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Abstract: In the future of aeroengine technology, silicon based ceramic matrix composite (CMC) has important applica-
tions as structural materials for the hot-section components, which, in the combustion environment, needs to be protected by
multifunctional thermal and environmental barrier coating ( TEBC). The threshold requirements for the design of advanced
TEBC system include low thermal conductivity, which protects the CMC substrates from thermal attack ; and compatible ther-
mal expansions with substrates, in order to minimize the thermal stress during thermal cycling. Therefore, a comprehensive
understanding of the coordinated mechanism of thermal conduction and thermal expansion for candidate materials, from the
perspective of “material genome” , is a key challenge. In this paper, the structural characteristics, heterogeneity of inter-
atomic bonding, phonon dispersions and phonon anharmonicity for rare-earth disilicates (-, y- and 8-RE,Si,0,, RE=Y,
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) are studied based on first-principles calculations combined with lattice dynamics. In-
trinsic lattice thermal conductivity (k,) and coefficient of thermal expansion (CTE) are calculated, and the “gene” that
controls the thermal properties of RE,Si, 0, polymorphs are discussed. It is found that low-frequency optical phonons are ob-
viously coupled with acoustic phonons, and the high anharmonicity for low-frequency phonons is the origin of low «, for -,
v- and 8-RE,Si,0,. Besides, the “gene” that controls the thermal expansions of RE,Si,0, polymorphs are found to be the
linear or bent configuration of Si—O0—Si “bridge” , which determines the positive or negative anharmonicity for low-frequen-
cy phonons, as well as the bulk modulus, and finally lead to obviously lower CTE for 8- and y-RE,Si, 0, as compared with
8-RE,Si,0,. These results highlight that, the anharmonicity for
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Fig. 1  Schematic diagram of correlation between thermal conductivity (col-
lected at around 7=1000 K) and mean linear coefficient of thermal

expansion for some typical low-«, materials, data from Ref. [1-14]

ARITAERHSE —YERESE A& s 2 R T
B-RE,Si,0,(RE=Y, Ho, Er, Tm, Yb, Lu). v-RE,Si,0,
(RE=Y, Ho, Er) Ml 8-RE,Si,0,(RE=Y, Gd, Th, Dy,
Ho) Z MBI A B S FEMOC R, BEE, JEFIEHE,
DA JE T PR EBE, BE— 2R A Slack BRI RHRIA
TE RS TR R FH I T 0 A VA R Al R 5
TFFE 45 S SR AR SE R A AE A AR T i A R T
RE, Si, O, A Bl & S FEIZ IR AT R (O], S TEBC
WEERRMBIHRE T8 . A TAEXT RE,Si,0, ek
POBAEPE B R BS TR 45 2 h ESE BR i F TR 2 IR &
FHERE BN AR AL T B KR

2 MRAE

2.1 KEREASEREBKREL
IR A ) ks R T AR B T RE A2 1 5 2R ] Slack
RO, (1) .
M*8n'"?

Y'T

(T>0,) (1)

Kk, = A

Kb MR PR TR, 8 W THE TR, o hEE R
FANG y WRARCERRREG T OAHREE, o TR
0, =ho,/k,T, AR LA X AR (A
Wit w,) 315,k WK R HEG b RS RIS



868 Fh BB

% 38 &

6, NPPRLEIREIEEFEREE . A HRTE BB, 5y A,
5.720 x 10" x 0. 849

( 0.514 0.228)
2x1-—2"

Aly) = (2)

2

y y
THEMBHIG RER AR E R R (y,)”, FTw
IIFART @, 553 75 R AR MROC R R (y, ) de XS
FF AR, nXi(3) .

X @l

Y. Zj, Gy (3)
AP LXHERTIATE R T A R S y IE A
ZIEAHEARI o 7, q HIRARTEAT BLIH DX 2% A A ks Ik sh 46
X5 € (q) FRBA 71X M E RS TTik s v, ()
FORFE T RIBLR RO ZR R B, oy A s e A A
WO K2 A B S B AR R

dlnw(q)

v(q) = Tul (4)
Qﬂq)=A§CM%q)j pQofD)/ BT
kT [exp(hw,(q)/ k,T) - 1]
(5)
K w,(g) A FABE,
MRHARZ Ik 2 B3R = (6) .
1 (c,
ay, = BY[(V) (6)

