F 40 HF 1-2 HREAMEE Vol. 40 No. 1-2

2019 £ 2 A Advanced Ceramics February 2019
FELFEST: V25 X5 : 1005-1198 (2019) 01-0004-117
XEAFRE: A DOI: 10.16253/j.cnki.37-1226/tq.2019.01.001

S
| RAR

T~

SmE KRN R R

. 2 3 1 P 2= e
EER, KBO¥° ARAES, FEEL E FL E OES, HERS,

FHAT, RAES, B, TKE, KGR ", REET, AEA’

el

TS RIEI L KRE HAREF AT, 5 RIE 150001
PRI KRF MAAFEE TESR, KX 430070
SR MF R I EHTHT, LT 100076
Y AR W BB S AT SRR, @R 210012
THAETFHEKRE HHAFEE ISR, S8 Ak 541004
O AT HE R AR AL EAM P, LT 100103
TR ILEEFLIZTE, LER EHE 255000
S EAER KALSH BN G WIELF LI, KA 130033
SR A A A LA FT, AL 100074
O HiE B KHFAFRE, LT 100076

W OR: BREARMHECRATEFRTERLE. RAFFHFHRBEEM M.
fo, WP HZEFERAEMAOTIE. BE. AREREZLARFEF X TSN RBEA
Z— AXHMERERTENERGREMMBEARER, ERT REEEMRE LR L,
& EXIA F IR AR R R E AR 7 ik fe R R A e AR AT T 2 B,
AREASBHERTE. AXEEARRFT —RBEFR T ENRITRBESS

R ZRATE; BRGEM L BRI RN W7 ® X EE

WA EH:  2018-11-22

X4TJH: BERELHLITX Q017YFB0310400); E X B KA FE 4 (51621091); % & F#H M H
(41422020101); B LA EREETE (JPPT-135-RFH-010).

F—EH: FMAEENAXMETESEENER, AHHE—EE. ELHELHTHT.

BRMEH: HiEH (1975-), F, LWHEEFA, B8R RA. E-mail: zhyang@hit.edu.cn.,



%12 H (HARFLAME) Advanced Ceramics, 2019, 40 (1-2): 4-120

Recent Progress and Prospestion on High-Temperature
Wave-Transparent Ceramic Materials

CAI De-Long', CHEN Fei’, HE Feng-Mei’, JIA De-Chang', KUANG Ning",
MIAO Lei’, QIU Hai-Peng®, WANG Hong-Sheng’, XU Nian-Xi*, YANG Zhi-Hua',
YU Chang-Qing’, ZHANG Jun-Wu'’, ZHANG Wei-Ru’, ZHOU Yan-Chun’

!Institute of Advanced Ceramics, Harbin Institute of Technology, Harbin 150001, China

? School of Material Science and Engineering, Wuhan University of Technology,
Wuhan 430070, China

7 Aerospace Research Institute of Materials and Processing Technology, Beijing 100076, China
? Nanjing Fiberglass Research & Design Institute Co., Ltd., Nanjing 210012, China

? School of Materials Science and Engineering, Guilin University of Electronic Technology,
Guilin541004, China

% Composite Center, AVIC Manufacturing Technology Institute, Beijing 100103, China
7 Shandong Industrial Ceramics Research & Design Institute Co. Ltd., Zibo 255000, China

¥ Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Science,
Changchun 130033, China

? Aderospace Institute of Advanced Materials & Processing Technology, Beijing 100074, China
" China Academy of Launch Vehicle Technology, Beijing 100076, China

Abstract: Wave-transparent ceramics are materials of choice for the key parts of hypersonic
vehicles like radome and antenna window. Correspondingly, one of the key technology to meet the
requests of hypersonic vehicles is to improve the temperature resistance, wave-transparent and load
bearing capacity of wave-transparent ceramics. In this paper, the history and development of
wave-transparent ceramics are described systematically considering the technical requirements of
hypersonic flight vehicles. The history and recent progress of wave-transparent ceramics and the
testing methods and principles are reviewed. Finally, future development trends and challenges of
wave-transparent ceramics are enphasized. It is expected that this paper will be useful as references
for the design of new generation hypersonic vehicles.

