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ABSTRACT

This work explores the possibility of tailoring the thermal conductivity and thermal expansion of rare
earth monosilicates through the introduction of multiple rare earth cations in solid solution. Six rare
earth monosilicates are studied: Sc,SiOs, Y,SiOs, Nd,SiOs, Dy,SiOs, Er,SiOs, and Yb,SiOs. Four equimo-
lar binary cation mixtures and a five-cation equimolar mixture were characterized. Thermal expansion
was measured up to 1200 °C with X-Ray Diffraction (XRD) and bulk thermal conductivity was measured
by Hot Disk technique. The linear coefficient of thermal expansion (CTE) of mixed-cation systems fol-
lowed a rule of mixtures, with average linear CTEs between 6 - 9 x 106 /°C. Scandium monosilicate
showed a lower linear CTE value as well as a notably lower degree of CTE anisotropy than other rare
earth monosilicates. Thermal conductivity was found to decrease below rule of mixtures values through
increasing heterogeneity in rare earth cation mass and ionic radii, as expected for the thermal conduc-
tivity of solid-solutions. The five-cation equimolar RE,SiOs (RE=Sc, Y, Dy, Er, and Yb) shows a thermal
conductivity of 1.06 W/mK at room temperature, demonstrating that multi-component rare earth sili-

cates are strong candidates for novel dual-purpose thermal and environmental barrier coatings.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Background

Ceramic matrix composites (CMCs) are considered effective
alternatives for some nickel base superalloy components in hot
sections of turbines. As of 2016, CMCs have even been introduced
into commercial aircraft engines [1]. Silicon carbide (SiC) based
CMCs (SiC/SiC) have a lower density and higher temperature
capability than traditionally used superalloys, which allow for
increased turbine efficiency through lowering engine weight and
by increasing operating temperatures. When SiC is subjected to
a combustion environment, it reacts with oxygen to form a silica
scale, which concurrently undergoes a reaction with water vapor to
form a volatile silicon hydroxide gas [2]. Volatilization of the oxide
leads to recession of the CMC and eventual failure of the material.
Environmental barrier coatings (EBCs) are needed as a protective
layer to limit chemical interactions between the CMC and the
environment. Thus, EBC candidates should be chemically stable
with the combustion environment, SiC/SiC CMC, and silicon bond
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coat. Candidates should also have high melting temperatures, low
CTE mismatch with the CMC, and good thermal shock resistance.

EBCs consist primarily of rare earth disilicates due to CTE match
to both the silicon bond coat and CMC. Rare earth monosili-
cates exhibit superior chemical stability, lower thermal conductiv-
ity, limited number of polymorphs, and higher melting tempera-
tures compared to their disilicate counterparts. Monosilicates are
T/EBC candidates either within a monosilicate/disilicate mixture or
as a top coat [3]. De-bonding and spallation from CTE mismatch
and microcracking from elastic anisotropy currently prevent rare
earth monosilicate usage as a single EBC layer for extended life-
times.

Rare earth silicates also react with water vapor at high temper-
atures to form a volatile silicon hydroxide gas, although at lower
rates than SiC. The respective reactions are shown in Eqs. (1) and
(2) (RE=rare earth element).

RE;Si;07 + 2H,0 (g) — RE,SiOs + Si(OH), (2) (1)
RE,SiOs + 2H,0 (g) — RE;05 + Si(OH), (g) (2)

The silica activity of RE;Si; 07 + RE;SiOs for yttrium and ytter-
bium rare earths are near 0.3 at 1600 K, while for RE;SiOs + RE;03
the activity of silica is closer to 0.003 [4,5]. The much lower silica
activity of the RE,;SiOs + RE;03 mixtures highlights the need to
identify methods for tailoring rare earth monosilicates for use in
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turbine applications. Computationally, Han et. al. hypothesize that
rare earth cation mixing in monosilicates could lead to possible
tailoring of water vapor resistance through adjustment of Si-O
bond strengths [6]. It has also been shown with DFT and experi-
mental work that flexural strength, elastic modulus, and thermal
shock resistance are all dependent on rare earth cation mass for
RE,SiO5 with the C2/c monoclinic crystal structure, termed the X2
structure [7]. Thermal expansion research has been mostly limited
to mean expansion values via dilatometry, where no anisotropy
is measured. Mixing of rare earth disilicates has been shown to
produce a minimum in thermal conductivity at equimolar amounts
through mass and bonding heterogeneity across the lattice [8],
and is predicted to also occur for the monosilicate phase [3,9].