For, P RS ARER (V) S8 5 — M R R RS A

FEhE Bl Ak Z B s SO R, BAR DTS 0

MR RO AR Ry, ) s A HLOH X T A

P ARSI R Ry R RN B4R,

JIEAEE (C) R R A 75 1 DTHR Y SR

2@ )
DI

¢, =X, Cya) (8)
2.2 HESHIKE

AT B 5 — P Bt B SR I T 9% 02 R LI
(density functional theory, DFT) ) VASP ( Vienna Ab Initio
Simulation Package ) #f/F41>) | HL T A B LI AE FH R )
SCBR BE IT L) ( generalized gradient approximation, GGA) T
Perdew-Burke-Ermzerhof( PBE) 77 31 43R o - Tk A
HEIEE M 800 eV, K Monkhorst-Pack 75312 #4745 2
WX k SREE, B-, y-Fl 8-RE,Si,0, ¥ K3 £ LA T
MIFLAY 5x3x7, Tx3x5 Fl 3xTx5 T MK, AR M
AR B RO T AR AR A S ROHAT ST A st iR, AR R ERE
JEFIRERI T . BN T3 B/, LASRAS BRI 1 i 25
Hy, SR . EREZE AL/ T 1.0x 107 eV, B[]

Y = (7)

Hellmann-Feynman J3/NF 1.0x10™ eV - A™'

K HH ks s 12T A B R ATk, dlad Phonopy
B2 Gh B T IR) 0 H %X (interatomic force con-
stant, IFC) AT RO 7k CREMIY: ) 1158, X B-, -l
8-RE,Si,0, ¥ % 73 5l #9 ## 2 x 1 x 2 (88 A~ Jit ),
2x1x2( 88 NFET) F 1x3x 1 (132 NET) i@ ML, AR
A AR ZE R R X L e S i i RS, TS S (R
P BIEFREE ST, 38 5% 67 B8 22 43 T R4S Z B Ji ()
FIHE A BRI N 3x3x3 (1 k SR, 7E B
HRCEA b, M R 8 R AR AR S A TR
SR E AN K 5, AR TAEMR T RE,Si,0, 4 k5
TIEMAT =R (W EZZ A RAs . A ) Bl g s
AL L, RN g R RERCE R 21x21%21
AT LAFEA- RIS FIt B S, filhn, Y4 ¢ s8N
21x21x21 #4 K % 51x51x51 i}, B-, -l 8-Ho, Si, 0, ¥t
BHZ R 2% B i ae 22153 A 3 0. 02%, 0. 004% Fil
0.01%, mFEOEthZ LIk,

—MNH, S ECRER(BE dBTFM BT
B BB TR 25 R 5 S IS N A g, Sl TR S S8R
SETLRONT ] 1, ARS8 DFT J7 ] LLEE b 1 T M A5 40
RE,Si, 0, M EHO SRS | 75 FATR .k, I IK M RE
— 7T, ARTAEMRR T DFT+U J7 BXHA 2 5% S 500 5
1E, #ln, XF y-Y,Si,0, 848, RAARRE UfE(1~8 eV)
PR B0 s S SE IR 25 7E 1. 5% ~4% Z 8], & T
4 DFT kiR 2 (NF 1.3%) . B— i, ¥ T &
RESHRE 2% | MIFRIERBARAIAEE, R DFT+U Jrikss
RISEIH R A, B, 276 % BT al SR
WA, A TAER S DFT J7 B4 RE,Si,0, B K 1
B, TR AR SRR (4 ¥ A5

3 & R

3.1 Bkl

B-, v-Fl1 8-RE,Si,0, 2 & B4 k1) & (R 25 49 2 v] B
BCHE SiO, P T4 9 T e 1 KA A A 3D TR R BT (A2l
[0,S1]—0,—[SiO, ] “Mr &ty , Hrh 0, WAL T“H”
U B EUR T ) 7E REO, 22 T 570 4 1 O HE 282 v 3
Ve, K 2 Fras, Hrb, Sio, WA FT REO, £ A LE &
SRIEHA W25, (f RE,SL,O, MR A S P
(1 <HEXA)FRIE, SRIRZERY M AN ECREAR TR WLAE 5 B AT Y
AR 3 2 S AU i 7 B 1Y 22 A 3 A XY T
REIT 0,81 ] —0,—[ Si0, ] Rk )T 785, B-RE,Si,0,
Fl y-RE,Si,0,% Si—0,—Si“#f” hktk, o815
i D 22 ) A ELAE 0SS, JF R I S R T
3-RE,Si,0, H' Si—O0,—Si“ B AT (SEALIN 158°) JEAS,



