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Fig. 1 (a) Pyrochlore structure (b) Fluorite structure (c) Coordination structure of A*>" and B*' in pyrochlore
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Fig. 2 (a) X-ray diffraction patterns of LaLuZr,0O; powder and ceramic, (b) Photo and transmittance curve of LaLuZr,0; ceramic,

Thermal etched surface (c¢) and ceramic fracture morphology (d) of LaLuZr,0O ceramic
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Fig. 4 Thermal-etched surfaces of La, ,Lu,Zr,0; ceramics: (a) X=0.6, (b) x=0.8, (c) x=1.0, (d) x=1.2 (51



5255 3

WHAEE 25 A,B,O/(A=Ln*", B=2Z*", Hf*" Ti*" Ce*") B33 W W B i 52 30k Jé

- 1161 -

o Bl 4 hERar SRR A, kAR
FHH, BEE x M 0.6 IZ T INE] 1.2 ¥ b (1) Le ]
WK, UEEH Lu GRS =ML & ke st
/D, EAMZ, Bl x=14K, MELRTH
HH A 4584

2019 4F, BASCCERE T RR R £ TR 1
EH BT TEH4 T Lay ErZr0; (x = 0.1~
2.0)RHEWIFE R, FEN XRD 45 R 5)%
B: Er B 4E x> 1.4, K RIME NERIE A

ik x<1.4 BHENRES A2 £ x=04~1278
Bl N 1 P e 4 AR et A SR A 2500 x = 1.6~
2.0 MPENRATE A G M. PRI e ih 42
(B 6)ITLLE H, x=0 [#] ErZr,0, W % it % b5 i,
FETT WG T B N BRI 45% . MW % T A 1oh 2 A 485
FI(E 7)a] LAE L, x=0.4~1.2 (KPR & AEAE A SLAE
[X, F1 XRD i &t 1 —8. K 7a~K 7d HHEes A
WA AP SR RS ZIEROR, ATRE S B ksl
TR TR el iR AR IR TR 6

o -~ > o« I = e
=l & & &9 S =
— | 1 ] ] =
PDF 80-0471Defective fluorite
x=2.0 N
z z
7} x=1.6 ‘3
5 A S
= x=1.2 1 J I » =
x=1.0 h I R
08 . | - .
x=04 J.. l A l l A A A
= =8%2 2 2 § 2 hwdie 22) o0
- T A IR
T LT TS ST, 600 66) L
10 20 30 40 50 60 70 80 28 30 32 34 36
20/(°) 20/(°)

K5 La, ErZn0; %N XRD g2

Fig. 5 X-ray diffraction patterns of La, (Er,Zr,0; ceramics

=0l x=0.8 x=1.0 x=1.2 x=1.6 x=2.0;

——x=0.4 ——x=0.8

—x=1.0——x=12
—_—x=1.6 ——x=2.0

70

60

50

40|

30+

Transmittance/%

20 -

300 600 900 1200 1500 1800 2100 2400
Wavelength/nm

K6 Lay [Er,Zr,O, i% B e 28 18 Fr i i o gih 25052

Fig. 6 Transmittance curve and photo of La, (Er,Zr,0;

transparent ceramicl?

AT LaBrZn,O; 7 Er A La J0 R E K1k
%iﬁ’/ﬁt T Eﬁﬁ s /Tfﬁﬁ %1& Laz,XEI'XZI'207 (X =0.1 ~20)

[52]

RYNE M ERIH % L2, MIhHl % T Lajag Eriog
71,0454 E M%), XRD R )X, &
Lay 2B 2871,07.84 ¥ AR N RFRRELEA S5, SidmiE
Wt 2 R AR T R A S A DS AF I 451
PREEAE 1100 nm AL &L A 2] 81% (K 9a).

Pa) AR TR THT R A s A R A (B 9¢ A 9d)
IR G IX I A% R B A A, IR XN %R R
A, PR 3 pum oAy, FER R R R
TS AL I BT T Al A P P B AR 5 B LA AR I

AN LaYbZr,O7 1 Er il La JGRIT &I
ERIAT TIRER, (EHABERIE T LaisYbiasZn,
O7gq B, WITHEBRELE T 2HI T LajsgYbyog
71,0754 BAME™. XRD W45 F(E 10) %, b
45 J5 MR B e A s A AR A2 I 450 . 1%
HZEAE 1100~2 500 nm 2 [8] [1)3E i R E2 2 7E 83.9% /8
(B 10b).  10c LR AR (E Yb)BhFEEA
A, FRIEIEERLNZ R (E La)belatl. ~FI5 ki
N 3um A



. 1162 - (RERR Th22 40

J Chin Ceram Soc, 2024, 52(3): 1157-1170

2024 4

©

PDF80-0471 = g S o &
Defective fluorite |~ sll & r‘q" a8 g a
b4 ¥ Pyrochlore
* Defective fluorite
z o v
'z ) . v M
5 | Ceramic (1 850 'C) x
=] v v
Ely Jd Ly v %
Powd 1200 C J
owders ( ) L ,\A A A
= §‘ 8 5 £ §  PDF71-2363Pyrochlore
=) el T 8 b = f444) (800) (622)
. L P ‘ i n 1 L
10 20 30 40 50 60 70 80

26/(°)

8  Lay sEr 271,07 g4 By AR K f XRD 114
Fig. 8 X-ray diffraction patterns of La;,3Yb;28Z1,0784
powder and ceramict*”

2021 4, XS5 SEiE I ARV % LajyYbisy
Zr,0; (x=0.1~0.5) R 5k, it makess T2
£ 7 LaynYbsyZr,0; (x=0.1~0.5) 5135 B p 5%,
11 24 LajxYbiyZr,07 R I ER XRD 1. HH
11 ATLAE Y Lay i YbZr,07 (x=0.1~0.5) & 51| [ & 1)
NG SECARNARIEAE M, y=0.1~0.3 RFIK
LaYb.yZr,0; W %) ke 4 41 5 7 40 WURH 3 A7 45
¥, 24 Yb S SN E] 0.4 F1 0.5 B 7z XL
FHEE W EAR R A A S50, X—IR M EIERZ
HIWFACHT Lay (LuZrO7 RAIFEH Lu & =8 m
Wi 5 3% T E U 225 ) P 7 oy AR i A S A I 5 R