Key words: Hypersonic vehicles; Wave-transparent ceramic materials; Design requirements of
wave-transparent materials; Testing method and principle
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Table 1 Types and characteristics of new thermal wave-transmitting materials

B e RECR/ B IABHE R AN T2

K1 BRERAM LR RKRER R

Ablation Long-time
Type of Materials . high-temperature Major advantages Major defects
resistance .
resistance
Si3Ny fiber-reinforced Good ~ 1450°C High strength retention rate ~ High fiber
nitride matix under high temperature modulus, difficult
composites (1400°C, > 80%) to weave
BN fiber-reinforced Excellent  ~ 1400°C (Blackout Good ablation performance  High dielectric
nitride matrix may be found under loss at high
composites higher temperature) temperature
Si-B-N fiber- Good ~ 1450°C Performance between the Difficulty to
reinforced composites above two materials import element B
BN matrix ceramic Good 1500°C ~ 1600°C Good long time high Poor reliability of
composites temperature resistance thermal structure
Si3N4 matrix ceramic Good 1200°C ~ 1300°C High productive efficiency ~ Poor reliability of
composites thermal structure
Al,Oj fiber-reinforced Bad ~1300°C Good inoxidizability Low strength
composites retention rate at
1200°C
SiO, Good ~1000°C Stable dielectric properties ~ Low strength

retention rate at
1000°C
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iz, W T S 3 LR A RATES . 1956 4F, 3£ Corning A A FF A H T 9606 Tl i B4 34
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1E 4 LUF I RAT R

20 el 60 FATTIR, KEE T AR I EIRE S/ . JEMEE . A 7RIS B K A7 1% 80
WATFRE T —RA T TAE, 53] 7R BIR T AR, JTH ST R e &
MR R 7 RERF R TAE, ORESNERBRE . BRREERY], HPBREERESH
B HOL 3~ 3.8, HAF AR AL 1200°C, 785 B3RS NH, EAEH TH—R&EE |
1T8%.

20 e 50 SRR M, S EWHE] I 2K P A mlLA L) & A4 KL (Slip Cast Fused Silica, SCFS), 70
EARMETZ R T 2R AT AT (WEE R ZEE RITE) . A REEME BRI R, R
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RAHIERE, ORIy Re 22 5wk A, SEE G AR AU 704 0 (AMMRC) #HAT T RGN
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RERE I & Z MR AT S8 R B/ R 2. (RE E 2 AL B ER AR — P B IR KK R 7111
Al R 2 B AR SR DL S E AR FE B B R T T R R, W) () AL e
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A AR B ERER/FHEEK: FOR UTE IR /20 B R 25w SRR Rk
fillo BUAT R LB/ B (1 T 2R A8 5 LU AR 7 AR R A A /2 KA A P (22, 7 B BUAT A LA
TEHATRA T, BRI AR A R EC S/ B MBI SOR IR T, Q0% it i i B8 A R
PRI R P B RS

REHAFHERBELNE: bR 7IAPRSE, TEHLE R8G90 2 SRR RE 32 22 2T 4Rk RE ok
B, HORRWFIRERZ AU R TR L) . 3R 2 FIH TR AL PR RE AT 48 A A R S FL Ak ek s
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Table 2 Types and characteristics of new high performance fibers

Type of fiber Tensﬂeg;;ength / Rg%l.tlst?e?gtfh()f Dielectric constant
Si;Ny, SiBN 1.0~1.5 > 80% (1400°C for 1 h in N,) ~5
Si-B-N 1.0~1.5 ~ 80% (1400°C for 1 h in N,) ~5
BN 02~0.8 ~50% (1500°C for 1 hin N,) ~4
Al,O5 (Nextel 610) ~2.5 ~30% (1300°C for 1 h) ~9

Bl N o A D A A A A A 4R ok, HoAh 2R 4k R3O g, 5 B AMHE LUAFEIR R 22 5E .

RACEEL % 5 AMH: HRETCERW 1SS RA N SR 2R NER R 26 % ESEA4E 1
MRS EREA, B& 7T TREAMEE %M. JUER, EHH RN, SRS, Bt
o LT P ) S G S B RIS T R, B B R AT 4R S R A M RHE SR T SR Tk 80
MPa Lk, 1400°C F 3R R R AT 80%, MHLHBfE 3.2 ~3.8 Z (a7, A idiikeik 107 B4,

RAME 2 5 A B NI & IE LB A 4EVERR AR, 18 1) 75 22 580 M e B 4 4 )
H R . MR E A MRS T AR IRE B AL M B, X WIR S 7 B4 5 64
B JE

RN K % L AaFH: BARD: 7 B ALRER & R S/ o TR AR . Bl s R 32
IR T A= & I 20 o SERME REFE — 2 Yu BB W AT, A HH 2L 2.5 ~ 5, 1200°C T 5 AR B 0k 80%
PL ks

fAdeer s [H NS PELEBA AR IRIG, HARRE, BRI R e S 4
Hl & RBHER . Ik, EWNIRE TELAHEE AR SEE AT, Bl &S a4 5 64
B IRIR T Z) 300 MPa, 1200°C Hi #5820 100 MPa, AHLH 36, /rHikEx 107 B4,