BT W T OUERRER A VERE A ZE R 5 DR L 869

B2 SR R R (L) RE=Ho Jf): (a)pB-RE,Si,0,,
(b)vy-RE,8i,0;, (c¢)d-RE,Si,0,

Fig. 2 Schematic diagram of crystal structure of B-RE,Si,0, (a),

v-RE,Si,0,(b) and 8-RE,Si,0,(c) , exemplified by RE=Ho

B-Ho2Si207

v-H02S8i207

O, JEF S &R I A 5 2 I plse , PRIk, 6 1J5
F7E B-F y-RE,Si,0,H 5 O J&FIE 1 6 FLfiAY REO, /\TH
A TifE 8-RE,Si,0, T AL 7 B iy REO, ZHifk, 1Ak,
B-RE,Si,0,#1 v-RE,Si,0, & #: [ 0,81 ] —0,—[ SiO, ] “#f
55487 F1 REO /\ A 112 88 58 53531l &5 T°8-RE, Si, O, A
DT M G5k F REO, ZTH K, 7] LUIHEN, RE,Si,0,
MBS ARSI, LABASIR 22 b B s ) 3 A 0L 1
PRHTE[ 0,81 ]—0,—[ SiO, ] i B BT 1) 22 565 %t A0
JF AR AN R 2 WA PR R ™ A EEEE 5
3.2 EBEFITH

BHAT B-, v-Hl 8-RE,Si,0, 2 & B R 7 1
BHOCR . 45 REVE T [F— B E5 A B 5 A R [ #
TR M MRER PSR EAR L, R A4 L Ho, Si,0, £
USSR R AR BEAT 43 B Wl 3a, 3c F 3e TR, JL
FRA i) 75 3 v 3 A 5 — e B IR 2 75 -,
TR 2k 5 7 2P 1 Bt 2 7 A1 LUK X 22 A 0 X R i
o PAHE A, BAERE LY g a4k 5 B4 5 O H 3k 4 A
A, XL S UL RE, S, O, A1k A7 7E I 2 (4 75
N TRRARON . ZIGAE IR E S AR
WS eI AR, BIANER e 454 A,B,0,(A=1a,
Nd, Sm, Gd; B=Zr, Hf, Sn, Pb)H#&5Hm"

8-Ho281207

[=]

Ja “_ T 1_[]

ptical

Frequency (THz)

I N
26 SR T T
£ 2
- 24% o >
= TS ] &
% 8 S frequency optical { 3
FOW-
8 6 b O rEqueNCY opticald 5
2 =
w e w
4E e
e~ = W
22—~ A ——
TA
0
L M A r z \
[e]

High-frequency op{ical

Low-frequencf optical

Mode Griineisen Parameter
Mode Griineisen Parameter

B

Mode Griineisen Parameter

g-vector

q vector

D E c r z T Y s X U R
q vector

K3 B-(a, b), v-(c, d) M 3-(e, [)RE,Si, 0, Z BRI T OHER MMM HRRLE, Kha e, B0, K6, BOLKEK
PS5 BIFRRE 255 T (TA) . YUSEHET(LA) | RBDLAH T RSO TROEEE; 8 4a, de, de TSCLAELS )

FIRM B TR S AR N 1% 1500 T A G RE R

Fig. 3 Phonon dispersions and mode Griineisen parameters for 8- (a, b), y- (¢, d) and 8- (e, f) RE,Si,0;. The red, blue, green, and

black lines and symbols present values for transverse acoustic (TA) phonon, longitudinal acoustic (LA) phonons, low-frequency optical

phonons, and high-frequency optical phonons, respectively; the solid and dashed lines in fig. 4a, 4c and 4e denotes dispersion curves

for equilibrium structure and volume contraction of 1%, respectively



870 Hh A ki

% 38 &

i T WHSE RE,Si,0, M kHS F YRR M, A TAET
ST U RME S AR AR BRI AE Sl 1% 550 T 175 T, 45
RANE 3a, 3c Ml 3e PHEL IR, BFFE LB, 8-RE,Si,0,
P LT B A 75— 1 €0 0 2 22 i s S s 2 B S 3
(BPFFRUORER) , IR TaAs U s S B8k g, J8 T
IERIG; (URMRE 5 2% 75 F (TA) fEAT LK X S AR X
FAERYIAIEAT AR, X5 T B-F1 y-RE,Si,0,, B Mtk
KT S, KEBMEN (v<5 THz, v R TSR ) S
R 22 75 R 1 < BT AT SRy (RS 3R 0,
AN) 5 OGRS F (0> 10 THz) AR R 1E 5 155 548 K
T P Rl 2R BE S 1~ (5 THz <w< 10 THz) TEAIA] ¢ 55 R
FHER I