(®)

(d)

7  LayEBrZn0, EWMENAEMEE: (a)x=04, (b)x=0.8, (c)x=1.0, (d)x=120%
Fig. 7 Thermal etched surface of La, (Er,Zr,0O; transparent ceramics: (a) X=0.4, (b)x=0.8, (c) x=1.0, (d) x=1.2

[52]

FAk, P P A R e Sk S B A DU A7 45
12a~ K 12¢ 43519 La;xYbZr,07 LaYbyyZr0;
F LajxYbryZrOg (x = 0.1~0.5) 55135 B P % 1 B
T B ANE T R4 . La; 3Yby 3207 FEZELE 1100 nm
Ab A IZE L BT 84.1%

2019 4F, k&R @ BRRIEL A BRE T 2
7% 1 (LagaNdg2Smg,Gdg 2 Ybo2)2Zra07 KA, 2R
JE i AR T2 % T (LagaNdo2Smg2Gdo.»
Yby2),Z1,07 i WP %Y.

Ve & (1) XRD (B 13a) A g5 (33 1) FI(511)
(TS IEE, PR #EH Raman J6i (K] 13¢)HH 2 4> Fa
Raman I, JREEALEH—KN 4 > Fo B, HIALS
H—MEA 1A Fa 8P, FTLA(Lag :Ndg2Smy»Gdo
Yby )2 Zr,07 B & N oA KRSk A 5 A A AR 454

2022 4F, Chen Z5iEidBRER VL& ERMA,
WL ERRY T2 & T LaxGdyxZry 92Ug04Cag o4
0;(x=0.4,1,1.6,2) RFIEHIFE L, 700~2000nm
i U:La; ¢Gdo4Zr,07 &I R E2T 80% (& 15a),
Chen Z£iAN, U:La, ¢Gdy4Zr,0; BIEHEE R ITHEF
BRGSO AE S50, DU A7
THESRIK K. M ULa; ¢GdysZr,0; FE I
% sh 3 D S A 225 A4 RN B T S A 5 A4 (1 15¢ R AL 16d)
ATDUE Y, B ) FHE T L, R RSF Y AT,
WA AR I SRR, o PR AR L ) B
<AL



BS2EHIM WAHEE 25 A,B,0.(A=Ln’", B=Zr"", Hf*" Ti*" Ce*") L% W] W B} 97 3k « 1163 -

90 -
PDF 80-0471 g g s = s =
80 Defective fluorite I = ) S @l @ ; g & 8
70 + - gy;oc}ﬂoreﬂ
2 ‘W Defective fluorite
S o0f
z
e z ~
E 40 + E ll oy v oY
g 30| £ O -
= g E
20pJs = o 1532 nm
S N NS
10F & 1200 C M A
0 . . . . ) & | g2 & g BREIRE ke
= S, & o 2 4 0
500 1000 1500 2 000 2 500 10 20 30 20 50 0 70 %0
Wavelength/um
20/(°)
(a)
(a)
90
80
8 700
3 X
5 S 60F
k= 5}
g g sof
g E 40}
= g 13 ) (975 nm)
= 30+
20 1
10+
0 L L 1 n
Hiaeskneiiym 500 1000 1500 2000 2500
(b) Wavelength/um
(b)

(d) (d)
Bl 9 LajosEr 257,075 B & &S F il 4 (a) 250~ Kl 10 (a) LajosYby25Zry0754 B ARMIFG ) XRD 1, (b)
2500nm (b) 2.5~10 um, (c) M HIHJE MR, La; 53Yb; 25Z1,07 5 PENIE I R 12k (b), #HJEihE
AN(d) T A A ) st (c), WWTIHT 2 A Eh H (d)
Fig. 9 Transmittance curve of La, 53Er; 321,07 g4 ceramic: (a) Fig. 10 (a) X-ray diffraction patterns of La;,5Yb; 871,074
250-2 500 nm (b) 2.5-10.0 um, thermal etched surface powder and ceramic, Transmittance curve (b), ceramic
(c) and ceramic fracture morphology (d) of La; ,3Er; 25 thermal etched surface (c), ceramic fracture morphology

71,07 54 ceramicl® (d) of Lay »gEr; 23Z1,07 g4 ceramic



. 1164 - (RERR Th22 40 J Chin Ceram Soc, 2024, 52(3): 1157-1170 2024 4E
W, Do Ve B TLIRR % « i35 < U AoBO- 1551
31 5 ey [NIAN N
| em wwoy B BB A AR A SRR NI, AR 1~
La,..Yb.Zr,0, 3pm A %%U%%‘iﬁﬁ@ﬂ‘]ﬂ*ﬁ A:By0; IE WP
2 L B, AR EARAIEN A BB RITE, WL
4 -‘)f;bf_": N W e Y e a— A% AN =1 N Sl ==
e L [s—— 5 A R B AL TE I BT B B = R
- 1L_ b b . 1, IXEERAILAF ) AByO7 B HIF EEATE A (15
x=0.1, y=0 Iy " : ; % 2 **ﬁ%EG%E&f%(AQZhOﬂo ﬁ;%\ﬁ%ﬁ*ﬂ*ﬁﬁg
SR VN I REXTE 0 R, R TR0,
A 1631) 61y w6
10 20 3 50 60 70 80 90
20/(°) 80 - IR JP—
@ ne [
S 60 -
a1 Defective fluorite B 50+
(200) @0 Gy GAyZn0, g 40t
I |(222) (400) (331 E
s 1 30 x=0, =
LaYb,, Zr,0, é 20k e B0 On —_ Fg,i~_\10
(i x=0.2,y=0
z To0f ; _— :81 \‘:g
% f 0 x=0 x;ﬂol x—oz x=03 x}:‘)]‘t x0.5 ¥=0.5, =0
=t L . ~
0,702 ‘ A 200 400 600 800 1000 1200 1800
x=0, y=0.1 J}A g - Wavelength/nm
x=0, y=0
yrochlore ~00) 0 ) ,Zr,0, (a)
it ) | e, e l |(4f4)L i @00y (660) 9
10 20 30 40 50 60 70 80 80 L
20/) 70l
(b) © 60
_ _ 3 50F
11 Defective fluorite £ a0k
00) @20 a1y GdZr,0, k=
| ] oo : 0p —d
§ 20 0402
La,..Yb,,Zr,0, = 10 _:2];83
. L 0 =0 x0 x0 x0 x0 x0 ¥=0,3=0.5
a ¥=0.5,y=0.5 30 301 y02 303 304 y=0.5
‘§ x=0.4,y=0.4 L J Lﬂ.‘-“ A
= | 03,303
i U | VN PNV 200 400 600 800 1000 1200 1800
e ke ) b T PRI ™ Wavelength/nm
x=0.1,y=0.1 )
= - Y ®)
yrochlore 22)400) H0) °22) 21,0
P'(nlli l [ | e l ) [(41|4)L ’ ‘?8,00) ©60) zg L
10 20 30 40 50 60 70 80 70 L
20/(°) 60 L
© 50 -