2 ¥ M R B A R R A AR

21 IFRMARKRESEEME

A5 R D PR R — A DU Rl DO AR B R O JERE, R, R, BesbSEp A L
2] % 10 250 IR P A R

JA Rl AT P B A FH S T 20 QI R ST 1963 SRS Tl AR =, & BA A 983
LM B R PR R BUN. AGERENEL . BYERELE . TR R I 4. IR R T
BRI AL G e A7 T2 4, A S BB (1 ) 4% T2 T AR R, DL S T2k
A AR R E A H . B AN, KRG SR IR 1100°C (155 5 B 5 RE 10 T g hn, 1
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A5 R A T e s LA DR AR A
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BETE 1000°C 5 20°C ¥ EIKZA], ¥ P HIRECR T 20 Ko HE— 8 SR AT X 2l 5 e 8 4 5 gk
FT TR EE, U A K REEK A3 5N, I H w5 R A — e Y A e M R

(2) AR Aa e . A Peb T LSRR . BRI . RNIR S = KR K B e i o AN & A AR AT Ak
A IR, AEPEBA S, 8. M. ASE k& B IR R A RN JE, AR I T
JFED T 5 T 0 A g
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(5) IARTE BRI N o IERA SRR T 1 BERIAR R — /N T 5%, BRIR Tl 46K
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(6) RUFHINFLTERE . ISR JEME A R S0, A BRE, T HA U HCS A ke A 1Y)
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(7) RIFMPUZAR R TEGE . A ala Jep S dE R g i, BB/ /5 RILTEE S 4%

K 1 %[5 Ceradyne NG| A HIEfA EHERELE (A6)

Figurel Fused silica ceramic radome made by Ceradyne in America (white one)



% 1-2 # (IR AMEE) Advanced Ceramics, 2019, 40 (1-2): 4-120 13

PN B RS M AGR I, AR EM RIS F AN AR R Z5 ), X R AR 2 N
TR RE b K R A SR =
AR 3 O0F A% B SR IE A Rl S P B R AT E RES BR bt AT T X LE

&3 OERE EG R

Table 3 Properties of fused silica ceramics

Properties American France Japan China
Content of SiO, / wt% 99.86 >99.5 99.7 >99.5
Content of cristobalite / wt% / <2 / /
Bulk density / g-cm™ 1.92~1.94 1.90 1.94~1.96 1.7~1.9
Apparent porosity / % 10~12 13 8~11 7~13
R.T. Flexural strength / MPa 56.5 60 60 ~ 120 50
Thermal conductivity (50°C) / w-(m-k) ™' 0.84 0.59 0.58 0.65
Thermal diffusion coefficient / x 1076 °C™") 0.7 0.6 0.4 <0.6

FYE g BAR R LA R R, HREAE S E S, .

(1) JERhA DR R R E UK, — M MsRAZE N 50 MPa i ty, K458FE 9 120 MPa Aifi.

(2) MR PR AR SR N2 RS, HIERA AT A E, HIRARREE N 1050°C.,
BIRFAL RGNS, (He IR KA, X PR R 51 S (19 P R ) AT 5 807 IRk b L
R, EPME YR

(3) IEmA TP ERA L 7% ~ 13% MIFLBRE, &5 Wi, PiNhEE %,

212 Ea e XBEHHZEHK

HRT, $ERO PSR T T2 R . S5 R R . BB R . R
BLOREVERAL P TVERAY . R RREYAE, o Tk bR R R R B AN A

ERARA VRIS Rl T B R R T T KR R R, AREEANAEARA Y, £
SRERM TR, BInT AR R RL . KRR R A RS, EEE R, BLEM
SRV RER T2, L2 BRI & BLER S LR . R T 2A 8RR, &6
TR Tk A7 (HE, BT AR &R SEGRIAAEL B A B &S, Al rksg. mshtt
RTFHEZ SR, TR R ES O Hl i, TR BT Z

AR R T2 20 tH 20 90 AR AR pH 3 AR IS [ S0 O R I — RIS R T2,
S B e A 0 M R AU 3 BT A A LSS ) AR RN A IR R K I R BRI R ARV,
FARCRG B2 s [ETAR AFR 3 B (I R A IR B A, ARG N B GR B A AL R, X Pk Bk (3
Bh AR, £ RIRE R, ANEEWHRARZIERE SR =N AR B E YRR, I
H5 Rl A 0l Y SO S S 22 1 ] A R A, BIVJEAE [Nk o b T 2R A TR . PRAACRR A s WL
5y il)3& B AR A Al Sl &= i, 5B L B AR T s, I 20 AR SRR SR VE

IR AL I Rl B B S B . SR S T VELE . Ph RIS A, JE
A G TR AT B R RN 5 P R (77 o VEBERRAY T2 B B Pe S A AR B
A R OB SR A, A AR . TR 2 LA R KA il e P e 7 it o JEBERCBUINY, BT
ARJEALE L, T BB THER, W07 2 R LR R R ) S, (BT 2 R RS S R AT

TESEBRN FH A, AT DUOAR A 44 Rl of 2 25 7= ol R Rr s R PR R SR e P AR LR R B T2, DA
I 5 AR ) 77 PR R



.14 -

B

Bk %, mndEEEMRAR TR

40 %

22 AR EEARE
2.2.1h-BN #9 5 KM R M A
NTTEAT (h-BN) Rp S8 2R Wb

B, T 1842 4FH Balmain #4264 kP, B

R h-BN & 0N a =2.504 A, c=6.661 A.