BT ABME - AR ZE AL B 75 TG BRI 3 1 AR
ECFR, ATLLE o075 1R AE R PE . 181 3b, 3d i 3f
IR T 3 3 A SCRUL S AR R 2 8 O 27 SR A
SIS ER R B v, (@) FEAT HLIK X = X FR i A2 1 o A
iR, RE,Si,0,Z f BIA R S 3OS 0 y HoN
1E, HAHEE/N (BT 0) 5 RG22 7 1 R 2
Ay M4 ARk, Horfr, 8-RE,Si,0, M EHMIK S
Ay (HTEAT BN X KI5 g s IEfE; 0 g-F
v-RE,Si,0, F LT FrA A0 5 1 7R y<0 MFES, X —
22 5 S HTSCHE R AR 15 Fifl b A% A FR I 2 BT St LY
BAI A, BILA 0L, B-, y-Fl 8-RE,Si,0, £ & B b4kt
FARAI R HA KA R IR, BB, v il 5 il
ARMIRASI S - 8 1B 1 1 IE £ R AN [

J TS FELRE, 1,0, A ] i B A4 R} b s - oA R
PRARTRTIE MR« L S — 2T MR S AR AR
R T FAEGE (PDOS) , WKl 4 ik, T RE K1
FARXT R TR R, B R R i G s, HAksh
P THARIRIEE (v< 15 THz) 5 1 Si JE 781 O JR RSN
BOA R R4 e, P B X Bk 3 R s AR R T
Si—O0,—Si“M" B4 T (0,) WIS, ATLIEH, B-
H1 y-RE,Si, 0,5 O, JF B4R S EARS (v =4 THz) Fl =555
(v=32.5 THz) &b LA BB B 4R 30 s T 8-RE,Si, 0,
O R FRRBNEN E M 2 v=6.5 Fl v=30 THz A&
F, BRI A, M2 T, 3 AR T3
WPUE AR SIC[ 0,Si]—0,—[ Si0, ] B A & i 0 J5 T4k
Bl B RO ]

ST B U B AR T AR S, AR TR
BT AR5 X ) AR R S AR %, dnlE 5 B
3P MBI, RS F REX R T Si-0 SR
R i 9%5h, *FF B-Fl y-RE,Si,0,, (A 1% T
+ 5 T 7 B PR 3h 5 3 W0 T A BT [ 0,81 ]—0,—
[Si0, ] ek sl i fl G i, H, 2t si—0,—si
BT BILL O EF XS FR O AR SR, DA

1.0

——Ho o1 #-Ho,Si,0,

Phonon PDOS (states/THz)

Frequency (THz)
K4 B-(a), y- (b)Hld- (¢) Ho,Si,0,Z FhEIM R T 85 H
FEARSE IR 5 s
Fig. 4 Phonon density of statesfor - (a), y- (b), and 8- (c)

Ho, Si, 0, projected onto non-equivalent atoms

O, 5 - K B A ) 9 2h - BON ST R s, i Sio,
DY T A A e e i, LU R R A B sh i B b LT
YRR R, AL EL, R SR« DO T AR 8] Bk 3h
JrX B RS, BE SRS T AL R, I AT
T RERRER AR 7 ML Z R, 8-RE,Si, 0, R4+
TFXI R Si—0,—Si “ M 52 B B /N S P e 30 541K
e IR SR S, IR Sio, PO i A 5 30— o P
MBS TG . X Pl R s U T DA BR A% . 8-RE,Si,0,
O, J5 T 5 300 4B = i 22 (8] 114 BH S B 45 A JFL A o i
BNE— R A2 BT, BRBERRAL; IR, BT
PRI Si—0,—Si“ A" (X T LRMELE MM S ) KB
fiK, Hppgadrsh =X nT DL (RRe s & . Meoh, &5
Si—O0,—Si“# " AL AT LL## B 8-RE,Si, 0, O, T
PDOS AT A1 e A5 06 A7 B o i 5 Sl B 42, 28 b nl
RE, Si, 0, 2 &b AU R i BA B A 7 38 1 A AF A3 75 R
T ARG R G 55 22 5 I B P SR AR S M T R S
Wsh; SB—Iri, ANEZ AL, A R0 i i
JG[ 0,81 ]—0,—[ Si0, 1Rl F 855 Fndie 2 75 =X 1 A [ 45 2
ERMIRA S AR B 0 < IE 7 M FOR ], X 5
SRR AR AR M R R T A B X,
3.3 #MEiERE