All RE;SiO5 are monoclinic and stable as either space group
P2¢/c or C2/c, which are generally termed the X1 and X2 struc-
ture, respectively [38]. X1 is the stable structure for larger rare
earth cations La-Gd, while X2 is the stable structure for smaller
cations Tb-Lu. For rare earth monosilicates showing both struc-
tures as polymorphs, X1 is stable at low temperatures while X2
appears at elevated temperatures. Each structure contains rigid
silicon-oxygen tetrahedron and soft rare earth-oxygen polyhedron,
where one oxygen atom position in each system is not a part of a
Si-O tetrahedron and instead is loosely bound to rare earth atoms.
Nd,SiOs is the only X1 structure material discussed in this work.
All other rare earth monosilicates (RE=Sc, Y, Dy, Er, or Yb) in this
work appeared stable as the X2.

The goal of this research is to explore possibilities in tailor-
ing thermal expansion and thermal conductivity of rare earth
monosilicates by mixing rare earth cations. Results of binary
equimolar mixtures of X2 monosilicates, (RE,RE),SiOs of (Dy,Er),
(Dy,Sc), (Yb,Sc), and (Yb,Er), and a 5-cation equimolar mixture,
RE,SiO5 (RE=Sc, Y, Dy, Er, and Yb), are explored alongside each
single cation system. Multi-component rare earth cation systems
are compared to their rule of mixtures values to elucidate how
changes in average ionic radius and cation mass affect thermal ex-
pansion, CTE anisotropy, and thermal conductivity.

2. Experimental methods
2.1. Sample preparation

Mixed RE,SiOs were made by blending equimolar ratios of pre-
reacted single cation monosilicates (Praxair, United States). Starting
Nd,SiOs powder had an average diameter of 0.8 pm. All other ini-
tial powders were obtained as spray granules composed of 1 um to
sub-micron particles as shown in Fig. 1. Fine powders were desired
to promote solid solution formation upon processing.

The purity of each starting powder was verified with a Pana-
lytical Empyrean X-ray diffractometer (Malvern Panalytical, West-
borough, MA). Starting powders and sintered products were char-
acterized with X'Pert High Score Plus software to find unit cell pa-
rameters and phases present. In RE,SiOs (RE=Y, Nd) no additional
phases were detected by XRD or energy dispersive spectroscopy
(EDS) techniques.

Powders were weighed to an accuracy of +/- 0.5 mg and mixed
in equimolar ratios by dry ball milling for 24 h with stabilized zir-
conia ball mill media. Uniformly mixed powders were then loaded
into a 20 mm diameter graphite die and consolidated by spark
plasma sintering (SPS) using a Thermal Technologies DCS 25-10
SPS (Santa Rosa, CA). The SPS process was performed in argon,
with a 10 to 20 minute hold at a maximum temperature and pres-
sure of 1550-1700 °C and 65-70 MPa, respectively. After the SPS
process, samples were annealed for 24 h at 1500 °C in air to re-
move residual carbon and restore oxygen stoichiometry.