Kl 2 N H RS RY, EN B AN JE A ) DA

Y 2H RS R FROR 9 265, 1 J2 180 U] DAY fl e oy &5

A, GE RS . NTTAHEALBIAISL T A A

BT DAAE — 5 I 5 A1 77 (A F 2% A 1 T LAAH

AR,
h-BN M B BAE R R iRt ge, a2 BEAK

(2.27 glem’) TR IELE (FoME S, FER/SEUE

PSR FHEIRE BEE 3000°0), FF HAERR T

B2 h-BN & (R4
Figure 2 Crystal structure of #-BN

TERAA S TR A, A Ra g Ve (R A At < (R B PP e ), B SR B TR
R (R4 REMINECE Z, £ ALE 900°C NAREAALE), MURF I iR 25 /(45 L 2L AR
FHpUAerEERe, JFHEH S TN T, BEHRA SRR RRL, JF HAR R RAG M. X

U TG A-BN LA IR LA 1.

XFT h-BN AT, PIELER R B R, SO RO BT; 10 A-BN BV 2 M) PEAL 7
PERE N 5 H RS W70 s 2 AR RAR S FLRFBR I 7 R ARG M A A AR IS e 2 ) S T LA 17
PER. FHERE4E h-BN MR RHE AT T RE D7 1 L J0 24 MERE AR TR B TR o i T AU
PR, ATRABEAT 4. B @) B BESENLBOIN T, N TRSEERTIA 0.01 mm, PRIUE S HI45&Fh

S ATEAR (R 3 R R P,

1000
100
10
o 1
=
B
0‘1 [ EC = 664 eV
a=0
B = 0.0005 18
01 C=445X10
0.0 =44
F=1022
0.001;
| |
1000 2000 3000

Temperature / K

B3 #E R4 A B AR G IR ay x R U
Figure 3 Variation of the dielectric loss with
temperature for hot-pressed BN

h-BN [1) 5% [ S P it i § AR 77 76 7
e HOTHAF RN 1.2 W/(mK) ~ 2.9 W/(m-K),
11 a/b 77 T 3 S FE A 4 60 W(m-K) (190,
WH, RS h-BN lEHRGRLAN 50
W/(m-K) ~ 60 Wm-K. # RS h-BN P 24
MK RBARE R S R, KZ7E 03 x 107°
PPC~2.7x107°,CEEZ M. BT A-BN [f# G
2 15 T SR A R R AR Bk R B, IR e B T 5
PIPTAGENERE, WTEEIRZE 1500°C 24 %
PR REAMH

h-BN 25 ANEAE H BT, G R AT
() HL LAk . T4l h-BN 7 = R AR Fi B R
EAEE 100 Q- cm ~ 10"® Q-em, 7EE iR N A T
R, EAETIE 10° Q-cm ~ 10°Q-cm (1000°C).
h-BN I/ ELHHUR, ¢ 783 ~5 206, HA#EH
FEN, 492 %1074 ~8 x 107*. [Hk, A-BN h
AT SR 2k B L R 2 T 25 R 97 G oA R
. EEZSZESL S L 80 R
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TETIBR RN R BT THF TS, RIUEALTIAE Sl R R AE T Ak a2 SAREE AR 1)
B (K 3). wiEs" AN A-BN bR R TR m, VSR T A R AR N, Ok S5
HEA R MER e E. HEBEFERET 2-BN S E g, HHETIHEMEL.

2.2.2 R B I B AR K & B F B M H

RACMEF 4 B AFHFE: AT & B A i i AR S A s b e, SR 3L 1 M RE I
GiWOR] PUR DRI ZE . R TERE 2, R H AR N AR R Y OK, DR AR B A e AR R
LR R b M AR B EE N

Economy %5 A" T BNy/BN [ % 2 A6 kL %8 SRR %28 : L B,Os 414 3L 14,
KA BATTIEIRTG T 7577 BN 404, S8)5 DL/ B4 BN R 4EE Rk, DL 2500 BN 4461 R
Rk, SRR IEACHHE. SRR 751k, 18 2.76 MPa J& /1414 1400°C ~ 2000°C &3
PWIRTS T % B BB R 15 R AR A RE . oAk, 12 PSR A S BRI - 2R 1
J5k, DAY BEAE NS Bk % T BNYBN Fii& 2 AW, (5 BARYERER WARIE .

