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Abstract
Temperature limitations in nickel-base superalloys have resulted in the emer-
gence of SiC-based ceramic matrix composites as a viable replacement for gas
turbine components in aviation applications. Higher operating temperatures
allow for reduced fuel consumption but present a materials design challenge
related to environmental degradation. Rare-earth disilicates (RE2Si2O7) have
been identified as coatings that can function as environmental barriers and
minimize hot component degradation. In this work, single- and multiple-
component rare-earth disilicate powders were synthesized via a sol-gel method
with compositions selected to exist in the monoclinic C 2/m phase (β phase).
Phase stability in multiple cation compositions was shown to follow a rule of
mixtures and the C 2/m phase could be realized for compositions that contained
up to 25% dysprosium, which typically only exists in a triclinic, P 1̄, phase. All
compositions exhibited phase stability from room temperature to 1200◦C as
assessed by X-ray diffraction. The thermal expansion tensors for each composi-
tion were determined from high-temperature synchrotron X-ray diffraction and
accompanying Rietveld refinements. It was observed that ytterbium-containing
compositions had larger changes in the α31 shear component with increasing
temperature that led to a rotation of the principal axes. Principal axes rotation
of up to 47◦ were observed for ytterbium disilicate. The results suggest that
microstructure design and crystallographic texture may be essential future
avenues of investigation to ensure thermo-mechanical robustness of rare-earth
disilicate environmental barrier coatings.
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1 INTRODUCTION

Nickel-base superalloys have reached the limit of their
high temperature capabilities within gas turbine engines.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2023 The Authors. Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

Silicon carbide-based ceramic matrix composites (CMCs)
provide a stronger, lighter, and more durable alternative to
Ni-base turbine blades and vanes.1–4 In a combustion envi-
ronment, however, SiC reacts with water vapor to form a

J Am Ceram Soc. 2023;1–11. wileyonlinelibrary.com/journal/jace 1

 15512916, 0, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.18986, W
iley O

nline Library on [22/01/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://orcid.org/0000-0001-7799-8612
https://orcid.org/0000-0002-3287-6686
https://orcid.org/0000-0001-5540-7084
https://orcid.org/0000-0003-0166-8136
mailto:as2ej@virginia.edu
mailto:jihlefeld@virginia.edu
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jace
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjace.18986&domain=pdf&date_stamp=2023-01-21


2 SALANOVA et al.

gaseous silicon hydroxide species.5 This volatilization reac-
tion is shown in Equation 1 and can beminimized through
the application of thermal/environmental barrier coatings
(T/EBCs).1,6–11

SiO2(s) + 2H2O(g) = Si(OH)4(g) (1)

Rare earth disilicates (REDS) have been identified as
promising T/EBC candidates due to their combination of
a low coefficient of thermal expansion (CTE) mismatch
with CMCs, high melting temperatures, and a low silicon
activity relative to pure silicon oxide.12 In application, how-
ever, REDS still undergo reactions with water vapor and
can transform into a rare-earth monosilicate or rare-earth
oxide. One possible mechanism to increase the thermody-
namic stability of REDS coatings is through the inclusion
of multiple rare earth (RE) cations in equimolar ratios.
With every cation addition, the configurational entropy
increases and compositions containing five equimolar
cations in solid solution are known as high-entropy (HE)
ceramics.13,14 High entropy ceramics may have their free
energy reduced compared to their individual components
due to the negative TΔS portion of Gibbs free energy and
high configurational entropy and the addition of multiple
REs can result in local ion mass variations and distor-
tions within the lattice that serve to reduce phonon mean
free paths. A reduction in phonon mean free path leads
to a reduction in thermal conductivity,15,16 which makes
the HE approach attractive for T/EBCs in ways single
component REDS cannot.
Creating high entropy REDS requires consideration of