Bl 11 LajyYbyyZr,0, R AUM & XRD #51)

Fig. 11 X-ray diffraction patterns of La,;xYb;.,Zr,O; ceramics

SRS A AB,O7 3B W BEAR LE, WU 451
(Y] A;B,05 3% BB % T LLIA BB vy (R iE %, BAH
U ROREFEMEL,  (ER ) % i R A AoBO;
B EIFAE S, LapEnZn0; RIEW %
8 BAHIAF P BB T AR, H AR T A SS
T A A R R RE 2 AH
R RAN— 2, PR R RN S,

T AByO7 M5 . TT RE

x=0, =0

Transmittance/%
o
(e
T

30 — x=0.1,3=0.1
20 - x=02,)=02
— x=03,)=03
10 — x=0.4,)=0.4
—— x=05,)=05

0

200 400 600 800 1000 1200 1800
Wavelength/nm

(©)
K12 LayYbyZr,Op F 5 MR RE S I RIIE 1 26 i 261

Fig. 12 Photo and Transmittance curve of La;xYb;.Zr,0;
ceramics



5255 3

WAEE 4. AB,O,(A=Ln*", B=Zr", Hf" Ti* Ce*") Y i% B W 2o 75 ot e

1165 -

(222) s
—~ _
) ¥ N~
~ ~ S ~ —~ = ~=
= = Tz = %2 &3 2 Qg
— o =i n @ ~< o Ex
1 1 1 1 1 1 1 11

Pyrochlore:PDF No.80-0469

V¥ Pyrochlore characteristic peaks

Intensity

(Lag,Ndy,Smy, ,Gdy, Yby,),Z1,0;
high-entropy ceramic

Transmittance/%

Powder

2 2
g R
2 j J Ceramic §
= v l v =
b i i A M A b s Ceramic
\ A Powder
= \s = ~A/\A - N
o = i, =y
= & 8 =q § = § Powder
< g ¥ <=
| I L L T
Defective fiuorite: PDF No.80-0471
10 20 30 40 50 60 70 80 90 48 49 50
20/(°) 26/(°)
(a) (b)
7=69.06%

m,,Gdy,Yby»),Zr,0;

200

Ceramic 2
300 400 500 600 700 800 400 800 1200 1800 2000 2400
Raman shiftion/cm™ Wavelength/nm
(©) (d)

13 (a) (b) (Lag,Ndg2Smg,Gdg2Ybo2),Zr,07 43 R FIFE EE K XRD 1%, (c) (Lag 2Ndg2Smg 2Gdy 2 Yby 2)2Zr,07 4 AR F e 2 ) Raman
JeitE, (d) (Lag,Ndo2Smg2Gdg 2 Ybo 2),Z1,07 P B 1 i 5k 36 iy 2815
Fig. 13 X-ray diffraction patterns of the synthesized (Lay,Ndg,Smg,Gdg,Ybg2),Z1r,0; powder and ceramic (a) (b), Raman spectra
of the as-prepared (Lag,Ndj,Smg,Gdg,Ybyg,),Zr,0; powder and final ceramic (c), Ultraviolet-visible spectrum and outside

view of the ceramic (d

) [54]

U: La,,Gd, Z1,0, w U: La,,Gd, Zr,0,
L) ) i A A
U: La, (Gd, ,Zr,0, [ U: La, (Gd, ,Zr,0,
— - l -~ I J A A A
. L U:La, GdoZr0, |, l g U: La, Gd, Zr,0,
'z A A A RN Z i A N i A n
2 1 U: La,Zr,0, g [ : U: La,Zr,0,
’ I PDF 73-0444 SN T DN NS PR T
I PDF 73-0444
1 1 1 l‘ 11 l‘ .lll. e .‘l. szl 2 2 .I 'l 22 1. lIl'l 22 23 ool %2 23 3
I PDF 80-0471 PDF 80-0471
. 1 . I, 1. . a , I . i 1 $ i ai
10 20 30 40 50 60 70 8 90 10 20 30 40 50 60 70 8 90
20/(°) 20/(°)
(a) (b)

Kl 14  U:La,Gdy Zr,0; ¥ A () FIFE % F (b) ¥ XRD %055

Fig. 14 X-ray diffraction patterns of U: La,Gd, Zr,0; as-prepared powders (a) and transparent ceramic samples (b) ©!

ot

R Abednm e, RS a bR fL>

PRI RS S50, LR B8 Hh 5 0 A Aok AT

B AR . WANERRRSS TEMREE, BE5E)  REOARR AR RO EE 2, TR R R

FIERE, DORE P THESE R . Bedh i A

SPERE MU A,B,O- 12 B M .