Place 1% FI B2 IR e be ik il & 7 =4k BN £F 4 2101455 BN [ % 3 5 4 W % (3D-BNy/BN).
BHE GV 1800°C PUERLE 5, BN 1.5 glem® ~ 1.6 glem®, HU25 58 Jy 40 MPa ~ 69 MPa, /¢
HLH 50K 2.86 ~3.19, HRFEMIEYIN 0.6 x 107 ~3 x 107 (25°C ~ 1000°C, X W k). %HE & W&
ERZE, SALERE SIS W BN MR 22, PR A SRR S R AR 5T 1 T A FL AT H AL
LI

fAMEARREM A HT 4 A-BN FBERNMGREG. edtkaez, FUmaAN R T R

F 4 17 p-BN [a &£ E S AR S 8P

Table 4 Mechanical properties of typical #-BN-based materials™”’

Materials Processing /D:;f:}; Flexu/r?\l/[;ter‘ength Frac/u&i);?f]%ness

BN (Grade BO) — 1.9 113 —

BN (Grade CA) — 1.9 60 —

BN (Grade XP) — 1.9 21.4 —
BN-B,0; HP 2.07 95 —
BN-SiO, HP — 66 ~ 246 1.04 ~2.87

BN-Y,05-A1,05-B,03 PL 1.81 71.4 —

BN-Y,05-AL,0; PL 1.74 67.5 —

Zr0,, (3Y)/BN-Si0O, HP (25 MPa), — 79.6 ~229.9 1.19~3.55
1500°C ~ 1800°C
BN-AIN-SiO, PL, 1800°C 1.34~1.67 126~71.3 —

BN-SiO,-Si3N, PL, 1800°C 1.38~1.53 12.7~22.8 —

BN-SiO,-Si3Ny HP (20 MPa), 1800°C 2.07~2.14 201.3~2429 3.12~3.85

BN-SiO,-Si3N, GP (3.8 MPa), 1800°C 1.38~1.59 21.2~31.6 —

BN-SiO,-AIN HP (20 MPa), 1800°C 2.16~2.23 223.3 ~247.0 3.29~4.02
BN-ZrO,-SiC HP (30 MPa), 1600°C 2.80 5.2 —
BN-Y,SiOs HP (30 MPa), 1860°C 2.70~3.13 119 ~ 144 —
BN-30 vol. % Y,SiOs HP (30 MPa), 1860°C — 147 (800°C) —

158 (1000°C)
188 (1200°C)

* HP: hot-pressing; PL: pressureless sintering; GP: gas-pressure sintering.
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S 1R A R IMEZ A, BHEIERH SN AR RIEE A-BN P& smEE fkesi i, LA
EBTREMBM B Frol NS ZHEH: ALOs. ZrO,. SiO,. CaO. Sialon. Si;N4. AIN. SiC.
YAG. Y,SiOs« MAS. ZR A% 28 4 5 T R AR RS A R ANF T2 %10 h-BN &%
HEMEL R, WNRPATLLEH, 28 M RER DS % TEMAF X i-BN Z&5MER
BUBEME BE =4 B35 BT AR S, AR S IR R RBe 45 15 0K A Bh T 3t JE 7 B A & sk /s
h-BN 2 Fi 18] R TR B, R i 450 455 85 85 A 1 17 422 s JE Lk s 2

25 AP TIRL A-BNL SiO, T AIN KA N JE0RE, ST # R Bedd il 4 1 BB E 5 & P g ikl .
TEE A WERG RS, Si0, F AIN i J5 A7 s B AR B T BAA s B 1Y Sialon #H. 5] AIN J&,
BACIEE SV GRS EREA TR KT, 24 AIN IRIINEIAR] S vol% I, HAWERIPLS i
JEE R 22340 12 43 135 3 T 247.0 MPa H1 4.02 MParm'?, AHX T BN=SiO, s Bhi =, 454 F+ T
57.5% #140.6%.

AIN [ I% BN=SiO, i /2 g B A B B3R THE PO, % F BN-Si0, B A F %, 24l
WIREETE 1300°C LR, o2 il i FORAR 2 [ AP R IR L TR R R MEE MR OUH
F& 1500°C) N, AR ATHEREEAE . 24 BN-SiO, &M EH 5N AIN J&, B JFA R N4
) h-BN-SiO,-Sialon i &3 &AM RIEIEZTE 1500°C 44 MMM R H L. BEERE
WFt e, EAEMERD IR ek, SRR A 1300°C I, B A& Bl s 1S R .
PR ERES, EAMENPIEREG N EAMMEEmE N R RN EEG T
Tl — 77 THAZ sl T 5 8 B I B kA sty 5 — 5 TRV TE il ™ A W e R T b il — 2
MES S EIIRE, BEARSRIBMEIIEN . AIN S8R5 vol% ME GHELE 1300°C T B4 &
1R, HPUE mEEv] LU $ 376.7 MPa, J& Z iR DTS SR 152%. 4R I5 22 A = 22 1500°C
W, EAVRRPIS R AE 272.0 MPa, £ B h-BN-SiO,—Sialon [ &% & & FHRHE BTl iR
FEYE B A S 1) 5 Re .