cation size dependence of phase stability. When multiple
cations are added into solid solution, the final phase is
hypothesized to follow a rule ofmixtures.Within theREDS
system, there are several possible polymorphs. Between
room temperature and ∼1400◦C, single component REDS
comprising ions of erbium and smaller (e.g. erbium to
lutetium along with scandium and yttrium) stabilize into a
monoclinic (C 2/m) phase, those comprising ions between
dysprosium and gadolinium stabilize into a triclinic (P 1̄)
phase, and those comprising europium and larger stabilize
into the tetragonal (P 41) phase.17–19 There are additional
phases that exist at elevated temperatures for many of
these REDS. Only the C 2/m phase, when comprising the
smallest cations (i.e. Lu, Yb, and Sc), has effectively no
polymorphic transformations upon heating. This, along
with favorable thermal expansion properties with respect
to SiC make the C 2/m monoclinic phase (commonly
denoted as the β phase or as type C as defined by Felsche17)
technologically attractive. Despite their great promise, to
date, thermal expansion and phase stability data on mixed
and HE REDS remain lacking.20

Thermal expansion is a second-rank symmetric tensor
with nine coefficients. Due to symmetry elements of the
crystal, some of these coefficients are equivalent or are
zero and the tensor for a monoclinic crystal with 4 distinct
coefficients is shown below as Equation 2:

⎡
⎢
⎢
⎢
⎣

𝛼11 0 𝛼31

0 𝛼22 0

𝛼31 0 𝛼33

⎤
⎥
⎥
⎥
⎦

(2)

The shear coefficient (α13 and α31) terms are equivalent
due to the mirror plane present in the C 2/m structure,
while the normal coefficients (α11, α22, and α33) are all dis-
tinct. Thenormal tensor coefficients are orthogonal to each
other and can be referred to as the principal axes onlywhen
the conditions in Equation 3 are met.

𝑆1𝑥
2
1
+𝑆2𝑥

2
2
+𝑆3 𝑥

2
3
= 1 (3)

In Equation 3, S and x correspond to normal tensor
coefficients and physical dimensions, respectively. In a
monoclinic crystal, this condition is satisfied when S2
is parallel to the y diad axis.21 Previous research on the
CTE of REDS has reported a linear CTE derived from
dilatometry or X-ray diffraction (XRD) experiments, but
tensor representations of the CTE are significantly less
common.18,20,22–28 The determination of the CTE tensor
can more adequately describe anisotropy in materials
than a single value in a linear CTE, or even CTE val-
ues of individual lattice parameters. With an improved
representation of anisotropy, crystallographic information
can be correlated to microstructural developments that
impact the stress state and thermo-mechanical properties
of T/EBCs. This study focuses on the phase stability of
single-component, multi-component, and HE REDS and
the temperature dependence of the anisotropic CTE.

2 EXPERIMENTALMETHODS

2.1 Powder synthesis

The REDS were synthesized via a modified sol-gel
method.29–33 Rare earth nitrates and tetraethyl orthosil-
icate (TEOS) served as the rare earth and silicon oxide
precursors, respectively. For a REDS containing a single
RE, 1.00 g of the chosen rare earth nitrate was dissolved in
30 mL of ethanol. The water content of the nitrate precur-
sor wasmeasured via thermogravimetric analysis (Netzsch
STA-449 F1) and accounted for in the composition calcula-
tion and the mass of the rare earth nitrate was recorded
to 0.001 g precision. The solution was stirred to aid in
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SALANOVA et al. 3