Densities were calculated by ASTM standard (B962 - 15)
Archimedes method with oil infiltration under vacuum to account

Fig. 1. a. Thermal spray powders of as-received Sc,SiOs, b. as-received Yb,SiOs, and
c. (Yb,Sc),Si05 powder after ball milling for 24 h.

for the impact of sample porosity on thermal conductivity mea-
surements [10]. Single cation monosilicates showed densities of
92.5-98.8% relative density, binary solutions showed 90.2-96.2%,
and the five-cation solution showed 86.8% relative density. For
mixed rare earth cation monosilicates, crystal density was calcu-
lated via Rietveld refinement. Samples were polished to 1 pm using
diamond suspension, then thermally treated at 1500 °C for 30 min-
utes in air to show grain boundary grooving. The microstructures
were characterized with FEI Quanta LV200 Scanning Electron Mi-
croscope (SEM) with Energy Dispersive Spectroscopy (EDS). Trans-
mission electron microscopy (TEM) was conducted with a Themis
Z (Thermo Fisher Scientific: Waltham, MA). TEM sample prepara-
tion for the five-component RE,SiOs included fine polishing with
0.05 pm colloidal silica.

Coefficients of thermal expansion (CTE) were measured by hot
stage XRD with an Anton Parr (Ashland, VA) HTK 1200N non-
ambient stage. Measurements were made in air at 100 °C incre-
ments upon heating from room temperature up to 1200 °C with
60 °C/min heating rate. At each temperature increment, three XRD
scans from 13-60° were acquired consecutively and combined by
HighScore Plus software after measurement. Thermal conductiv-
ity was measured with Hot Disk, a transient plane source method
where a sensor heats a sample through short current pulses and
then measures thermal transport by time dependent resistivity
changes [11-13]. Thermal transport is measured by fine control of
electronic transport through the sensor, which is geometry depen-
dent. Using this method, both thermal conductivity and thermal
diffusivity are measured. The Hot Disk measurements were cal-
ibrated over a temperature range from room temperature up to
300°C by a SiO, reference sample, and agree well with literature
values [14]. Room temperature values for each sample were mea-
sured along with temperature dependence for the five RE cation
mixture RE;SiO5 (RE=Sc, Y, Dy, Er, and Yb) up to 300 °C.

3. Results
3.1. Phase stability

X-ray diffraction patterns of the single cation monosilicate com-
ponents and the five rare earth cation monosilicate are shown in
Fig. 2. Phase purity was characterized with the ICDD XRD patterns
in HighScore Plus software. The Sc,SiO5 and Yb,SiOs ICDD stick
patterns are presented on the figure as a guide to the peaks as-
sociated with the monosilicate phases. Minor peaks corresponding
to either a disilicate phase RE,Si,O; or a rare earth oxide phase
RE, 03 are present from impurities in starting powder material. It
can be seen that peaks for the five rare earth cation mixture are
consolidated, representing a mixed rare earth silicate material.

Fig. 3 shows representative microstructures of single cation and
mixed rare earth cation systems. EDS maps of each mixed cation
sample (not included) show solid solution formation, with 1-10 yum
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Fig. 2. X-ray diffraction of single cation monosilicates and a multi-component
RE,SiOs, RE=Sc, Y, Dy, Er, and Yb.

clustering of single cations. The size of rare earth cation clustering
corresponds to the size of rare earth oxide RE;03 and/or disilicate
RE,Si; 0, impurities within the starting powders before and after
ball milling. This implies that there is no phase separation of the
RE;SiOs mixed cation samples after the SPS processing and anneal-
ing procedure. As the number of rare earth element additions in
each specimen increased, the bulk density was seen to decrease. It
is possible that the decrease in density represents a resistance to
sintering for multi-component rare earth silicates.

Energy dispersive spectroscopy (EDS) of the five-rare earth
cation monosilicate system is shown in Fig. 4. Minor clustering of
cation intensity on the maps correspond to starting impurities in
the powders. Impurities suggested by the rare earth clustering in
Fig. 4 were not noticeable in the XRD pattern.

Selected area electron diffraction (SAED) was also performed in
order to resolve local segregation on the nanometer scale. Fig. 5
shows the SAED pattern of the [121] zone axis for the five-
component RE,SiOs as well as a simulated pattern of the [121]
zone axis derived from XRD crystal data. A single monoclinic crys-
talline pattern is presented with no visible distortions or satellite
peaks. TEM EDS is provided as supplementary information to this
work.