« 1166 - (RERR Th22 40

J Chin Ceram Soc, 2024, 52(3): 1157-1170

2024 4F

801 rC/:'E
X 60} Left cut-off
g Wavelength/nm
£ 40! La,Zr0, 454
Z — La, Gd,,Zr,0, — 461
& 90l — La,Gd,Zr,0, — 471
— La,,Gd, (Zr,0, gy 134
O L 1 L
500 1000 1500 2000

Wavelength/nm

()

(d

K15 () EERERL 3 i 2 o) M EERIFE R I, UtLay ¢GdoaZr,
O P %2 1) 5 ok S A 45 0 (o) R T T S Aol 45 # (d) )

Fig. 15 Transmittance curve (a) and photo (b) of ceramics,
thermally etched surfaces (c) and fracture surfaces (d)
of U:La, 4Gdy 4Z1,0; ceramic **

3 AB,O; 3% A & B AR R

A,BO; WP & AT LB %] A 2 F1 B AL
TFHIEARAE A R A AT, BT A SR B AL S
TRBEZAINEEURZREAT LSS ABO; &I
BERAKAS, HLhn Ik RN pe st i R i B IR R R
2006 4, Zhang SEWFIT 7RG Yo TiO7 M EAE L
TES AR, SREY, ESKT 60 GPa
JG Y2Ti0; W% B P IR 4 0 AR A8 R T 7 6
AT AR DB ARG . 2023 4E, Zhang 25 K ke 4
A EERIE] Tm,aSn,O; B &EFE 36.7 GPa J& /1 NI
iR T IEAC AR, I BRUE /12 e AR ]
W7, Shlyakhtina 25 4# F JE TR H] % Lu,HEO,
WA, AR JETE 1600 ‘CHe4E, SRJELA 130 C/h
5 C/h 2 FhyAHIE A PRI A, 1K 2 FOASE A
HIERIGE] T 2 FhASFAHSE I LuHE0, P&,
I et 3o i AL o 6 T il 2 B M o e (R AR AR R
2021 4, An ZEIE I ERES V) 4 TR A4 A R
EE TR T2 T Lua(TiHE),07 RF1iZE
WP, x=0 I Lu,Ti,O; P &is s %, 1E 550 nm
Qb 3% Ik B 57%. Lua(Ti Hfy ),07 55135 B g &
1E x=0~0.3 Ju [ P MBSt A 4544, 1E 0.4~0.5 i
ARG A 4544 . H4E Subramanian FEi£0, 4
1.46<r,/rg<1.78 B 2 AKELEALE, HEE Lu,
(TijxHE)207 74 5 Hrse S8 A7 45 14 1) 55 A7 45 14 (1 e AR
RAEAE ralrg=1.51 &b, A ZTE 1.46. 2018 4F, Lu
A TR B TR T 214 GdyuNdZr0; &
FIFER RIL, Gdy N Zr,0, 25l B AR AR K A
TE ralrp=1.49 4b, TR ra/rs=1.46 4101,
X T SPS Bt FEH K F7 e g A
RS LR R B .

4 A)B,O; 3% WA 4 % ty i 72 RL A

2005 4, 75 0 B4 I R ik 1 4 JEURRRM K
W AR SE 1T I %% T LapHEO7: it
FM 2O, R 1 mm (4 La,HE0,:2%Ti W Zekt
Al fE 800 nm PiHIT (i It #2423 60%, fE 120 kV ()
X FERBOR TR MRS, e EiE
JR5F BigGesOrp HAH I 1.5 f5, Ak La2Hf2O7:Ti4+i§
A P AT T R BN T 2 T S B R TN AR A R . 2020
S, Tang SF18 I [BAH S MNVE AN LS BR s T 20048 1
Lno.1LageGdZr,0; (Ln = Nd, Yb) % 51|17 B ) L%,
Ndy.1LagoGdZr,0; FZLE 1 100 nm Kb it et
68%, “FHIKi1EHN 6~24 pm. NdyLagsGdZr,0; i



5255 3

WiIHRE %5 AB,O4(A=Ln*", B=2r*, Hf* Ti*" Ce*") 3% W g B0 7ttt Jg . 1167 -

BEAE 808 nm ZRIHHOL A UK T K H 1061 nm K (1)
LA AN, YboiLageGdZr0 B EAE 976 nm 28 i
FeEF WO TR 1032nm T ZLAM G, IX 2 Rl &
LG LR SO MR T B IR 1T S . 2022 4E,
Tang 83 [ AH SR AN B 25 be sk T 2814 T YaZr04:
Eu’'/Bi¥" B BIFG &Y, 78 1200 nm 4b 3% T 2R
67%. Y,Zr,0-:Eu’/Bi* B HIFHE N PL LIk &R,
29 WK N 250~467 nm 5 N ARG, KOG
TN O AR NS RN o S N SN e S R (P R
AN WLED #8138 EL A 1R K 1R 78 7E A 11
2022 4F, Zhang %530 B A [ M . HLAS TR S5 AT
AEEFE A T2 R I 4% T TbyasHEO07 65 15 B
B %), BRPETE 1064 nm Ak 3% it 2R B2 79.4%.
Tb,.45sHE07 65 155 B M EEAE 633 nm AL Verdet 20N
—165.6 rad- T 'm™" LL 7 F 10 TbsAlsOy, B
23.26% /540, VLB Tby.asHEO7 65 17 P& & —FHIR
BB IIEDEA R, 2023 4E, Lu 25585 [ A &8
ME TSR TEH G T YaoZrO: xPr F 5135 W F
760 v, 70,05 Pr M & AE 760 nm 3% 1k 42T
74%, Y2Zr,07: 0.5Pr P & HA B U 6 S0 R v g
450 nm K T 4% RAEE K8 0.008 K
(663K), HIX R H AN 0.47%K (363 K), it
W] Y,Zr,07:0.5Pr P BEAE iy ilm A0 B« O 2 iR A R
AR BN FH AT 5. 2023 4F, Li &3 id [ A 5 5 AN
FLAIRLE T EHI4 T SmyZn0, 13 BIFE %™, e fe
A] W XA LT AR X 325 2 3 50l 4 73% 0 65%
oA SRR BT IR, SmyaZn,0, i B
Wi e EL AT e R A FEL R SR BB AR (A L 8RE, UE
SmyZr,07 % W M AT B RL AT B A AN A
2023 4F, Han 25t [ A S SR E 25 et 1.2 %)
fil#% 7 1.5 mm JEHI(Yo,Lay2Gdo2Ybo2Dyo2)2Z1,07
7 B W B0, 75 T WAL A X (43 0 T 74%
1E 2 WA T (Yo.2Lag2Gdo 2 Ybo 2Dy 2)2Zr,07 1%
W) B 1 B e mT AR 1R BV e, Ui 2% s
B A A S RO — B B 22 K ORI R SR 1
B AR o
5 HHRKEZE

