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Gas outlet and make gas film on
the surface of cera[nic

No candidate materials take the position
of YSZ owing to their comprehensive
properties.
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W Pan, Simon R. Phillpot, Chunlei Wan, Aleksandr Chernatynskiy, Zhixue Qu,

MRS Bulletin, Vol. 37, Oct. 2012, p917

EML | HEBESHEA I ZEREALINE



1
K=—0C, V-4
3Cv

1 1 N 1
Ao, T) A, (»,T) Ay (0, T)

» Decrease the sound velocity
Elastic’s modulus, molecular weight
» Decrease the phonon mean free path
Increasing the phonon scattering

1
4+
ﬂ“b

EXNL | HEMESHEAIZERESLRE



» Introduce defects in the crystal
» Increasing the concentration of vacancy
» Introduce substitutions
» Increasing the structure distortion

» Increase the complexity
»Complex structure
» Anisotropic structure
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Main parameter of structure "distortion

for point defects

Phonon scattering coefficient by point defects

[, = f.{(AM, / M)® + 2[(AG, / G) — 6.4y (A5, 1 5)I°}
AM. /M Mass difference

AG, /G Atomic interaction force difference ®

Ao, 16 Size difference
Anharmonic parameter y
y =3,K /(Cpp) Lattice distortion

a,: thermal expansion coefficient, K:bulk modulus, C,: heat capacity, p:density

Temperature correction of elastic constants
E(T)=E, -0.0645(T - T,)

CL Wan, W Pan, et al, Phys. Rev. B 74,144109-1~9 (20060). ew_|mimssamTEERSST0
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High oxygen vacancy concentration
oxides
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OXxygen vacancies IoxXide ceramics

Pe rfect crystal Defect crystal

- - 0"—'0 -
\
® @ e o 0'0 0;00

Highly anharmonic area with weak bonding
[ = f{(AM, / M)? + 2[(AG, | G) — 6.4y (AS, | 5)]°}

Phonon scattering coefficient is significant in the oxygen defect crystal!
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Oxygen vacancy--a-guide”of [6w thermal

conductiveé ce@ramics

m-ZLrz 1]
No oxygen

vacancy

Vo/O=0

Dense _
3|-~F YSZ Nano-YNZ Fused Si03

\ (dense)  Z£70.942Y0.05803.971VO(oegluding i Vo/0=0.029/4
9) radiation) \

GdaZraO4

1 Gngng7VO(1)

1

\Vo/0O=1/8

Thermal Conductivity, W/mK

0 4 1 y | | | | | | | 1 1 i |

0 500 1000 1500
Temperature, “C

Thermal conductivity decreases with the increase of oxygen defect concentration!
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Low thermal.c@hductivity of

Ba,ReAlO. cOmpounts

The oxygen vacancy concentration is 1/6!
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Wan CL, W Pan et al, Phys. Rev. Lett. 101, 085901 (2008).
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Thermal conductivity (W . m™ . K ™)
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High thermal expansiéns"of the

Ba.Ln,Al,O.s"compounds
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Low Thermal Condugtiyity.Oxides

Effect of anion and cation defects on the
thermal conductivity

Gd8+x(:a2+y(Si04)602+3x/2+y

Zhixue Qu, Taylor D. Sparks, Wei Pan, David R. Clarke, Acta Mater. 59 (2011) 3841-3850
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Variations in composition fromithe stoichiometric composition

according to the formula Gdg,3€a, $(5104)605.3,/5.y.

GdgCag (Si04)g0 y

AN I\

Compositions with
Anion Vacancies only

Defect free

/ composition

\ Compositions with
N Oxygen Interstitials
N only
N\

Compositions with
Cation Vacancies only

Gdg 33 (5i04)60; Gd1( (5i04)603

Zhixue Qu, Taylor D. Sparks, Wei Pan, David R. Clarke, Acta Mater. 59 (2011) 3841-3850
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Thermal conductivity as a functlo N of nominal

defect concentratign per unit cell.
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Zhixue Qu, Taylor D. Sparks, Wei Pan, David R. Clarke, Acta Mater. 59 (2011) 3841-3850
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Substitution of atoms, alloying in oxides
(pyrochlore and fluorite A,B,0O; oxides)
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Perfect lattice Defective lattice
Phonon scattering
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Small difference of doping
ion size at “A” site:

Pyrochlore structure !
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CL Wan, W Pan, et al, Phys. Rev. B, 74, 144109 (2006).
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Big difference of doping ion

size at “A” site: 109
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Double phase structure

Wan CL, W Pan et al. Acta Mater., 58, 6166-6172, (2010).
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Wan CL, et al. Acta Mater., 58, 61666172, (2010).