7E X BBt (10.6 GHz) A1 Ku B (13.9 GHz), h-BN-SiO,—Sialon P %35 & AR A v Hof
FHE A 1E V) S B R R T R T G . 2R B = T2 1200°C B, HA R BURI TSR AT 4.3%
~8.9% ZI[8], MEMIFEMAEVMES SRS T M EER.

g pin 2t N\ BSOS T et U5 2K, R IR A IR /3 T 45t T BN-MAS 1k R P %
GG,

BEAARERR R TS (MAS) & — P E BB %, v N T R B B AR . 12k RS
SR EA (—EH A, Mg2ALSOn). p—EH A, ERA (AlSihOs) MR
(MgALOys). MAS PR A RIFIJ1ERE LT IS Aa e PR AR M IR IR IK R AL &
RAFHIA B PERE . MAS 1A R M BRI S5 TE 1400°C ~ 1465°C Fiti, VR NKEEEBhFMEHE T h-BN %
(e B3 A

¥ h-BN 5 MAS E4 5 AT 7R S H R LA R, AR Ls tERe K 12 Re B3t T 5AH
h-BN P ZEEk MAS BHEF . h-BN [ EIREEMA B T3 MAS B9, MAS BIAF7E R AR &
h-BN HI4025 SR 5 HOR A M B . 7E 1450°C. 10 MPa # R 545 261N Bl 4% 1 55 & W e 25 il ot
JEE TR 2230 1 B i W] A 31 213 MPa + 25 MPa Fll 2.49 MPa'm'? + 0.35 MPa-m'?. Be4t [k 1%t 54 W&
() f1 2 Bt B B R UM . et I /7ik B 30 MPa I, fEE SRS SRS T, WD
R T 66% (4.12 MParm'?). 3B F gL L] 9 2R A-BN 3K B AR S

TEZERAM T, BN-MAS & & F%E RN HE A AR MAS & &8t s. Skl
I A WA H R BORIARE I B I AR T RUREE Pl M E SR&E. NMHEEHTE3.5~43170
B, AN, A AR RARTE 1.3 x 107 ~7.7 x 107 Ja A RIS MR i 2810 0
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FHEEWEEIEREIA KR, BERERRE . AT, BN-MAS E& RN
HONA e BAER B TR T R Mg K. R RES IR R B A P i A e R Ae Ik ge th B B35

M o

2.3 LI ANERE

ZAUEARER B R R AEETT SisN, P &R 22 FLIEE SR b 337 A JR A SR (1 — P B 45 M-Sl g
— RGBT, T AT KA SisN, Bl B 2 LM B O Rk R A 2 T
Ho ZAENREMRMEN—FoBT R Z G MR, BT EA S, mbEE . &R, JreE b rEm
i BE AR AR i Ak, B BAT — e 2 FUAPRI RS, flhntk e Rase M. R mfE . B s IO
FE@EM SRS FLE SRS RILGT I35,

2.3.1 SisN, 8 SR L5 4 A A ROPE AR

SizN & — A AN LA BMLEY, BT It ey, HIEARSH I [SiNGT DU, Si
JEFAFH AL, NJEFAFUAT A, DA =A T AL —A N R 71 200 = 48 23 (8 B %
o H IR B 28 454 . [SING]T PUTIES, SiJRT5 N ETF LRI Lt &, BRI SisNy MORLRBILH
WA, WIESREE . SRR, T AR

SisNy EEAT a-SisNy A1 B-SisNy Pl Pk SR s Han i 4 Fs, Wk AR B ik
SER R ZE ST B AR R B RO, Horh, a-SiaNG JB TSR ik, BoE SR S BE A
SEVERE, I8 B BARAI T B BN B3R s B-SisNy A KHDIREAT IR ik, B IR w4028 58 i f
MR PIRGERE 15, HN AN IR R . 78 1400°C ~ 1600°C HFE T, o-SisNg AIH548 N
B-SisNy, Il A (K156 A8 2o i3 A R T A it pl i1,

o-Si3N4 B-SiaNa

B 4 Si;N 1k 4 451
Figure 4 Crystal structures of SizNy

[45]

2.3.2 B ILRAAE S E A H I H &

—HLLK, 241 SisNg BB H i) 2 #2 N A R B e B TR I g fLAE . $F
JERIE . TR Ah s, BNRRasE . B RE . MRS, FEERIAT IR R, —
il T A N T 2 FLEARERIHI %, BIWA R T, DiAEm &k, AR BE, ARSIt
FUESE o RSO AR B LR 5 23 T AR 41