dissolution. Separately, TEOS was measured by volume
and dissolved in 30 mL of ethanol. The volume of TEOS
used corresponded to a 1:1 ratio of the moles of silicon and
the moles of RE in the nitrate precursor. The dissolved
precursors were then combined into a single beaker con-
taining another 30 mL of ethanol. The reaction solution
was stirred and heated at 60◦C and allowed to gel over
24–36 h. The gel was then placed into a platinum crucible
and dried in a box furnace at 550◦C for 24 h in a static
air ambient. The drying process converted the sol-gel into
a xerogel that was brittle but maintained the networked
structure of the sol-gel.31 The xerogel was subsequently
ground into a powder with a Diamonite mortar and pes-
tle. The powder was placed into a platinum crucible and
exposed at 1400◦C for 18 h in a box furnace and static air
atmosphere to convert into the REDS. For a composition-
ally complex or high entropy REDS, the RE nitrates were
dissolved together in the same solution. Equimolar quan-
tities of each RE nitrate were batched (e.g. [Yb] = [Er] =
[Y] = [Dy] for Yb0.5Er0.5Y0.5Dy0.5Si2O7). The appropriate
volume of TEOS was used to keep the Si:RE ratio 1:1 with
all the REs. All other synthesis steps were the same for
samples containing multiple REs.

2.2 Diffraction experiments

Preliminary XRD experiments were performed on a Pan-
alytical Empyrean X-ray diffractometer (Cu Kα X-ray
wavelength of 1.54 Å) using an Anton Parr HTK1200 N
hot stage with a ramp rate of 10◦C/min and tempera-
tures from 25◦C to 1200◦C. Once the sample reached 50◦C,
the temperature was held to collect the diffraction pat-
tern. The hold and measure profiles were repeated at
subsequent 50◦C intervals. Following preliminary analy-
sis, experiments were conducted at beamline 11-ID-C at
the Advanced Photon Source at Argonne National Lab-
oratory. Transmission XRD experiments were performed
on REDS powders inside of a 1 mm diameter fused quartz
capillary with an X-ray energy of 105.7 keV, which corre-
sponds to a wavelength of 0.1173 Å. AK-type thermocouple
was fed in through one side of the capillary and con-
tacted the powder to ensure that the temperature reading
would report the temperature of the sample in the beam
path. Diffraction patterns were collected using a Pila-
tus 300KW detector with a sample-to-detector distance
to 1700 mm. Patterns were collected every 30 s as the
sample was heated at a rate of 10◦C/min from room tem-
perature to 1000◦C. This corresponded to a diffraction
measurement every 5◦C. Rietveld refinements were per-
formed on the data using GSAS-II.34 National Institute
for Standards and Technology instrument standards of
LaB6 (SRM-660c and SRM-660a for lab-scale and syn-

chrotron, respectively) andCeO2 (SRM-674b)were used for
calibration.

2.3 Tensor analysis

Once unit cell information was extracted from the refine-
ments, d-spacings were calculated and input into Coef-
ficient of Thermal Expansion Analysis Suite (CTEAS)
software to visualize the CTE tensor, acquire tensor coef-
ficients, and calculate thermal expansion as a function of
temperature.35 The temperature range was set from 25 to
1000◦C and the program fit the supplied data to a sec-
ond order polynomial, and then calculated the thermal
expansion and tensors through an algorithm outlined in
appendix D of the CTEAS user manual.

3 RESULTS AND DISCUSSION

3.1 Phase mixing

The average ionic radius for the REs included in the dis-
ilicate in an 8-fold coordination were used to predict the
final phase.36 Through thismodel, it was hypothesized that
REs could be stabilized into the C 2/m phase through a
rule of mixtures as long as the average RE ionic radius
was within the known range of stability as determined
by Felsche.17 For example, while Dy2Si2O7 is not stable
in the C 2/m phase, by using it as a fractional compo-
nent of a REDS with other smaller radii RE ions, the
average RE ionic radii is in range that is compatible with
C 2/m formation. This is shown in Figure 1 where dyspro-
sium was included in compositionally complex and high
entropy mixtures. Also shown is a composition includ-
ing neodymium (Yb0.4Er0.4Y0.4Dy0.4Nd0.4Si2O7). For this
composition the average ionic radii is 0.911 Å and this is
expected to be too large to be stable in the β-phase.
The mixtures in Figure 1 were synthesized using the

methods described in the experimental methods. The
powders were then characterized using XRD to confirm
the phases present. Figure 2 shows the XRD pattern of
ytterbium disilicate produced via the method described.
The powder contains majority phase peaks of mono-
clinic C 2/m and secondary peaks belonging to the C 2/c
(X2 phase) rare-earth monosilicate line compound (i.e.
Yb2SiO5). Analysis of peak intensities revealed that the
monosilicate secondary phases were present in weight
fractions of approximately 7%. This secondary monosili-
cate phase was present in all powders prepared in this
study. Since the Si:RE was batched 1:1, the monosili-
cate secondary phase points towards the possible pres-
ence of an additional silica secondary phase that would
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4 SALANOVA et al.