Minimum thermal conductivity

7] (5] T e
0, =v, (hlkg)(6zn)"

Thermal conductivity (W/m.K)

2.0

1.8

1.6

1.4

1.2

—ail— YbEZrzO?
—— (meLa. E)EZrE,O?
Minimum value
0 200 400 600 800 1000

Temperature (°C)

EML | HEBESHEA I ZEREALINE



X=0 (La,Zt,0,)

X=1/2 X=2/3 X=5/6 X=1 (Yb,Zt,0,)

Surface morphology of (La, Yb,),Zr,0, after annealing at 1600°C for 20hours
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Fracture toughness (MPa.m'?)
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Order-disorder Transition in Solid
Solutions with A site doping in A,B,0-

(Smy, YD,),Zr,0,

CL wan, et al, J. Am. Ceram. Soc., 94 [2] 592-596 (2011).
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Order-disorder transition in"(Smj., Yb,),Zr,0;
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CL wan, et al, J. Am. Ceram. Soc., 94 [2] 592-596 (2011).
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Raman spectral analysis
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Young® s modulus of (Sml_,(\A(.bX)ZZrZO7
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CL wan, et al, J. Am. Ceram. Soc., 94 [2] 592-596 (2011).
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CL wan, et al, J. Am
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Low Thermal Condu€tivity @xides

4
? }; 5
singhua University

Vacancy, substitution and interstitial
T10,-doped YSZ

EML | HEBESHEA I ZEREALINE



Schaedler  zio,

Y,
0 10 20 30 40 50
ZrOy CoF/M mole % YO, 5—>

Schaedler TA, et al. J Am Ceram Soc 2007:;90:3896.

Merits
» Stabilize the T-prime phase at high

temperature.
» Enhance the ferroelastic toughening

at high temperature.

M. Zhao, W Pan, Acta Mater., 61, 5496-5503(2013).

Intensity
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Ti doping in YSZ (substituion . #interstitial)
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Low Thermal Conduagtivity Ox.ide

Complex Structure Oxides
R E9.33+x(S | C)4)6C)2+3x/2
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Low modulus and largémelecul@r weight

Toung s modulus (GFa) mound speed

IMaterial
(trs]
TYSE 2500 4326
(7 Zry O 2343 3832
Lag s3m1s00q 140.3 3547
My 35514 Chg 141.6 3415
DL 33ols g 1435 3348
(g 33515 Ol 148.5 3311

Ruifen Wu, Wei Pan et al. Acta Mater., 60, 5536-5544(2012).
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Defects In RE, 3;,,(SIO)80.. .., With apatite
structére

Two types of defects

Ruifen Wu, Wei Pan et al. Acta Mater., 60, 5536-5544(2012).
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Ruifen Wu, Wei Pan et al. Acta Mater., 60, 5536-5544(2012).
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Extremely low!
k=1.1W/m/K



Low Thermal Conductivity Oxides

Thermal conductivity In anisotropy oxides
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Textured LaPO, witifMenazite structure

5 N
e B - = AN
_ EHT =10.00 kV Signal A = SE2
Mag = 20.00kX  |—f T Date :22 Mar 2002

AB Du, W Pan. J. Am. Ceram. Soc., 92[11], 2687-2692(2009).
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AB Du, W Pan. J. Am. Ceram. Soc., 92[11], 2687-2692(2009).
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Thermal Conductivity ofthesT extu red LaPO,
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AB Du, W Pan. J. Am. Ceram. Soc., 92[11], 2687-2692(2009).
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Rocksalt
layer

B Eéio?gk“e R Ezs rAI 207
RE=Sm, Eu, Gd, Dy

CL Wan, TD Sparks, W Pan, DR Clarke. J. Am. Ceram. Soc., 93[5], 1457-1460(2010).
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Tsinghua University

500

(a) La;SrALO;

(d) Eu;SrALO;

Calculation by firstgFinciples @and density

R

N
N

s

500

(e) Gd>SrALO;

500

(¢) SmySrALO;

(f) Dy,SrALO;

functional perturbationttheor

(d) EusSrAL O

DEPT) method

855!
ant
AR

N

(e) GdySrALO;

B!
annas e %

(f) Dy>SrALO;

750 [010] —— La,SrALO, GSAG
Nd,SrALO. 7504 [001] —La,SrALo, — 010 (001) [——La,srAL0, 400 [001]
(001) ceaane —— Nd,SrALO, (aSALO, 4000101 &5,  Nismio, (1%
GPa ,STALO, —— sm,sral0) [ MSAO = e —— Sm,StALO 300 :
Eu,SrALO, LG, | smsmio 300- L STAl
L STAL BUSILO, Eu,SrALO,| — Eu,StALO,
Gd,StALO, GA.SALO, NS (T2 —— Gd.SrALO,
- Dy.SrALO. 22y G4 SrALO, \ e ,SrALO,
,STALO, ——Dy,SrAL0, Dy.SLO, \\ 0 Dy SrALO,
750 : P = 7% 400 -300 /200 -100 100 208, 300 400 400 300 300 400
250 / 010] /o [100] 0101
20~ ) =
500, - -300
-400
750 400-
(h) (100 crystal plane