A JUIR S IS INIE FLANE ik B ok A 5 & AL SR A T M IR, 3 LRI P
BT R E, SR, g G LA N R, RA TR LR

LRI AT LA R TN E WL KR . W TS FLAA iR e . Bl El . S 1E
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i AT PAGT B R ER RN SR T A A S A HLE AL R EA— e RN, mir TRED
MAENIERLE, Wik . APLEA. B, Diaz 2 APYELL ALOs—Y,05 NBEEEBIFIR SisNy M
BAR RIS I TOKRVERAE RIE LA, SR R e b, 75 1800°C THE4:, Hil&3 3| 7Pkt
0.5 pm ~ 40 um. FLBRZAN 0% ~ 25% HIZFLEMEEM KL, HPTZ5 5854 200 MPa ~ 500 MPa. Chen
2 NP2Ug IR RR VR i P77, B BEIR S o-SisNy R Si0, BAJEA N (% Rtk KRS
TRPEA), AR 2 FLEACEEM B LB 42% ~ 63%, 125 SR B s ilik 120 MPa. Yang %5 A
7E LA ALOs=Y,0; Fbesh Bhil 1 SisNy MR R AIN T 60 wt% LA ENLRIUERIEILF, AR5
TN ZR TV VAN 2 BNV S BR S , Bl 2 A5 B RRNE AR, iR i AR g e, B¢
LAFEPPRIRAE R 10 pmy FLEREN 0% ~ 45% 12 FLBALRER KL

x5 HIH TR RIS FLANE RIS 0 2 FLEEE MR R I — S AR . W RLEH, ZLAELEE
MRHFLRR . P LA RS s B 55 5l LA AR SR AR B B R KR R, @ PR i fL 7 mT
DASE I 2 FLAEAGRE AT RLFL B 25 46 FRORE B R 42

&5 A IR i R A5 B 6 £ FL R R AR B B

Table 5 Properties of porous silicon nitride prepared by adding pore-forming agent

Pore forming Size of pore forming  Porosity ~ Pore diameter Flexural

materials material / pm /% / pm strength / MPa Reference
Starch 5~18 0~55 0.5~40 35~160 [50]
Benzoic acid 22.6 ~56.2 45 ~187 [51]
Phenolic resin 75~ 150 36~53 0.6~2 125 ~235 [53]
Organic whisker ¢33 x 300 0~45 10 [41]
H;PO, 42 ~63 > 1 50~120 [52]
Urea 800 33~74 20~ 80 [54]
Napthalene powder <5 40 ~ 66 0.2 60 ~ 226 [55]

PR & B RANE T 0 A R A5 E M A IR 5 . I8l I A R A A kg
BRI — € A 7, AERE R 22377 A — 58 R0 H 7] S e i O S50 E R RE XM 5 92 2%
2 FL R AR P 2 — AL B R UK

BRI AR AE T E S M IFERRAE ORIEA R 7 A Bt In — 5 (AU S 70 DAEZ 58
GEARTOWSE R ) — R T30 IRIR RS 2 AR 2 LE [ A HES Y, ITIERAT 25 17 S 1R ) 22 FL B Tk
P, FAE 20 el 70 SEAUA N R IR S5 20 % 2 LR &, TR0 RO A S50 . 4t
PR FE R UAE AR MR . TR 2 5 AT IR Yang 25 NPPLR AR Be 4t T 20
1800°C T ifill % H FLER AT 0% ~ 30% HALEREEH I 4% (10 5 J1 A PR e 2 AL B R F 2

PR R S — Rl < e N R BN ] T B B R R % O, AR T2 S &
(6] S PR AN FLBR A ALAR A I o — BBEUER, PIRBREESRAT B 45 (R0 W Sohricam, HORA B e,
EAMRHNBCE R REOR, LR, T H b T2 i, HAFERICEUR, A1 REAE AR T K
RN I E = WA IV o7 S G p 1 B T B i

Kondo % \IOOUSR F # R 45 T 2 th il 46 th BN K AR I 2 FL AL R . i 5 B,
KAEARBURL A G LT 177AT, B i B RIFII & A 5. T2 A=A 0B, Bk EA
IR, AL P ORI (A DU B R FoRE, - 38 1 o0 — 52 777 1] B AL s 03R4 7%
[ S PEAC S ) 2 SLRLRE R 2

Inagaki %5 N[R A 2.5 MPa #1772 ALEIGEE, SRIGZH UERess, 9 50ALIRE N
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-

B 5 RARERSE TEHEW 2 LA RO

Figure 5 Porous Si3N, ceramics prepared by hot-pressing

B 6 #h%# E)e s H &1 SisNyBN £4 £ L& (a) -BN & & 1 wt%; (b) h-BN 4 5 wi% ]
Figure 6 Porous Si;N,/BN composite ceramics prepared by hot isostatic pressing:
(a) 1 wt% h-BN, (b) 5 wt%h-BN 6

