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* Gas turbine engines have a huge impact on CIE MISMATCH
the transportation, energy, and defense
sectors of the global economy.

CHEMICAL
COMPATIBILITY

* Experience extremely high temperatures 5505
(e.g., up to 1800 K) with corrosive species in CMIAS ATTACK
the exhaust gas. A sand, debris & ash
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* SiC-based ceramic matrix composites can
fulfil the stringent requirements to provide
an increased service temperature and
superior strength at high temperatures.

Polymorph B

* Under these harsh conditions,
thermal/environmental barrier coatings
(TEBCs) are required.
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A TBC
Interlayer
EBC
Bond-
Coat

>

= Corrosion resistance against CMAS
attack

= Corrosion resistance against water vapor

= Low thermal conductivity (ideally < 1
Wm-K1)

= CTE match with CMC

EBC = Phase stability at high temperatures

= B G S A
2‘3,2‘3 RE,Si,0, Polymorph = Fracture toughness
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First principles density functional theory
calculations to predict:
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Atomic Structure of Y,Si,0, and Yb,Si,O, TE ENERGY
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MCLC, path: T-Y-F-H-Z-I-X-T-Z|M-I-N|X-Y, -H,|I-F;

[Setyawan & Curtarolo, DOI: 10.1016/j.commatsci.2010.05.010]

o Y2Si207 a=6.88, b=8.98, c=4.72,
« Yb2Si207 a=6.82, b=9.01, c=4.76. Very close to above values
« Both in monoclinic system, space group C2/m

o Atomic structure from OQMD.
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Y,Si,0, Phonon Dispersion and partial DOS = |[ElfRey "
T1_|{R58karory
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C YFHZ | X I'ZM I'NXY{H, . Phonon dispersion: Y case
. 1 - - Y contributes to low frequencies.
DS-B(Q) = Fz Cl)lcf,_ eldRy O and Si for hich :
mym; x4 . and Si for high frequencies

[14] L. Chaput, A. Togo, I. Tanaka, and G. Hug, Phonon-phonon interactions in transition
metals, Phys. Rev. B 84 (2011) 094302.
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Yb,Si,0, Phonon Dispersion and partial DOS N =[R2
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0 R O N Ny « Similar shape to Y2Si207 due to the same atomic

structure.

« Yb frequencies are even lower than those of Y due to the
heavier atomic mass.

« 0O and Si for high frequencies: Local vibrational modes.
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Lattice Thermal Conductivity: Methods
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Debye-Callaway model

normal phonon scattering

Umklapp phonon—phonon scattering

Not considered: impurity, boundary

scatterings.
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Lattice Thermal Conductivity: Resulis
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The lattice thermal conductivities of Yb case are lower than those of Y case.

Physical reasons: Heavier Yb atoms induce lower frequencies, thus lower Debye temperatures and slower phonon group
velocities. Yb case has larger Gruneisen parameters suggesting stronger anharmonicity than Y case. All these contribute
to lowering lattice thermal conductivities.

Z. Tian, L. Zheng, Z. Li, J. Li, J. Wang, J. Eur. Ceram. Soc. 36 (2016) 2813.
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Cluster Expansion for mixing of Yb,Si,O, and Y,Si,O : ENERQY
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Accurate cluster expansion predicts three stable
ordered compounds, Y, ;Yb, sSi,0, Y,Yb,Si,O,
YO.SYbl.SSiZO7.

E(0) = ) maJa(lloy)
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Predicted New Ordered Structures — i
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Space group : P2, Space group : C2 pace group : Pz,
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Order Disorder Transation Temperatures N =RV
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Canonical Monte Carlo simulation for
YYbSi207 based on the spin- polarized
cluster expansion.

—-0.008
-0.012

-0.016 Order disorder transition

temperature: 360 K.

Energy (eV/Cation)

—0.02 Iy, Yo, £SipSi; —s—

" YVBSiSi, o
-0.024 1 o | Novel ordered stable structure
W10 ) ee— | prediction !!
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Temperature (K) Suggest experimental confirmation.
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YYbSi,O, Phonon Dispersion and partial DOS = [ENERSY
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Special quasi-random structure for the solid solution of Y,Yb,Si,0,
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* Y,Yb,Si,0, has even lower lattice thermal conductivity than both Y and Yb cases.
Calculated results are slightly higher than literature.

* Physical reasons: disordered Y and Yb sublattice forming mass fluctuation and lattice
distortion induce strong phonon scatterings.
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More Solid Solutions: Phonon Dispersions = [ENERQY
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Thermal Expansion: Quasi-harmonic Approximation [N=[F20

Free energy (eV)

Ftotal(T,V) = Eprt(V) + Fuib(T,V).

F,p = kBTf dv g(v)In [2 sinh
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CTE Y,Si,0.:

3.4x10° K1t at high T.
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Free Energy and Volume as a Function of T =[ENERGY
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 Phonon energy =2 Free energy map as a function of Vand T F(V,T) =2 Volume as a function V(T).
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* The coefficients of thermal expansion of Y,Yb,Si,0, lie between Y and
. B —R& Ng, ln% Yb, slightly higher than the average of Y and Yb.
Conf — N NA NA
ia

Er,,Luy,,Ys5,,Ybs,, exhibits good match with SiC.

La,,Ceq 4Ery4Llu, Y, ,Yb, ), is much higher.