7504

(g) C001) crystal plane

(g) the (001) crystal plane (h) the (100) crystal plane

The calculations were supplemented using the quasi-harmonic approximation (QHA), and spin polarized local density approximation

(LSDA)

Jing Feng, Wei Pan, Acta Materialia, 60, 3380-3392(2012).
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Low Thermal Condd€tiyity Ox.ide

Applications

Could pyrochlore Sm,Zr,0-, Gd,Zr,0,
oxides replace YSZ for TBC?
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. (conventional)

35/7.4[1/min]
600[A]
150[mm]
60[g/min]

Spray condition®

Current
Spray distance
Supplying speed

Spray condition®@) :
Ar/H, Same as D
Current 500[A]

Spray distance Same as D
Supplying speed  Same as D
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Spraying

Spray efficiency is equal to YSZ
(Spray condition @ ; YSZ : 18um/pass Sm,Zr,O, : 24pm/pass)

Spray condition @ @ @ @ 9, @

8YSZ Sm,Zr,0, Gd,Zr,0,
Ewl_  HENEESEAIZERESTRE



YS7Z Sm,Zr,0, Gd,Zr,0,
Porosity : 12.0% Porosity : 4.9% Porosity : 5.3%
Spray
condition®
Porosity : 11.8% Porosity : 6.6% Porosity : 7.4%
condition® "
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Radiation camera
(Measuring surface

temperature,Ts)

CO, LASER nozzle

Cooling air
TS /12 _ ﬂ‘l x (ri _Tb)tsubstrate
tTBC (Ts _Ti)/ Lrac
Ti tSub strate A, : Substrate thermal conductivity

A, : TBC thermal conductivity
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Thermal conductivity of porous TBC(Sm,Zr,0, and Gd,Zr,0-)

(C)

TBC surface tem perature

1400

1200 |

1000

800 |

600 |

400

200

0

TBC surface tem perature 95
ﬂm\m )
€x)1=0.96Kcal/mh°C YSZ/CoNCrAN) 115

| \ 7. -I
I A=0.39Kcal/mh°C 8m,Zr,0,/CoNCrA ) ]

I 105
M“ L~ —— —

/
A=0.38Kcal/mh°C GdyZr,0,/CoNCrA )

Them alconductivity A &cal/mh°C)

0 10 20 30
Tme @h)
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Bending test (Servo m@chine with SEM)

Specimen size

Spray condition YSZ Sm,Zr,0, | Gd,Zr,0,
Spray condition @ O O O
Spray condition @ O

Thickness of
TBC coating

~ 0.3

: s

- 26 > <« 3
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+ estima -|ng the limit strain for vertical crack *
= The limit strain for vertical crack of Sm,Zr,0O; is equal to conventional YSZ

Actuator ‘ Crosshead

limit strain €=0.35% €=0.32% €=0.22% €=0.38%

' Spray
condition®®

P i

YSZ SmyZry0;  Gd,Zr,0; Sm,Zr,0;
Spray condition @D S | HRGESHETSERESTRE
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Estimation for Bending\Strength

The limit strain of vertical crack of Sm,Zr,O- is equal to conventional YSZ

e (%)

0.5
0.45 — —
Spray Condition (1) Spray condition 2

0.4 — —
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

YSZ szzr207 Gd?zr907 Sm22r207

The limit strai for vertical crack
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slate specimen

S 1200 | T T T TTTT1 .;Sm22r207/CoNiCrAIY TBC
= | AT=900C ® ;Gd,Zr,0,/CoNiCrAlY TBC
= Mt . =05mm 0 :YSZ/CoNiCrAlY TBC
E 800 ~ o0
e
S 600 o ™~ ~
o O
= - ~o.__
32 400 \\%
2 T~
E 200

0

1 10 100 1000 10000
TBC life Cycks)

Ts : TBGC surface temperature
Tb : TBC / substrate interface temperature
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(C)

Temprerature difference AT

800

100

600

500

400

300

200

L [ [ [ 1

T
Thickness 0.5mm

~900°C

Test specmen R55 Cylndrical

[ | H

m ;SM,Zr,0,/CoNIiCrAlY TBC
| ® ;Gd,Zr,0,/CoNICrAlY TBCj
o ;YSZ/CoNIiCrAlY TBC

@] \:\\\\\

"/

~/

/YSZ—data band

T

o o —p [T @
\Q\\\ .
\§‘T\|\
3
10 100 1000 10000

Nunber ofcycle to spall N Gycks)
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