ST s s S AR R TS, R TAEH T
B-, y-F1 8-RE,Si,0, & MBI M B AAE Mg 4 T3 45
WK 6 firs, S bk e S g6 I e AT L n] %,
AR TAER BB 1T AR R AT S 70 RE, Si, O,
MEHA R A AT R, TIRE R BoR, KRR EA



559 1 T A W A XU R R A PR RE 1 B PR 5 R ML 1 871
AT X /]
P e,/ ||
| ?\ 'l
| e e
Kyl
L1 e ]
i /;_d; __________ ‘:\_/
el
v =4.00 THz v =14.09 THz v =26.46 THz
[d = A~ [e] = N (]
Q l\( P Sy A W e h S L
5+ Loy S X )
11 . .. |
:..'n‘: ® @ °* . ® @ . v
§ '\ » : . e ® . o / \l ® . i
) ; R e N |
4 f( .(; “(_.4 Fgl N oL /'e._.gw
L, - L ;K o
v =4.36 THz v =8.67 THz v =27.05THz
(9] (]
| K !
e—grsf)
L $d P
[ S - 4, I
; ¢t M
| ’ i
| s -'* !
adhe S|
+ T
v =2.50THz =14.88 THz v =27.63 THz
B 5 ZEMRETHRIESRER: (a~c)B-Ho,Si,0,, (d~f)y-Ho,Si,0,, (g~i)8-Ho,Si,0,, FHEEM 0 ML /R
S35 Ho, Si O JRF
Fig. 5 Schematic diagram of atomic vibration patterns for B-Ho,Si,0;(a~c), y-Ho,Si,0;(d~f) and 8-Ho,Si,0,(g~1). The blue,
yellow and red balls represent Ho, Si and O atoms, respectively
. B-RE,Si,0, . +RE,S8i,0, . 8-RE _Si,0, Fz1 B-,y-M3-RE,SLO,MBHNEZESH (RFEFEFINEH. T3
R — v EF4E FEXERRE FERRAURRHM BRNZEHK
T7r 7 3 N
ffjfE‘f _',f_',ffg YRR EE, i{.l.ﬁﬁ\, ARSEMITEE)
5r or - az Table 1 Calculated parameters of B-, y- and 8-RE,Si,O, (i.e.
“; 5r 5r number of atoms in primitive unit cell, average
ﬁ-é interatomic distance, acoustic Grilineisen parameter,
g' thermal Griineisen parameter, bulk modulus, and heat
& capacity per volume)
o Expt-Y Soi ~ (C/V)/
Tho Expt.-Yb . Expt v I el RE ) 0, 5 3
A SRy & 2 .
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Kl 6 B-, y-Fl 8-RE,Si, 0, M BIALE ii% 4 3 R B BB E R B-Ho 11 236 154 1.32 0.469 143 22.06
] b S SRR SOk 15 ] B-Er 11 236 155 1.18 0.482 145 22.23
Fig. 6 Temperature dependence of intrinsic lattice thermal conductivity BTm 11 235 156 118 0443 147 22.42
for B-, y- and 3-RE,Si,0,. Experimental data are collected BYb 11 234 155 112 0474 149 22.60
B-Lu 11 233 156 1.04 0.451 152 22.80
from Ref. [15]
v-Y 22 236 170 1.37 0.439 133 21.99
1) *ﬁ*ﬂﬁ}:o /\EF' B & ﬂ*ﬁﬁrﬁgﬁmT v =¥ u y-Ho 22 236 132 1.40 0.448 137 22.28
-E 22 235 132 1.31 0.469 138 22.46
8 MR T R R AR, X - MU A LR R B A 3 e
5-Y 44 235 144 1.27 1.027 109 22.30
pi 1 Y,Si,0, % Ho,Si, 0,1 Rt
HH 1 0,51 5
Al ? e ﬁ%ﬁ; 8-Gd 44 238 104 153 1.001 109 21.87
I R K " 2 Jsh
% 1 ﬁJHjT% EFE}_F%:EP*JEHH/JIE/@IO L‘Mgﬁﬁ 5-Tb 44 237 108 1.49 1.016 110 22.13
a, O ﬁggjzj*’}iﬁ(ﬂiﬁﬁﬁﬁ*g,“E’F’%/ﬁﬂ:ﬁ1&ﬁgp 5-Dy 44 236 108 1.56 1.043 111 22.38
£33 f’rﬁﬁ/mﬁ(ﬁ ) FIESR B P A A MO R R B (y,) o & 5Ho 44 235 111 155 1.057 112 22.61
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