3.2. Hot stage CTE

Unit cell dimensions for each sample were calculated from the
X-ray data for each corresponding temperature. The differences in
room temperature unit cell volume parameters were below 0.3%
between measured and ICDD database values [15-18]. Results for
the five-component RE,SiO5 are shown in Fig. 6 as a representative
of the temperature dependent unit cell growth, where a, b, c, Beta
angle, and unit cell volume are normalized to 1 for comparison. It
can be seen that as the unit cell expands, X2 monosilicates show a

gz:-fnll expansion coefficients measured for Yb,SiOs in powder and sintered form.
CTE x106/°C
Yb,SiOs a b c Beta angle Linear
Powder 2.65 6.59 10.5 -1.59 7.33
Sintered 2.73 6.57 10.3 -1.49 7.25
Table 2

Average linear CTE for single rare earth cation monosilicates from this study com-
pared with literature values measured. *Refers to non-ambient XRD measurements.

RE,SiOs RE Measured Linear CTE  Literature CTE Literature
Cation (XRD) 100-1200°C x108 J°C Temperature
x108 J°C Range (°C)
Sc 6.17 6.2 [21], 5-6 [22]  400-1400, 200-1400
Y 6.86 6.9 [23],*6.9 [24]  200-1350, 100-1200
Nd (X1) 8.91 9.9 [3] 400-1400
Dy 7.46 8 [21] 400-1400
Er 7.40 7.5 [25] 100-1300
Yb 7.25 7.2 [23],*6.3 [26]  200-1350, 200-1400

decrease in the Beta angle as the unit cell moves towards a more
orthorhombic type structure.

A comparison of average axial CTE from 100-1200 °C of Yb,SiOs5
powder and sintered sample is shown in Table 1 in order to vali-
date the provided X-ray diffraction data. Average axial CTE and vol-
umetric CTE results between powder and sintered Yb,SiO5 samples
agree well, which verifies that residual stresses do not significantly
impact CTE results.

Unlike all X2 structure materials, X1 Nd,SiOs stands out as the
only material to show non-linear variation in unit cell parameters
as temperature is increased up to 1200 °C, as seen in Fig. 7. Impli-
cations of this for CTE calculations of Nd,SiO5 are discussed later.

Linear CTE was calculated from the volume expansion divided
by 3 to represent the average CTE in arbitrary directions x, y, and
z, by the relationship CTE = %%. These arbitrary directions do
not necessarily correspond to a, b, and c axes due to the Beta an-
gle being unequal to 90°. The CTE of the unit cell axes and Beta an-
gle were calculated similarly, with the reference temperature being
20°C. Each a, b, and c direction and Beta angle for which axial CTE
is calculated are defined in Fig. 8. The smaller blue atoms repre-
sent silicon, red atoms represent oxygen, and teal atoms represent
a rare earth. Fig. 8b. shows Si-O tetrahedra displayed in blue, with
only oxygen atoms that are not bonded within the Si-O tetrahe-
dra shown in red. Rare earth cations and the oxygen unbonded to
Si form directional chains alongside Si-O tetrahedra parallel to the
c-axis direction.

Fig. 9 displays linear CTE for each single cation rare earth
monosilicate from 100-1200 °C. The averages of the linear CTE for
this temperature range are presented in Table 2 to compare with
literature values. Literature comparisons of Yb,SiOs and Y,SiOs are

Fig. 3. Representative scanning electron micrographs of rare earth monosilicates after polishing and 1500°C anneal for 30 minutes to show grains. a. Y5SiOs, b. (Dy,Er),SiOs,

c. (Yb,Sc),SiOs, d. Five-component RE,SiOs (RE=Sc, Y, Dy, Er, Yb).
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Fig. 4. Energy dispersive spectroscopy maps for the five-component RE,SiOs (RE=Sc, Y, Dy, Er, Yb).
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Fig. 5. Selected area electron diffraction showing the [121] zone axis of the five-component RE,SiOs (RE=Sc, Y, Dy, Er, Yb) and a simulated hkl plot with parameters derived

from XRD refinement.
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Fig. 6. Five-component RE;SiOs (RE=Sc, Y, Dy, Er, Yb) normalized unit cell param-
eters from hot stage XRD refinements.

also from hot stage XRD, while all other comparisons come from
dilatometric techniques. X1 monosilicate Nd,SiOs shows a higher
linear CTE than all X2 RE,SiOs in this study. Sc,;SiOs shows the
lowest linear CTE, and has the closest CTE match to SiC [19], a
silicon bond coat [20], and to low CTE rare earth disilicates EBC
candidates [17].