F IGURE 1 A rule of mixtures prediction of the stability of
REDS in the C 2/m phase. Average ionic radii below the heavy
dashed line are predicted to result in a REDS in the monoclinic
C 2/m phase. Those on or above the dashed line would be the
triclinic (P 1̄) phase.

F IGURE 2 X-ray diffraction (XRD) pattern of ytterbium
disilicate (Yb2Si2O7) showing the monoclinic C 2/m phase as the
primary phase with approximately 7% secondary phase presence of
ytterbium monosilicate (Yb2SiO5). The monosilicate phase is
denoted by the green squares. The reference patterns for the
disilicate and monosilicate are ICSD Collection Codes 16048 and
4446 respectively.37,38

not appear in XRD due to difficulty in crystallizing
SiO2. The presence of the monosilicate secondary phase
should not affect the composition of the primary dis-
ilicate phase since both are line compounds. Figure 3
shows XRD patterns of REDS prepared in this study.
Two of the compositions, Yb0.5Er0.5Y0.5Dy0.5Si2O7 and
Lu0.4Yb0.4Er0.4Y0.4Dy0.4Si2O7 experimentally validate that

F IGURE 3 Room temperature X-ray diffraction (XRD)
patterns of REDS with the labeled compositions and average RE
ionic radii. Two samples contain dysprosium, both stable in the C
2/m phase. All patterns indicate stability in the C 2/m phase.

dysprosium-containing REDS can be stabilized into the C
2/m phase through a rule of mixtures. No evidence of the
triclinic phase could be observed in the multi-component
disilicate solid solutions comprising rare-earths with aver-
age radii below 0.900 Å. For the Nd-containing composi-
tion, however, a secondary triclinic phase was observed,
demonstrating that too large of cation radii results in dif-
ficulty in stabilizing the β-phase. For the single phase
compositions, variations in the β-phase peak positions are
caused by differences in RE content and their distinct ionic
radii leading to lattice expansion and provides an indica-
tion that solid-solutions containing each cation without
phase separation or segregation of cations occurred.

3.2 High temperature XRD

To establish the stability of these phases at elevated
temperatures, high temperature XRD experiments were
conducted on REDS powders with lab-scale instrumenta-
tion in a Bragg-Brentano geometry and in a transmission
geometry with synchrotron radiation. All samples that
were primarily β-phase and shown in Figure 3 were
measured on the laboratory source, and compositions
of Yb2Si2O7, Er2Si2O7, (Yb,Er)2Si2O7, (Yb,Er,Y)2Si2O7,
(Yb,Er,Y,Dy)2Si2O7, and (Lu,Yb,Er,Y,Dy)2Si2O7 were mea-
sured at the synchrotron facility. The data taken at the
beamline and with lab-scale instrumentation showed no
indication of phase instability from 25 to 1000◦C (1200◦C
for lab-scale measurements), including the REDS con-
taining dysprosium. Contour maps of the lab-scale high
temperature XRD are shown for Er2Si2O7 and the four
component (Yb,Er,Y,Dy)2Si2O7 in Figure 4. There are no
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SALANOVA et al. 5

(A) (B)