KRILER T IR AB,0O; i B P & JEUR R 4
45 J515 AsBLO7 BB E R bt T2, —Ludy
SRXUFHFEAZEE I ) AoBLO; B HIF A . AyBO, B W
B 5 (R AH AR AN AL B, O 175 B W 2 14D L FH T 5% o BURH &5
I A,BO7 2 W ZE LU AL e 5 AH ALB,0O- 1% B
BRI N, B R R, BAAE SN

IAE R T hest A 55 A AAHILAF G AB,O; 1
BPR BT AR, a5 A S AT T B it
PAEAFHE— BT

A,B,0; 175 B W % SL B B FH I8 A 1R 22 PR e 75 52
fiftdk, RS &R A G ESFL, KIS
L E e e . TR, R
— BT BRI SR R A, AT DA b B g R AL
MO8 SRR AT DLHES e R R
KL B R A B, A2 i 8 R Mbe 4l 1 A% T B4 5 B0
FREAASALTE D . YEEM AR A E R R R S B &
FIRJoe st ik 75 rp A 5 A4 oA AN A0 1) e & T e A —
H(Eedh), RETHER S R, B
DA 2% 1% 3% T 11 58 B3 5 (1 JEORMA AR, 3L Jit
BRI A R AR K B SAL, pesh Ja B &b 2 2 5k AR b
R RHEAS T, BT LB FRP R S AL S BN

AB,O; 17 WP & 1T R K [2~4 W/(m-k)]
ArBO; 37 B W B AT OGS 28 A It B AE = T 3
WOt by B B 12 o] B AR ORI R
XA RE 2 S B HR o A S R AR E e B
O e SR A A =AU bl 11 &
AsB,0O7 175 B Wi & B i) £ BOR AN i, el £ R
PR R ELF I, SEIN A V£ 1)/
B o

SE R

[11 FEIiEMH. LnoMyO, (M = Zr, HOEW BRIl SR 7 [D]. L
e FEBEABERY: (T ER B R EEERR IR AT ST, 2015.

Wang Zhengjuan. Fabrication and properties of Ln,M>07 (M = Zr, Hf)
transparent ceramics[D]. Shanghai: Shanghai Institute of Ceramics,
Chinese Academy of Sciences, 2015.

[2] HWH]. SRR IR R N R IR R L RO R IR AL (D). g
o ERFE B IR Eh R 5T, 2006.

JI Yaming. Exploration of hafnate ceramic scintillator and its
luminescent characteristics{D]. Shanghai: Shanghai Institute of
Ceramics, Chinese Academy of Sciences, 2006.

3] AR, AEL, Hie, 55 REEE S AR TR fh [ 3E W
BERIHI % [I]. T BEAR, 2011, 26(9): 929-932.

Z0U Xiaoqing, ZHOU Guohong, YI Hailan, et al. J Inorg Mater, 2011,
26(9): 929-932.

[4] TROJAN-PIEGZA J, GIERLOTKA S, ZYCH E, et al. Spectroscopic
studies of nanopowder and nanoceramics La,Hf,07: Pr scintillator[J]. J
Am Ceram Soc, 2014, 97(5): 1595-1601.

[S] YEY C, LUK L, QI J Q. Developing smart temperature sensing
window based on highly transparent rare-earth doped yttrium zirconate
ceramics[J]. ACS Appl Mater Interfaces, 2022, 14(34): 39072-39080.

[6] LI YL, YEY C, QUAN W K, et al. Investigation of up/down-
converted luminescence and related mechanisms in Ho’/Yb®"
co-doped Y,Zr,05 highly transparent ceramics as phosphor material[J].
J Lumin, 2022, 251: 119255.



1168 -« (RERR Th22 40

J Chin Ceram Soc, 2024, 52(3): 1157-1170

2024 4F

(7]

(8]

(]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

(23]

WANG Z J, ZHOU G H, ZHANG J, et al. Luminescence properties of
Eu’'-doped Lanthanum gadolinium hafnates transparent ceramics[J].
Opt Mater, 2017, 71: 5-8.

TANG Z, HUANG Z Y, HAN W, et al. Microwave-assisted synthesis
of uranium doped Y,Zr,O;
near-infrared optical lens[J]. Scr Mater, 2020, 178: 90-93.

M. GdaxMyZr07(M=Nd Sm) %7 W Fi 5 i ] 45 J& 1k B 1
JL[D]. #RFH: PYRRHR S, 2020.

LI Weiwei. Preparation and properties of Gd, MyZr,07(M=Nd.

transparent ceramics as potential

Sm)transparent ceramics[D]. Mianyang: Southwest University of
Science and Technology, 2020.

g, AeAb 2t it B A,B,O7i% W W il 46 5 6 24 MR REWT FE (D). 47
FH: PURERHRAE, 2021.

DENG Ting. Preparation and optical properties of non-stoichiometric
A,B,0; transparent ceramics[D]. Mianyang: Southwest University of
Science and Technology, 2021.

AN L Q, ITO A, GOTO T. Effect of calcination temperature on the

fabrication of transparent lutetium titanate by spark plasma sintering[J].

Ceram Int, 2012, 38(6): 4973-4977.

WANG Z J, ZHOU G H, JIANG D Y, et al. Recent development of
A,B,0; system transparent ceramics[J]. J Adv Ceram, 2018, 7(4):
289-306.

A, BRRN, s, MEREMEM] Jbat mae TR,
2016.

WA, UL, A DL REE M. Jba: Bt
1, 2013.