Fig. 10 shows the directional axis CTE values for all single cation
rare earth monosilicates. Initially it can be seen that X1 Nd,SiOs
shows unique CTE behavior for each direction of its unit cell. The
thermal expansion of the Nd,SiOs is highly temperature dependent

Temperature, °C

Fig. 7. X1 structure Nd,SiOs unit cell expansion from hot stage XRD refinements.

up to 1000°C, especially in the b-axis. X2 monosilicates (Sc, Y, Dy,
Er, and Yb) show a low a-axis CTE below 3.64 x 10-6 /°C. C-axis
CTEs are close to an order of magnitude greater than the a-axis
CTEs, with values of 9-10 x 1076 /°C. Sc,SiO5 shows the lowest
linear CTE and least amount of CTE anisotropy of the X2 structure
monosilicates. The axis CTE results from single cation monosili-
cates were used to determine if mixed rare earth cation monosili-
cates show an average CTE value, or if linear CTE could be tailored
beyond a rule of mixtures. Specifically, Sc;SiOs additions were
evaluated as a means to lower the overall degree of anisotropy.
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b. Si-O Tetrahedra

Fig. 8. X2 structure RE,SiOs unit cell a. perspective and b. viewed from the b-axis. Only oxygen atoms that are not bonded to the Si-O tetrahedra are shown.
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Fig. 9. Linear CTE of single cation RE,SiOs from 100°C to 1200 °C.

(RE,RE),SiOs of (Dy,Er), (Dy,Sc), (Yb,Sc), and (Yb,Er) axis CTEs
are displayed against their rule of mixtures (ROM) average in
Fig. 11. Each axis CTE is labelled on the graph and is associated
with both colored and grey data points. The colored data points
represent measured CTE values for the given axis. Solid gray data
points represent ROM determined from single rare earth cation
measurements, shown previously in Fig. 10. Measured linear CTE
and the rule of mixtures linear CTE are shown as lines in color and
in gray, respectively. (Yb,Er) and (Dy,Er) mixtures represent combi-
nations of two rare earth cations of similar mass and ionic radii,
while (Yb,Sc) and (Dy,Sc) show results of more widely varying
mass and ionic radii. CTE results within 0.5 x 10~6/°C are consid-
ered insignificant differences for comparison of results. All systems
show linear CTE that are close to ROM, while larger deviations are
present in terms of CTE anisotropy. The (Dy,Er) and (Yb,Er) mix-
tures both show slightly lower values than predicted ROM but dif-
ferences are within 0.5 x 10-6/°C,

Fig. 12 shows the axis CTEs for the five-component RE;SiOs
in comparison with the predicted rule of mixtures values. From
the graph, it is seen that linear CTE (solid line) does generally
follow a ROM. Still, the c-axis CTE, as well as the Beta angle
CTE not shown here, show larger differences. This c-axis devia-
tion from ROM shows that scandium additions do not decrease CTE
anisotropy for the five-component mixture as predicted by ROM,
even while the linear CTE remains in bounds of a ROM prediction.

3.3. Hot disk measurements of thermal conductivity

The Hot Disk technique allows for direct measurement of dif-
fusivity (D) and thermal conductivity (x) with specific heat (Cp)
being approximated by Neumann-Kopp rule from the constituent

oxides. The relationship is shown in Eq. (3) where p represents
the theoretical compound density. Values are corrected for ef-
fect of porosity and cracking by the Maxwell-Gernett model [27]
Eq. (4) where ¢ represents the relative porosity percentage of each
sample.

k =DGCprp (3)
K

Ksolid = l:ir;”s (4)
(375)

A summary of measured thermal conductivity values, as well
as values corrected for porosity are shown tabulated in Table 3
and graphically in Fig. 13. An uncertainty of 3% was assigned to
the density measurements, which was incorporated into the hot
disk measurement uncertainty. Values presented in Table 3 are still
impacted by other bulk features such as impurity phases or grain
boundaries.