F IGURE 4 Contour maps of the high temperature X-ray diffraction (XRD) measurements on a lab-scale diffractometer for (a) Er2Si2O7

and (b) the four component (Yb,Er,Y,Dy)2Si2O7 disilicate. The Er2Si2O7 reference pattern is from ICSD Collection Code 74779.39

new reflections that appear at higher temperatures, mean-
ing that there are no new phases that nucleate upon
heating to 1200◦C detectable by XRD. Contour map XRD
patterns for all other compositions from this study are
available in the supplemental materials, Figure S1.
Temperature-dependent synchrotron XRD data were

then refined to obtain lattice parameters, with the refine-
ment of Yb2Si2O7 shown inFigure 5 as an example.All data
were well fit, as indicated by low weighted residual per-
centage (wR) values. The lattice parameters, monoclinic
beta angle, and wR values are shown in Table 1. The val-
ues are reported at room temperature, 500◦C, and 1000◦C.
The full dataset for all measured temperatures is available
at the University of Virginia Dataverse.40

3.3 CTE/Tensor determination

Using the CTEAS software, tensors and graphical rep-
resentations of the CTE were determined. The tensor
components for different compositions are given in Table 2
at 25, 500, and 1000◦C. The entire dataset is available
through the University of Virginia Dataverse.40 The shear
component, α31, for erbium disilicate is the only coefficient
that is negative at room temperature. In every other case,
the shear components transition from positive to negative
upon heating. The implication that this shear component
has on the crystal structure will be discussed below. 3-D
graphical representations of CTE are shown in Figure 6
for Er2Si2O7 and Yb2Si2O7 between 25 and 1000◦C. The
expansion along the Y-axis is approximate to that of the
monoclinic b-axis unit vector direction, X is an arbitrary
axis that is orthogonal to both Y and Z, where Z is approxi-
mate to the c-axis unit vector direction. Since the crystal is
monoclinic, the angle (β) between the a and c unit vectors
is not equal to 90◦.

F IGURE 5 Rietveld refinement of Yb2Si2O7 with a residual
weight of approximately 3.4%. The tick marks below the fit
correspond to the disilicate and monosilicate reference files (ICSD
Collection Codes 16048 and 4446 respectively).37,38 Full scan range is
shown in (A), while the higher angle peaks are shown in (B). The
wavelength of X-ray radiation was 0.1173 Å.

The distance from the origin to the 3-D surface
corresponds to the magnitude of CTE in a specified
crystallographic direction. From these expansion surface
depictions, clear differences in the anisotropic thermal
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6 SALANOVA et al.

TABLE 1 Lattice parameters from refined synchrotron X-ray diffraction data at 25, 500, and 1000◦C. The error is an order of magnitude
lower than the significant figures presented and is therefore not reported.The raw values across the entire temeprature range can be accessed
through the University of Virginia Dataverse.40 * The heating element failed during the temperature ramp and caused the heating to stop at
approximately 970◦C instead of 1000◦C.

Composition wR (%)
T = 25◦Ca, b, c
(Å)beta (◦)

T = 500◦Ca, b, c
(Å)beta (◦)

T = 1000◦Ca, b, c
(Å)beta (◦)

Yb2Si2O7 3.313 6.80, 8.88, 4.71
101.98◦

6.82, 8.89, 4.71
101.95◦

6.83, 8.91, 4.72
101.98◦

Er2Si2O7 4.710 6.85, 8.94, 4.72
101.77◦

6.87, 8.96, 4.72
101.78◦

6.89, 8.98, 4.73
101.80◦

(Yb,Er)2Si2O7* 3.371 6.83,8.91,4.71
101.87◦

6.85, 8.93, 4.72
101.86◦

6.86, 8.94, 4.72
101.88◦

(Yb,Er,Y)2Si2O7 3.726 6.85, 8.94, 4.72
101.82◦

6.86, 8.95, 4.72
101.82◦

6.88, 8.97, 4.73
101.85◦

(Yb,Er,Y,Dy)2Si2O7 3.700 6.86, 8.95, 4.72
101.80◦

6.87, 8.96, 4.72
101.79◦

6.89, 8.98, 4.73
101,82◦

(Lu,Yb,Er,Y,Dy)2Si2O7* 4.023 6.85, 8.94, 4.72
101.80

6.86, 8.95, 4.72
101.80

6.88, 8.97, 4.73
101.83

TABLE 2 Rietveld refinement of synchrotron XRD data and calculated tensor components from CTEAS software. Values for all collected
temperatures are publicly available through the University of Virginia Dataverse.40 * The heating element failed during the temperature ramp
and caused the heating to stop at approximately 970◦C instead of 1000◦C.