LI S R, HAN W H, LU K L, et al. Highly transparent Sm,Zr,0;
ceramics with excellent dielectric performance[J]. Appl Phys Lett,
2023, 123(4): 1-5.

TAN L, SU X H, YANG J X, et al. Facile synthesis of high-entropy
zirconate nanopowders and their sintering behaviors[J]. J Adv Ceram,
2023, 12(3): 498-509.

WANG Z J, ZHOU G H, QIN X P, et al. Fabrication of LaGdZr,0,
transparent ceramic[J]. J Eur Ceram Soc, 2013, 33(4): 643—646.

SAIF M, SHEBL M, MBAREK A, et al. Synthesis of non-toxic
phosphor material based on pyrochlore-type dititanate (Eu>/Y,Ti,O7)[J]. J
Photochem Photobiol A Chem, 2015, 301: 1-5.

ZHANG L X, LI X Y, HU D J, et al. Fabrication and properties of
transparent Tb,Ti,O; magneto-optical ceramics[J]. J Eur Ceram Soc,
2021, 41(14): 7208-7214.

GAO L, ZHU H, WANG L, et al. Hydrothermal synthesis and
photoluminescence properties of GdyZr,O7:  Th**
MATER LETT, 2011, 65(9): 1360-1362.

TANG Z, HUANG Z, HAN W, et al. Microwave-assisted synthesis of

phosphors[J].

uranium doped Y,Zr,O7 transparent ceramics as potential near-infrared
optical lens[J]. Scr Mater, 2020, 178: 90-93

HUANG Z, QI J, ZHOU M, et al. A facile solvothermal method for
high-quality Gd»Zr,O; nanopowder preparation[J]. Ceram Int, 2018,
44(2): 1334-1342.

WANG Z J, ZHOU G H, QIN X P, et al. Transparent La, yGdxZr,0;
ceramics obtained by combustion method and vacuum sintering[J]. J
Alloys Compd, 2014, 585: 497-502.

AUNG Y L, IKESUE A, YASUHARA R, et al. Optical properties of
improved Tb,Hf,0; pyrochlore ceramics[J]. J Alloys Compd, 2020,
822: 153564.

AN L Q, WANG L F, FAN R H, et al. Fabrication and electrical

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

conductivity of Lu,(Ti, xHfx)>O7 transparent ceramics prepared by
spark plasma sintering[J]. J Asian Ceram Soc, 2021, 9(3): 893-901.
JIY M, JIANG D Y, FEN T, et al. Fabrication of transparent La,Hf,0;
ceramics from combustion synthesized powders[J]. Mater Res Bull,
2005, 40(3): 553-559.

CHEN C F, BRENNECKA G L, SYNOWICKI R A, et al. Transparent
polycrystalline Gd,Hf,07 ceramics[J]. J Am Ceram Soc, 2018, 101(9):
3797-3807.

ZOU X Q, ZHOU G H, YI H L, et al. Fabrication of transparent
Y,Hf,0; ceramic from combustion synthesized powders[J]. J Inorg
Mater, 2011, 26(9): 929-932.

AN L Q, ITO A, GOTO T. Fabrication of transparent Lu,Hf,O; by
reactive spark plasma sintering[J]. Opt Mater, 2013, 35(4): 817-819.
WANG Z J, ZHOU G H, ZHANG F, et al. Fabrication and properties
of La, GdHf,O; transparent ceramics[J]. J Lumin, 2016, 169:
612-615.

WANG Z J, ZHOU G H, ZHANG ], et al. Luminescence properties of
Eu*"-doped Lanthanum gadolinium hafnates transparent ceramics[J].
Opt Mater, 2017, 71: 5-8.

YASUHARA R, IKESUE A. Magneto—optic pyrochlore ceramics of
Tb,Hf,0; for faraday rotator[J]. Opt Express, 2019, 27(5): 7485-7490.
WANG X J, XIE J J, WANG Z J, et al. Fabrication and properties of
Y,Ti,O; transparent ceramics with excess Y content[J]. Ceram Int,
2018, 44(8): 9514-9518.

WANG Z J, WANG X J, ZHOU G H, et al. Highly transparent yttrium
titanate (Y,T1,07) ceramics from co-precipitated powders[J]. J Eur
Ceram Soc, 2019, 39(10): 3229-3234.

SHLYAKHTINA A V, ABRANTES J C C, LARINA L L, et al.
Synthesis and conductivity of Yb,Ti,O; nanoceramics[J]. Solid State
Ton, 2005, 176(17/18): 1653—1656.

AN L Q, ITO A, GOTO T. Highly transparent lutetium titanium oxide
produced by spark plasma sintering[J]. J Eur Ceram Soc, 2011, 31(1/2):
237-240.

KIM H, AKDIM B, PARK J, et al. IR transmission prediction,
processing, and characterization of dense La,Ce,O;[J]. J Am Ceram
Soc, 2021, 104(11): 5659-5670.

WANG Z J, ZHOU G H, QIN X P, et al. Transparent La, \GdxZr,0;
ceramics obtained by combustion method and vacuum sintering[J]. J
Alloys Compd, 2014, 585: 497-502.

HAN W H, YE Y C, LU K L, et al. High-entropy transparent
(Yo2Lag2Gdy2Ybg2Dyo2)2Zr,07 ceramics as novel phosphor materials
with multi-wavelength excitation and emission properties[J]. J Eur
Ceram Soc, 2023, 43(1): 143-149.

WANG Z J, ZHOU G H, QIN X P, et al. Fabrication and phase
transition of La, yLu,Zr,0 transparent ceramics[J]. J Eur Ceram Soc,
2014, 34(15): 3951-3958.

WANG Z J, ZHOU G H, QIN X P, et al. Transparent La, yGdxZr,0;
ceramics obtained by combustion method and vacuum sintering[J]. J
Alloys Compd, 2014, 585: 497-502.

ZHAO W W, ZHANG K B, LI W W, et al. Fabrication and optical
properties of transparent LaErZr,O; ceramic with high excess contents
of La and Er[J]. Ceram Int, 2019, 45(9): 11717-11722.