Y,SiOs thermal conductivity was experimentally measured
by Sun et al. who reported a value of 1.86 W/mK at room tem-
perature [28], which is similar to the value measured in this
study. Literature values of measured room temperature thermal
conductivity values are as follows: Dy,SiOs ~ 1.9 W/mK, Yb,SiOs
~ 2.2 W/mK, Er,SiOs ~ 2.7 W/mK, and Y,SiOs ~ 3.5 W/mK 7. The
samples reported on in this work have slightly lower thermal con-
ductivities, which could be due to microstructural differences such
as grain size variations. The ranking of thermal conductivity values
in this study remains comparable to both experimental and com-
putational results by Tian et al [7]. Ranking from lowest to highest
thermal conductivity: Dy,SiOs, Yb,SiOs, Er,SiOs, and Y,SiOs. Addi-
tionally, a measured thermal conductivity for hot pressed Nd,SiOg
of ~ 2.8 W/mK at room temperature was reported in the literature
[21], which is comparable to the value of 2.31 + 0.18 W/mK
presented in this study. The five-component rare earth silicate
shows a low room temperature thermal conductivity of 1.06 +
0.04 W/mK. In addition to possessing a thermal conductivity lower
than each of the individual or binary cation monosilicates, the
five-component RE,SiOs (RE=Sc, Y, Dy, Er, Yb) shows a relatively
flat trend over the temperature range tested in this study. While
thermal conductivity was not tested up to relevant operating
temperatures for EBC materials, previous literature has shown
that the thermal conductivity of RE monosilicates is relatively flat
above 300°C [29,30]. This suggests that the thermal conductivity
of ~ 0.9 W/m/K at 300°C serves as a conservative upper bound
for the thermal conductivity at elevated temperatures. A similar
reduction in thermal conductivity at room temperature, compared
to the constituent materials, of high entropy ceramics has recently
been shown for similar multi-cation high entropy borides and
silicides, and entropy stabilized oxides [31-33].
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Table 3
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Room temperature thermal conductivity measured values for RE;SiOs and values corrected for density.

Rare Earth Cations

Measured W(m K)~!

Density Corrected W(m K)~!

Five cation RE,SiOs Temperature °C  Measured W(m K)~!

Density Corrected W(m K)~!

Sc 2.41 + 0.05 2.80 + 0.10 20 0.93 + 0.02 1.06 + 0.04
Y 1.95 £ 0.05 2.08 + 0.08 50 0.90 + 0.04 1.02 £ 0.06
Nd 2.26 + 0.16 231 +0.18 100 0.88 + 0.04 1.00 + 0.05
Dy 1.02 + 0.02 1.15 £+ 0.04 150 0.87 + 0.03 0.98 + 0.05
Er 1.30 £ 0.03 1.47 + 0.06 200 0.85 + 0.03 0.96 + 0.04
Yb 1.23 £ 0.04 1.36 £+ 0.06 250 0.84 + 0.03 0.95 + 0.04
(Yb,Y) 1.24 + 0.05 1.37 £ 0.07 300 0.76 + 0.03 0.86 + 0.04
(Dy,Sc) 1.01 + 0.03 1.09 + 0.05
(Dy,Er) 1.24 + 0.19 1.34 + 0.21
(Yb,Er) 1.08 + 0.03 1.32 + 0.05
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Fig. 12. Axial and Linear CTE values for five-component RE,SiOs, (RE=Sc, Y, Dy, Er,

Yb) compared to ROM values.
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Fig. 13. Room temperature thermal conductivity values of RE,;SiOs measured by
Hot Disk method, with values corrected for apparent density. The five-component
RE,SiOs (RE=Sc, Y, Dy, Er, Yb) and SiO, are measured up to 300°C.