Composition

T = 25◦C
α11, α22, α33, α31
(x10−6◦C−1)

T = 500◦C
α11, α22, α33, α31
(x10−6◦C−1)

T = 1000◦C
α11, α22, α33, α31
(x10−6◦C−1)

Yb2Si2O7 3.64, 3.28, 2.43, 0.66 4.66, 3.76, 3.06, -0.17 5.74, 4.26, 3.72, -1.04
Er2Si2O7 3.74, 3.68, 0.85, -0.29 4.73, 3.90, 1.59, -0.55 5.77, 4.12, 2.38, -0.83
(Yb,Er)2Si2O7 * 3.41, 2.97, 1.86, 0.28 5.13, 4.04, 2.86, -0.45 6.49, 5.17, 3.93, -1.21
(Yb,Er,Y)2Si2O7 3.42, 2.78, 1.45, 0.27 5.35, 4.06, 2.16, -0.56 7.36, 5.41, 2.91, -1.44
(Yb,Er,Y,Dy)2Si2O7 2.43, 2.32, 0.92, 0.34 4.85, 3.79, 2.01, -0.47 7.41, 5.34, 3.17, -1.31
(Lu,Yb,Er,Y,Dy)2Si2O7 3.09, 2.78, 1.17, 0.19 5.08, 4.00, 2.08, -0.56 7.18, 5.29, 3.04, -1.36

expansion behavior betweenEr2Si2O7 andYb2Si2O7 can be
observed. Specifically, the rotation and variations normal
to the Y axis in the 3D surface are temperature dependent.
The shift in direction of maximum CTE is illustrated more
clearly in a two-dimensional representation of CTE, which
is a cross-section of the 3D depictions. Figure 7 shows ther-
mal expansion ellipsoids as polar plots in the (010) plane.
The a- and c-axis direction labels correspond to crystallo-
graphic directions in the (010) plane, while distance from
origin is the magnitude of CTE. The blue portions of the
ellipsoid represent cooler temperatures and red indicate
elevated temperatures. The minimum andmaximum tem-
peratures shown are 25◦C and 1000◦C, respectively, and
the intermediate steps shown are in 25◦C intervals. These
data indicate that the principal axes are rotating upon
heating. The direction of maximumCTE in Er2Si2O7 shifts
from approximately 85◦ to 77◦ relative to the c-axis across
the range from room temperature to 1000◦C. In contrast,
the direction of maximum CTE shifts from approximately

113◦ to 67◦ relative to the c-axis from room temperature to
1000◦C in Yb2Si2O7. The angles of the eigenvectors rela-
tive to the c-axis were calculated via CTEAS and included
in the supplemental information. The ellipsoid shift rep-
resents a shift in principal axes without the principal axes
having to lie exactly at the extremum. In fact, there is a
difference of a few degrees between the angle of the eigen-
vectors and the CTE extremes relative to the c-axis. Figure
S2 shows the evolution of the eigenvectors (principal axes)
with temperature for all compositions and illustrates that
these thermal expansion extremum rotations are associ-
atedwith nearly equivalent eigenvector changes. All REDS
containing ytterbium exhibited a shift in direction of max-
imum CTE with temperature, including the high entropy
sample, (Lu,Yb,Er,Y,Dy)2Si2O7. However, as the fraction
of ytterbium in the composition decreased, the degree of
rotation of the principal axes was reduced compared to
pure Yb2Si2O7. While certain REs, notably ytterbium,
cause a rotation in principal axes, the driving mechanism