ZHAO W W, ZHANG K B, HE Z S, et al. Vacuum sintering of highly
transparent  La; 25Yb) 28Z1,07.84
powders[J]. Ceram Int, 2018, 44(11): 12535-12538.

LI W W, ZHANG K B, XIE D Y, et al. Characterizations of vacuum

ceramic using nanosized raw



5255 3

WHAEE 25 A,B,O/(A=Ln*", B=2Z*", Hf*" Ti*" Ce*") B33 W W B i 52 30k Jé .

1169 -

[45]

[46]

[47]

[48]

[49]

[50]

(511

[52]

[53]

[54]

[53]

[56]

[57]

sintered Gd,Zr,O7 transparent ceramics using combustion synthesized
nanopowder[J]. ] Eur Ceram Soc, 2020, 40(4): 1665-1670.

YE Y, TANG Z, JI Z, et al. Fabrication and luminescent properties of
holmium doped Y,Zr,O; transparent ceramics as new type laser
material[J]. OPT MATER, 2021, 121: 111643.

LIS, MA K, YE Y, et al. Effect of annealing temperature on optical
properties of Erbium doped Y,Zr,O; transparent ceramics[J]. Ceram
Int, 2022, 48(24): 37180-37185.

YU L, ZHANG K, LI W, et al. Fabrication and luminescent properties
of Sm-doped Gd,Zr,0O5 transparent ceramics[J]. J LUMIN, 2022, 243:
118674.

An L L, Wang Z J, Ito A, et al. Transparent ceramics based on
pyrochlores[M]. Pyrochlore Ceramics, Elsevier, 2022: 399-432.

HE Y, LIU K G, XIANG B X, et al. An overview on transparent
ceramics with pyrochlore and fluorite structures[J]. J Adv Dielectr,
2020(3): 1-32.

WANG Z J, ZHOU G H, QIN X P, et al. Two-phase LalLuZr,O,
transparent ceramic with high transparency[J]. J Am Ceram Soc, 2014,
97(7): 2035-2037.

WANG Z J, ZHOU G H, QIN X P, et al. Fabrication and phase
transition of La, yLu,Zr,0 transparent ceramics[J]. J Eur Ceram Soc,
2014, 34(15): 3951-3958.

B, Lay ,MZr,07(M=Pr. Er. Yb. Gd)i& W% 1) 4% 5k
WHFE[D]. ZRFH: TR RHL R, 2019.

ZHAO Wenwen. Preparation and properties of La, (MyxZr,07(M=Pr, Er,
Yb, Gd) transparent ceramics[D]. Mianyang: Southwest University of
Science and Technology, 2019.

DENG T, ZHANG K B, LIU K, et al. Vacuum sintering of highly
transparent Laj+xYbi+yZr;O7 ceramics with excess La and Yb
contents[J]. J Eur Ceram Soc, 2021, 41(3): 2106-2113.

ZHANG K B, LI W W, ZENG J J, et al. Preparation of
(Lag2Ndy»Smg,Gdy2Ybg2)2Zr,07 high-entropy transparent ceramic
using combustion synthesized nanopowder[J]. J Alloys Compd, 2020,
817: 153328.

Chen Y, Ye Y, Liao W, et al. Fabrication and phase transition of
uranium-doped La,Gd, 4Zr,0O; transparent ceramics: A prospective
neutron detection material[J]. ] Am Ceram Soc, 2023, 106(1): 24-31.
ZHANG F X, MANOUN B, SAXENA S K. Pressure-induced
order-disorder transitions in pyrochlore RE,Ti,O; (RE =Y, Gd)[J].
Mater Lett, 2006, 60(21/22): 2773-2776.

ZHANG F Q, ZHAO Y S, ZHAO X B, et al. Pressure-induced
structural transition of pyrochlore Tm,Sn,0[J]. J Alloys Compd, 2023,

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

963: 171248.

SHLYAKHTINA A V, BELOV D A, STEFANOVICH S Y, et al.
8-Phase to defect fluorite (order-disorder) transition in the R,0;-MO,
(R = Sc, Tm, Lu; M = Zr, Hf) systems[J]. Mater Res Bull, 2011, 46(4):
512-517.

AN L Q, WANG L F, FAN R H, et al. Fabrication and electrical
conductivity of Lu,(Ti, «Hfx)>O7 transparent ceramics prepared by
spark plasma sintering[J]. J Asian Ceram Soc, 2021, 9(3): 893-901.
SUBRAMANIAN M A, ARAVAMUDAN G, SUBBA RAO G V.
Oxide pyrochlores—A review[J]. Prog Solid State Chem, 1983, 15(2):
55-143.

LU X R, SHU X Y, WANG L, et al. Microstructure evolution of
rapidly fabricated Gd, \NdyZr,O; (0.0<x<2.0) by spark plasma
sintering[J]. Ceram Int, 2018, 44(2): 2458-2462.

JI'Y M, JIANG D, SHI J L. La,Hf,07: Ti4+ ceramic scintillator for
x-ray imaging[J]. ] MATER RES, 2005, 20(3): 567-570.

TANG Z, HAN W, HUANG Z Y, et al. Near-infrared luminescent
properties of Ln: LaGdZr,O; (Ln = Nd, Yb) transparent ceramics for
solid-state laser applications[J]. Ceram Int, 2020, 46(14): 22270-22275.
TANG Z, QI J Q, HUANG Z Y, et al. Novel multicolor-tunable
Eu’/Bi* co-doped Y»Zr,0O7 transparent ceramics as potential white-
light-emitting materials[J]. Ceram Int, 2022, 48(3): 4216-4222.
ZHANG L X, LI X Y, HU D J, et al. Transparent non-stoichiometric
Tb, 4sHf,07 65 magneto-optical ceramics with high Verdet constant[J].
Scr Mater, 2021, 204: 114158.

LUK L, YEY C, HAN W H, et al. Defect elimination to enhance
photoluminescence and optical transparency of Pr-doped ceramics for
self-calibrated temperature feedback windows[J]. J Adv Ceram, 2023,
12(4): 681-694.