* Beside vibrational entropy, the configuration entropy is also considered
due to randomness of Y and Yb in the sublattice.

U.S. DEPARTMENT OF




Comparison of Lattice Thermal Conductivities  |[N=[MEYA
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* The lattice thermal conductivity of Yb,Si,0-, Y,Si,O,, and YYbSi,O, agree well with literature.
Er,,Lu,,,Ys/,Ybs,, and La, ,Cey ,Ery 4Luy .Y, YD, sShow even lower lattice thermal conductivity.
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Mechanical Properties of Yb,Si,O,
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Mechanical Properties of Y,Si,0

Y,Si,0, Stiffness Tensor (GPa)

2726 | 78.4 | 96.9 0.0 | -15.3 0.0
78.4 | 190.8 | 107.4 | 0.0 32.4 0.0
969 | 107.4 | 1849 | 0.0 13.8 0.0
0.0 0.0 0.0 75.5 0.0 20.2
-15.3 | 324 | 13.8 0.0 77.2 0.0
0.0 0.0 0.0 20.2 0.0 52.2

Agree with Literature 170GPa
65GPa
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Elastic Constant (GPa)
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Mechanical Properties of YYbSi,O,
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Ery/4Lu,4Y3/,Yb3/,Si,0; Stiffness Tensor (GPa)
201.7 | 101.7 | 115.5
101.7 | 204.1 | 104.7
115.5 | 104.7 | 277.1 -16.6
65.8 26.1
-5.1 39.1 | -16.6
26.1 71.6

Wechanica Properties | Vogt | Reuss | Hil

Bulk Modulus B (GPa)
Young’s Modulus E(GPa)
Shear Modulus G(GPa)
Poisson’s Ratio v
Vickers Hardness (GPa)
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Elastic Anisotropy ‘_ﬂs\m&%@“
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Elastic anisotropy plays a crucial role in understanding the formation of microcracks within coatings.
A low modulus corresponds to a direction with low fracture energy.
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Temperature Dependent Moduli IT_E‘E'@E.%%W
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Correlation Analysis N=[MAToNAL
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RE cation radlus (A) one variable increases, the other variable decreases.

Relative strong negative Pearson correlations: -0.76,-0.71, -0.89 of
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Summary on 3 Phase N=[NaTioNA:
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La,Si,0, and Ce,SI,0,
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(a)The atomic structure of low temperature A-
phase of La,Si,O, with the space group of P4,.
(b) The atomic structure of high temperature G-
phase La,Si,O-, with space group of P2,/C. The
corresponding A- and G-phase of Ce,Si,O- are
the same by simply replacing La with Ce.




La,Si,O, and Ce,Si,O, TE ?%é?ﬁ’%‘;é@
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The phonon dispersion (a, ¢) and projected phonon density of
states (b, d) at corresponding equilibrium volume V, for the G-
phase La,Si,05 (a, b) and G-phase Ce,Si,0 (c, d). The
vibrational projected phonon density of states of A-phase
La,Si,0- (e) and A-phase Ce,Si,0O (f).
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(a) An example of free energy as a
function of volume and temperature
for G-La,Si,0, system. The blue dots
and blue lines are respectively DFT
calculated values and fitted results.
The red dots represent the minimum
free energy at corresponding volume
and temperatures ranging from 0 to
2500 K with a step of 100 K. (b) Heat
capacity (c) coefficients of thermal
expansion and (d) lattice thermal
conductivity of A- and G-phases of
La,Si,0, and Ce,Si,0,. The low
temperature A-phase data are plotted
in a range of (0-1470 K), the high
temperature G phase data are depicted
in a range of (1470-2500 K).
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* Employed density functional theory-based techniques to predict the thermodynamic, mechanical, and thermal properties of the A- and
G-phase of abundant rare earth disilicates, specifically La2Si207 and Ce2Si207, with the aim of assessing their suitability as low-cost
materials as T/EBC.

» Utilized the strain-energy method to derive elastic constants by computing the second derivatives of the total energy with respect to the
corresponding lattice strains.

» Verified the mechanical stability of these structures as the calculated elastic constants satisfying established stability criteria. The
average polycrystalline elastic properties were estimated using the Voigt-Reuss-Hill’s schemes.

* Using phonon calculations at varying volumes under the quasi-harmonic approximation, we computed the system's Helmholtz free
energy as a function of both volume and temperature. This enabled us to obtain the values for heat capacity and CTE. Finally, we
evaluated the lattice thermal conductivities by using Debye-Callaway model considering three phonon processes.

* The transition from A-phase to G-phase causes notable alterations in crystal symmetry and lattice parameters, and accordingly, CTE and
lattice thermal conductivities. These transformations could potentially impose limitations on their suitability for use as T/EBC materials.

* Among all calculated results, the G-phase of Ce2Si207 displays characteristics that make it a potentially strong candidate for protecting
SiC-based ceramic matrix composites at high temperatures. Specifically, it has an extremely low lattice thermal conductivity of
approximately 0.26 W/m/K at 1500 K and a low CTE (average =6.9x10-6 K-1) that matches well with SiC.

* However, the substantial difference in CTE values between the A-phase and G-phase of Ce2Si207 poses obvious challenges during
thermal cycling. Methods to stabilize the high-temperature G-phase at lower temperatures, and/or to slow down the kinetics of
transformation, may enable the use of these inexpensive and abundant materials as effective T/EBC for protecting SiC-based composites
and other high temperature materials.
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