 15512916, 0, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.18986, W
iley O

nline Library on [22/01/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



SALANOVA et al. 7

F IGURE 6 3D representations of the coefficient of thermal expansion (CTE) tensors for erbium and ytterbium disilicate at different
temperatures. (A) Er2Si2O7 at 25◦C. (B) Yb2Si2O7 at 25◦C. (C) Er2Si2O7 at 500◦C. (D) Yb2Si2O7 at 500◦C. (E) Er2Si2O7 at 1000◦C. (F) Yb2Si2O7

at 1000◦C

is not clear. We speculate that this rotation is due to the
ionic radii of the cations, specifically the smaller ytterbium
and lutetium, filling more f-orbitals which may lead to
variations in local bonding that manifests into anisotropic
CTE.
This variation in bonding is speculated to only affect

CTE at lower temperatures before expansion can render
the influence of the f-orbitals negligible, explaining why
the final crystallographic direction of the maximum CTE
converges to similar final angle for all samples regard-
less of composition. The change in principal axes also
manifests in the lattice parameters. Figure 8 shows the nor-
malized lattice parameters and beta angles of Er2Si2O7 and
Yb2Si2O7. The distinction between the two compositions is
seen through the magnitude of the expansion in the c-axis
lattice parameter and shape of the beta angle trend across
the temperature range. For compositions that undergo

a shift in principal axes, the trend in beta angle with
respect to temperature can be described as a U-shape. For
Er2Si2O7, the trend in beta angle is a near constant increase
with temperature and no minimum can be observed. The
normalized lattice parameters and beta angles versus tem-
perature are included in supplemental materials, Figures
S3 and S4 for all other compositions. Figure 9 shows
how the α31 component is related to the beta angle for
Yb2Si2O7. The temperature at which α31 transitions from
negative to positive corresponds to the temperature of the
beta angle minimum. The dependence of α31 and beta
angle for all other Yb-containing compositions is shown in
Figure S5.
While the use of a linear CTE is commonplace, a single

value does not describe an anisotropic crystal adequately.
Additionally, the thermal expansion of a lattice can vary
with temperature, meaning that temperature regimes of
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8 SALANOVA et al.

F IGURE 7 2-D polar plots showing the change in the magnitude of coefficient of thermal expansion (CTE) along crystallographic
directions in the (010) plane from room temperature to 1000◦C. The color gradient represents the temperature, with blue being the lowest
temperature and red being the highest. The ellipsoids represent the following REDS compositions: (A) Er,DS (B) Yb,DS (C) Yb,Er DS
(D) Yb,Er,Y (E) Yb,Er,Y,Dy (F) Lu,Yb,Er,Y,Dy

high and low expansion are lost within a singular linear
CTE value. Linear CTE, however, is more commonly
reported and is useful in comparing materials. With a
tensor approach to CTE, the linear CTE can be calculated
from the tensor components by averaging α11, α22, and
α33. Another method of calculating linear CTE, used
by Fernández-Carrión et al.20 provided similar linear
CTE values without calculating tensor components. The
aforementioned work by Fernández-Carrión et al. also
reports similar linear CTE values for the REDS shown in
this work.20 The non-tensor method requires calculating
(ΔV/3VRT), where ΔV is the change in unit cell volume rel-
ative to room temperature and VRT is the unit cell volume
at room temperature. Once the normalized change in unit
cell volume is calculated, it is plotted versus temperature

where a line of best fit is used. The slope of the line of
best fit will be the estimated value of linear CTE. Both
methods were assessed in this study and are shown to
provide for comparable values for linear CTE. The results
are provided in Table 3 for all compositions from the
synchrotron diffraction experiment. Both methods of
calculating the linear CTE produced values comparable
to the values reported by Fernández-Carrión et al. for
β-phase erbium and ytterbium disilicates.20 Table 4 gives
the LCTE values from several sources in literature, where
ranges are reported if multiple values were found.20,23,26,27
It is noted, however, that the tensor representation used
in this work more clearly illustrates the rotation of
direction of maximum thermal expansion via the change
in principal axis vectors.
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SALANOVA et al. 9

F IGURE 8 Temperature-dependent lattice parameters normalized to room temperature for (A) Er disilicate and (B)Yb disilicate
showing a difference in expansion regarding the c unit cell direction and β angle. The difference in β angles for (C) Er disilicate and (D) Yb
disilicate are shown in more detail.