4. Discussion
4.1. CTE

Fig. 7 shows a unique thermal expansion feature of Nd,SiOs,
the representative X1 structure in this study. While both X1 and
X2 monosilicates show a decreasing Beta angle at low tempera-
tures, the X1 structure Beta angle starts increasing near 300 °C.
This produces non-linear results in both linear and axial CTE. It is
uncertain if this trend holds true for other RE;SiOs with the X1
structure.

Linear CTE for each sample can be compared to average ionic
radii for the two rare earth cation sites within the unit cell, as
shown in Fig. 14. Single cation monosilicates from this study and
from literature are presented alongside equimolar rare earth cation

Average Rare Earth lonic Radius, A

Fig. 14. Linear CTE comparison to ionic radii, including all systems in this study
along with other literature single cation RE,SiOs, where RE= Y(X1), Sm, Gd, Tb, Ho,
Tm, and Lu.

mixtures, displaying a positive correlation between ionic radii and
linear CTE. Points on this graph with ionic radii above 0.95 A are
X1, while all points below are X2 structure monosilicates. Other
rare earth cations in RE;SiOs from literature are as follows: Y(X1
structure) [24], Sm [34], Gd [35], Tb [7], Ho [36], Tm [7], and Lu
[35].

The standard deviation of rare earth cation mass was calculated
for each sample to represent the spread of rare earth cation mass
for each material relative to an average rare earth cation mass.
This method for comparison was chosen to display how mixing
of rare earth cations with similar mass (small standard deviation)
could produce differing thermal properties than from mixing rare
earth cations with widely varying mass (large standard deviation).
Fig. 15a shows that there is negligible effect of cation mass dif-
ferences in mixed cation rare earth monosilicates on linear CTE.
X2 structure single cation and multi-rare earth cation monosili-
cates show linear CTE values between 6 and 7.5 x 10~6 /°C. Ren
et al. state that a multi-component RE;SiO5 (RE=Y, Ho, Er, and Yb)
showed CTE that deviated from a ROM [30], which is contradictory
to the results of this work. It was hypothesized in their work that
increased lattice distortion from the multiple components led to
an increase in elastic stiffness. Therefore, CTE decreased by -11.3%
and Young's Modulus was increased 7.4% relative to the ROM val-
ues. Dong et al. report the CTE of an equiatomic 5 cation RE,Si; 07
(RE=Sc, Y, Gd, Yb, Lu) to be between 3.7 and 5.7 x 1076 /°C in the
temperature range of 300°C to 1350°C [37]. While the ROM value is
not discussed by the authors, a ROM value can be estimated from
data provided by Turcer et. al. in their Fig. 3, which displayed the
average CTE of the rare earth disilicates [3]. The ROM value for the
five cation RE,Si,0; (RE=Sc, Y, Gd, Yb, Lu) is around 4.9 x 10-6
[°C, which agrees well with the result presented in this work that
the CTE of multiple cation rare earth silicates can be approximated
by a ROM value.
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Fig. 16. Room temperature thermal conductivity measurements compared to aver-
age linear CTE (100°C-1200°C).

Differences in anisotropy between mixed and single rare earth
cation monosilicates are also minimal. Fig. 15b displays the mi-
nor trend of c-axis CTE ratio to the ROM value, where the c-axis
CTE increases with increasing cation mass standard deviation. This
shows that additions of lightweight scandium cation in solution
does not decrease anisotropy as predicted by the rule of mixtures.
It is hypothesized that the scandium, the smallest cation in this
study, interacts less with the rigid Si-O tetrahedron in the struc-
ture.