HAN W, TANG Z, MA N, et al. Optimization of ball-to-powder
weight ratio toward to highly transparent LaGdZr,O; ceramics
processing by solid reactive sintering[J]. ] ALLOY COMPD, 2019,
771: 944-950.

XIAO ZHUOHAO, Yu S, Li Y, et al. Materials development and
potential applications of transparent ceramics: A review[J]. Mater Sci
Eng R Rep, 2020, 139: 100518.

MING W, JIANG Z, LUO G, et al. Progress in Transparent
Nano-Ceramics and Their Potential Applications[J]. NANOMATERIALS-
BASEL 2022, 12, 1491.

TIAN F, IKESUE A, LI J. Progress and perspectives on composite
laser ceramics: A review[J]. ] EUR CERAM SOC, 2022, 42(5):
1833-1851.

Research Progress on A;B,07(A= Ln3+, B= Zr4+, HfY Ti* Ce4+) Transparent Ceramics

LAl Yangqun', TAO Shixu', MA Chaoyang', CAO yongge'*
(1. Songshan Lake Materials Laboratory, Dongguan 523808, Guangdong, China; 2. Institute of Physics, Chinese Academy of
Sciences, Beijing 100190, China)

Extended Abstract
Conventional transparent materials can be primarily divided into four categories, i.e., glasses, polymers, single crystals, and
transparent ceramics. Growing large single crystals with high melting points is difficult, and glass and polymers have poor
mechanical and chemical stability. These shortcomings limit their applications. Transparent ceramics are favored because of their
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high refractive index, high hardness, high strength, high thermal conductivity, and high chemical stability. In 2005, La,Hf,0,; was
fabricated into transparent ceramics with a high density and a high atomic number, having a great potential in the detection field of
scintillators. Since then, A;B,0; transparent ceramics has attracted much attention. The structure of A,B,0; ceramics is mainly
determined by the radius ratio of A-site and B-site ions (ra/rg), and includes three structures (i.€., fluorite structure (r,/rg<1.46),
pyrochlore structure (1.46<r,/rp<1.78) and monoclinic structure (r,/rg>1.78)). While, only the fluorite- and pyrochlore-structure
A,B,0; ceramics could be transparent monolith when sintered at proper temperature and pressure.

A,B,0; ceramics with fluorite and pyrochlore two-phase coexisting structures have the advantage of smaller grains, compared
with conventional A,B,0; transparent ceramics with single-phase structures. The mechanical properties of two-phase coexisting
structures ceramics can be improved due to the smaller grains. LaLuZr,0O; transparent ceramics with two phases of fluorite and
pyrochlore were fabricated in 2014. Two phases are uniformly distributed in the ceramic and the average grain size of the ceramic is
only 2-3um. The in-line transmittance of LaLuZr,O; transparent ceramic is 73.4% at 1 100 nm due to the close refractive index
between the two phases of fluorite and pyrochlore, and the scattering of light across the interface between the two phases is negligible.
In 2019, (LagyNdy2Smg,Gdg,Ybg,),Zr,0; was fabricated into transparent ceramics with a fluorite and pyrochlore two-phase
coexisting structure. Compared with conventional transparent ceramics, high-entropy transparent ceramics may have better
mechanical properties, corrosion resistance, and high-temperature resistance. The enhanced atomic disorder due to multi-element
doping in high-entropy ceramics makes it a promising material for high-temperature windows with a lower thermal conductivity.
However, there are some challenges in the preparation of two-phase coexistence transparent A,B,0; ceramics. In some previous
reports on A,B,0; transparent ceramics with two-phase coexistence, the transmittance of the ceramics was severely reduced when
there was a large difference in the grain sizes of the fluorite and pyrochlore phases.It is necessary to ensure that the grain growth rates
of the pyrochlore and fluorite phases are similar during sintering.

Transparent ceramic scintillators of La,H,0,:Ti*" were fabricated in 2005. The transmittance of La,Hf,07:Ti*" transparent
ceramics at 600-800 nm is close to 60%. La,Hf,0,:Ti*" transparent ceramics gain a high X-ray stopping power due to its high density
and high atomic number. The integrated emission intensity of La,Hf,O,:Ti*" transparent ceramics is 1.5 times greater than that of
BiyGe;0y; single crystals for the same size and the same excitation conditions. In 2019, Tb,Hf,0, was fabricated into transparent
ceramics. Tb,Hf,0O; transparent ceramic ceramics perform well in the Faraday magneto—optical effect tests, having higher measured
Verdet constants than commercial Tb;GasO, single crystals and a potential application as an excellent magneto—optical material. It is
indicated that the magneto-optical properties of magneto-optical materials are related to the concentration of Tb*" in the materials,
and the higher the Tb** concentration is, the better the magneto-optical properties will be. Tb,Hf,O; transparent ceramics can be
doped with higher concentrations of Tb** due to the structural advantages of A,B,0;, thus having better magneto—optical properties
rather than garnet-structured Tb;GasO,, single crystal.

Summary and prospects This review represented the preparation methods, performances, and potential applications of A,B,0;
transparent ceramic. A,B,0O; transparent ceramics have the characteristics of a high melting point, a high density, and a high
refractive index, which are potentially valuable in the fields of optical material. However, the optical loss and optical homogeneity of
A,B,0; transparent ceramics are difficult to guarantee, a further study of optical quality improvement for A,B,0; transparent
ceramics is still needed. At present, the preparation process of A,B,0; transparent ceramics is still immature, there are many residual
pores in the sintered A,B,0; transparent ceramics, affecting the optical quality of the A,B,0; transparent ceramics. It is necessary to
optimize the raw powder preparation process and add sintering additives to reduce the pores in the sintered A,B,0; transparent
ceramics.

Although A,B,0; transparent ceramics have great application prospects in solid-state lasers, the low thermal conductivity of
A,B,0; transparent ceramics makes heat dissipation a challenge. If A,B,0; transparent ceramics can be used in solid-state lasers, a
superior heat dissipation system needs to be designed. In summary, A,B,0- transparent ceramics is a promising transparent material,
but there are still many problems to be solved before the application.
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