F IGURE 9 Shear component (α13) and beta angle are plotted
with respect to temperature for Yb2Si2O7. A horizontal dashed line
is given to represent when the shear component crosses over from
positive to negative, and this intercept corresponds to similar
temperatures at which the minimum of the beta curve occurs.

The temperature dependence of lattice parameters
can allow for a deeper understanding of the thermo-
mechanical considerations involved in engineering a
T/EBC. The evolution of anisotropic CTE can impact the
stress state of a polycrystalline material. It is clear from
this work that ytterbium-containing compositions exhibit
significant rotations in the principal axes and, therefore,
complex local stresses may develop in the microstructure.
Knowledge of the anisotropic CTE development, can be
used to engineer T/EBCs through intentional crystallo-
graphic texturing to maximize compatibility with CMCs
whileminimizing the intergranular stresses thatmay build
up through the lifetime of the material, or may require
alloying with non-ytterbium elements to reduce the degree
of principal axis rotation.

4 CONCLUSION

In summary, REDS powders were prepared using a sol-
gel method. Additional cations were included to create
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10 SALANOVA et al.

TABLE 3 Comparison between two methods of calculating the
average linear CTE from 25 to 1000◦C.

Composition

LCTE: Line of
Best Fit
(x10−6 1/◦C)

LCTE: Tensor
Components
(x10−6 1/◦C)

Yb2Si2O7 3.78 3.77
Er2Si2O7 3.48 3.49
(Yb,Er)2Si2O7 3.95 3.93
(Yb,Er,Y)2Si2O7 3.34 3.33
(Yb,Er,Y,Dy)2Si2O7 3.28 3.28
(Lu,Yb,Er,Y,Dy)2Si2O7 3.58 3.56

TABLE 4 Values for single component REDS from literature
and the temperature ranges for the LCTE experiments. Due to
differences in experimental methods, there are variations in values
relative to the LCTEs derived from the samples shown in this work,
and a range is shown for REDS with multiple LCTE values found.
aRef. 18, bRef. 20, cRef. 23, dRef. 26, and eRef 27.

Sample
Literature LCTE
(x10−6◦C−1)

Temperature
Ranges (◦C)

Yb2Si2O7
b,c,d,e 3.62–4.5 25–1500

Y2Si2O7
a 4.1 25–1400

Er2Si2O7
b 3.9 30–1600

single phase compositionally complex and high entropy
ceramics. It was observed that the final phase of the REDS
followed a rule of mixtures of cation radii that allowed for
the stabilization of REs into atypical phases. The phase of
the mixed and high entropy REDS studied remained sta-
ble from room temperature to 1200◦C. High-temperature
XRDdata allowed for the determination of the second rank
CTE tensors, enabling insight into anisotropy not possi-
ble with a single linear CTE value. The anisotropy of the
REDS is contingent on the composition. The presence of
ytterbium causes the direction of maximum CTE to shift
with temperature, while Er2Si2O7 has minimal shift in
direction of maximum CTE. The influence of ytterbium
in solid solution changed the principal axes and caused
a distinct rotation behavior in the lattice throughout high
temperature experiments. The cause for the shift in princi-
pal axes is currently unknown but is speculated to be due
to the lanthanide contraction allowing for the f-orbitals of
small rare-earth cations to impact bonding at lower tem-
perature ranges. The effects of a rotating principal axis
manifest through lattice parameters and CTE tensor shear
components. Recognizing that these rotations exist and
understanding their origins can help improve the thermo-
mechanical considerations involved in creating T/EBCs for
CMCs.
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