainty associated with the exper-
iments on the compositionally complex materials is due to both low
emissivity and the large number of intertwining spectral features, simi-
lar to those seen in oxides of erbium [46], that are still present at these
temperatures resulting in higher uncertainty in the linear fit of radiance
temperatures. Despite the large uncertainties reported with these val-
ues, we are confident that the compositionally complex disilicates offer
anew avenue to low thermal conductivity EBC with competitive melting
temperatures.

The spectral intensity of radiation from each sample is measured
at its respective resolidification point as detailed in Supporting Informa-
tion. This distribution is analyzed using the described linear approxima-
tion of inverse temperatures to calculate the spectrally-averaged normal
emissivity from 550-700 nm of the samples near the solid-liquid phase
transition, as identified by the thermal arrest during resolidification.
The measured emissivities are reported in Fig. 4. We note that although
we refer to these values by the term “emissivity”, this measurement is
subject to both the properties of the samples as prepared, and the dy-
namic nature of the resolidification experiment itself, and thus are not
a measurement of the intrinsic emissivity of the RE,SiO5 and RE,Si, 05
systems. However, the measured thermal emittance at resolidification
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is interesting in its own right and it is worth discussing the observed
trends.

It was unexpected that the monosilicates and apatites displayed such
high emissivities regardless of RE ion. Previous studies on the optical
properties of RE zirconates have demonstrated manipulation of absorp-
tion in the near-IR through RE dopant selection [47], including enhance-
ment of optical properties across the visible and near-IR spectra through
multiple-cation contributions. However, these experiments were con-
ducted at room temperature. In our high-temperature measurements,
we observe a systematic increase of emissivity in RE monosilicates and
apatites, as well as some disilicates. We hypothesize that the high emis-
sivity observed in the RE apatites and monosilicates is due to increased
vacancy concentration in addition to the expected broadening associ-
ated with high temperatures. The effect of oxygen vacancies and point
defects has been studied previously in silica, zirconia, and samaria by
Avdoshenko and Strachan [48]. It was determined through DFT calcu-
lations that oxygen vacancies led to a substantial increase in emissivity
at 2000 K in both zirconia and samaria. This hypothesis is further sup-
ported by our observations on the Gd,SiO5 system, which exhibited a
considerably higher emissivity when melted in argon than when melted
in air, likely due to an increase in oxygen vacancies that formed when
the sample was heated in the absence of oxygen.

The emissivity of these coating materials at high temperature is crit-
ical to their potential as a combined thermal and environmental barrier
coating. Low emissivity implies not only limited radiative heat dissipa-
tion, but direct radiative heating of the underlying bond coat or com-
ponent from the hot combustion gases in the engine. By increasing the
emissivity, and thus absorption, of the coating material in the visible and
near-IR regime, the temperature at the coating/component interface can
be dramatically reduced, allowing for higher engine operating temper-
atures [47,49]. Based on the experimental results of the present study,
RE monosilicates and apatites may be more favorable as radiative bar-
rier coatings at high temperatures. Further experimentation is needed
to determine the mechanisms of the observed dramatic enhancement of
emissivity at high temperature, and our future work aims to characterize
the temperature dependence of emissivity in these RE silicate systems.

In summary, we have determined the melting temperature, normal
spectrally averaged visible emissivities, and thermal conductivities of
a number of rare earth silicate and apatite compounds. These thermal
properties are critical to evaluating materials’ suitability for the high
temperature conditions of a gas turbine engine. Although it is difficult
to recommend a specific silicate composition based on thermal con-
ductivity, emissivity, and melting temperature alone, based on these
results, we can, however, rule out materials with especially low melt-
ing points, such as Gd,SiOs, or silicates containing lanthanum, which
exhibited signs of silica volatilization, as potential candidates for a next-
generation EBC. By studying such a variety of silicate systems, we can
better predict the effects of RE cation, compositional complexity and
crystal structure on high temperature behavior and guide the design of
the next generation of thermal and environmental barrier coatings.
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