Felsch characterized the rare earth silicates as containing strong
covalently bonded Si-O tetrahedron and comparatively soft ioni-
cally bonded RE-O polyhedra [38]. Further, the Si-O bonding in
many silicates has been shown to have near zero thermal expan-
sion, which points to the thermal expansion being governed by
rare earth oxygen bonds [39]. Viewing the X2 unit cell along the b-
axis helps to explain the anisotropy of X2 monosilicates, as shown
in Fig. 8b. The c-axis shows the greatest CTE because this direction
has planes where no Si-O tetrahedra inhibit expansion of the rare
earth polyhedra. Similarly, the a-axis direction has the highest den-
sity of rigid Si-O tetrahedron, which explains the low a-axis CTE of
1 -3 x 1078 /°C. Nd,SiOs, being X1 structure monosilicate with
different bonding characteristics, displayed higher CTE values but
overall, decreased CTE anisotropy.

4.2. Thermal conductivity

An inverse correlation between linear CTE and thermal con-
ductivity for single rare earth cation X2 monosilicates is seen in
Fig. 16, where the fit line is used to guide the eye. For example,
Dy,SiOs has the largest linear CTE of the single cation monosili-

cates measured, and also shows the lowest thermal conductivity at
room temperature. The X1 Nd,SiOs does not fit the trend due to
significantly different expansion trends. Mixed cation X2 systems
have lower thermal conductivities, presumably due to increased
phonon scattering with mixed mass and ionic sizes.

A general trend with multi-component RE;SiO5 systems is that
mixing decreases thermal conductivity more with each additional
cation added in mixing. (Dy,Er),SiOs appears as the only excep-
tion in this study, which could arise from differences in bulk de-
fects such as grain size or alternate phases. Fig. 17 shows the ratio
of measured and ROM thermal conductivity values plotted against
the standard deviation of the rare earth cation mass and the ionic
radius for each mixture. These results demonstrate that thermal
conductivity can be most effectively tailored below the ROM value
through further increasing the lattice heterogeneity. This trend has
been validated in previous studies where deviations from a ROM
thermal conductivity are attributed to phonon scattering from in-
creased lattice disorder, where disorder stems in this case from
rare earth cation mass and bonding heterogeneity [7-9].

Further studies looking at three and four component mixtures
may shed more light on the structure-property relationships be-
tween the rare earth cations and relevant thermal properties for
EBCs. Using the observations for the various binary systems as
well as the five-component system, future rare earth compositions
could be tailored to further decrease thermal conductivity by in-
creasing heterogeneity in the crystal lattice. Additionally, the high
temperature thermal conductivity of multi-component rare earth
silicates should be addressed for optimized mixtures that may rep-
resent novel EBC material candidates.

5. Conclusions

The degree of CTE anisotropy in X2 structure rare earth
monosilicates was quantified by high temperature XRD. The results
show that scandium monosilicate has a significantly lower degree
of CTE anisotropy than other X2 materials. Mixed rare earth cation
monosilicates followed a rule of mixtures for tailoring CTE, while a
weak dependence of c-axis CTE anisotropy on cation mass is seen.
The high and anisotropic CTEs are not appropriate for a single layer
EBC material on SiC-based CMCs. Both the high linear CTE and sig-
nificant CTE anisotropy should be taken into account when con-
sidering rare earth monosilicates for designing rare earth silicate
EBCs.

Thermal conductivity of mixed rare earth cation monosilicates
follows a rule of mixtures when rare earth cations of similar ionic
radii and mass were combined. Thermal conductivity can be re-
duced by increasing heterogeneity in both cation mass and ionic
radii. The (Dy,Sc),Si0Os mixture contained the largest difference in
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for each RE,SiOs mixture.

rare earth cations mass for the RE lattice sites and also showed the
greatest decrease in room temperature thermal conductivity from
a ROM. A five-component RE,SiOs provided the lowest thermal
conductivity value, with a room temperature value of 1.06 W/mK
that further decreases upon heating to 300°C. The five-component
rare earth monosilicate also showed a relatively high linear CTE of
742 x 10-% |°C which agrees with an inverse correlation between
CTE and thermal conductivity observed for single cation X2 struc-
ture rare earth monosilicates. The ability to lower thermal conduc-
tivity to near 1 W/mK at room temperature has been shown for
mixed rare earth cation monosilicates, and allows for potential to
tailor thermal properties of EBC systems for future increases in tur-
bine operating temperatures.
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