24%- L SR ATIA 778 MPa. SR & RS B AR AL 1) £ LB AT R A

S H e RS R F () AR AR TR R AR B SR R, n 0 v S i TR R T A A R R . A S
J 8 2R R R L CAVRAAR S R 77 A J5 R b7 A B8 i 8 T A [ B e o 4% 7 1) R0 0 L e 2R, i s it —
Wi 1S B M kL. VEEER R R R AE SR s R RINER T, DUEHESAARONE 1A B, kR
A i TR ) 25 PR R o

Plucknett 25 A *I@ 5 RE,O; (RE = La, Nd, Y 3% Yb). MgO 1 CaO {E Nks&s B, @it
SRR, RedhE 2 AL AR R, A T RELOs 5 MgO HILLBIT LR Z . FLATM
HLAA) DA B ) AR 2 735 ) 5 o

Abe 25 N\ OS2 B A S e M T 2050 SisNy—Y,05-AL0; 1k RIRARBHAT AL BE, FELResE55] 7 —
2R 7 1 2 AL B A EER R

Kovalckov 25 A3 i $Ab#5 I s T 251 4% 1 SisNw/BN H A Z ALK&, #mafsE 7 BN &8
(1 Wt%- 3 Wt%- 5 wt%) X # B gt BALRER & 1 24 e i BE ML RE e, KRB BN &
N1 wt% B SRR B AT . k6 FTan, M BN 8N 1 wt% B, FEfEA RIGHEEE,

BEBetkik: RPLGEEh iR ARG BN P & okl , 78— iR N A B0MH DL S
Z A E R A E RN, RIS AT SRS BIRGSR RIS RE . BET VR AR TR, RN R 4 T I
T HABRRE LA 8 IR I, Refll s fLRR R m M 2 AL L, BARGRIRI Y, (H5] 51

=L
BB
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UL RERL 2

Yang % NS A TR A ERL, FIF A6, BRI AU RS 4 T 2 AL AR 4
MOBLEAT BRI I ALBRR (55% ~ 73%). FLERE5HY AT DUIE L A2 J5UR} A (1 B50Rs 15 B A RE 45 i B R 25 o
B, %779 1 2 FLE IR B HT R EEBUIK (< 20 MPa).

Chen % NMi Y Si By R & SNy BHE W ERL, FIFT 8 EIRGE S O R ER IR SR T &
T B RIRGE M AT 2 AL % (B 7), MRHRFLER R mIL 64%. M 7 aTRAE Y, FLER
FEAEH B-SizNy AER SRLFA LM B AL, FLBRES I T 2t eiAr Si By & B AT 4 ok
P, BB R B ]

H7e

Figure 7 Porous silicon nitride ceramics fabricated by combustion synthesis

[66]

B TCEOVR HIRR AR SR [ B B4 I 4% T B AR R, RS S BT 20 wiv
IRy SCHLg R edl . BEAERER ST, A& 0P RARE RN, FLBRZE L, Lo
FEIZ TG K

RBEREE & TIRRANERAERTE I PR E g i 2. SRATGHRRS T 2% Z LA
MR P % 75 4 B R e 4 B A P B S FH . R4 R S PRIR I (RIS DRI 2R, 3 0 1 8 Rk 1) i 4 LA
K T ESHECRER Z MBS M FIYERE . TCE R R E BN I RS ik, W&, 5
T IACA =, 2 — MR KRR IE 1) 2 £ Be il £ 7%

Chen 2 N\ ¥I75m 2rO, MIBERR , i85 To IS Bt T 28148 T ZrP,0; 5 S 2 FLEALEA R (8]8).
SEIG FTLEL I ZrP,0; & B AL TE N 5 wt% ~ 30 wt%, FPRMFLERR AR TG 33% ~ 47%, i
5% 5 13k 40 MPa ~ 114 MPa.

Yang 25 N PSR TR Hess T2, @i I InAS 7 be st Bl 4 7 2 FLAALRER & . B s ik
By, WIS wt% 1 Lu,Os fE A BT, S IRFLBREN 50%, PrasmfEnl il 188 MPa, WiZdd)
£ 3.1 MPa-m'?.

Wang 25 NVOSR TR RSE T 2014 7 2 FLEARERR &, 458, A EPEamN dw HhE £l
B AOHE KRN . LB 64% B, A rE B0 B BUREL BB/, 05108 2.35 fT 1.6 x 107,

BREM S BTSRRI R NP ERE T2 5E I PIERR A E R E 2 TR
FIR B WA R AR MR R B AR R A L, Z e T, HER. Besibr Lm0, RA&TER
LIS LR L R i 2 AL T 1% 05V A B e 3 R I [ SR S = VR AT,
Rl FHl BRI AR, IO 2 LM &SI E BTz N .

5 S22 N9 S R P IR I T T 2 5 s LB R . It B L R 2 AL R R S . 7
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— SisN4 particles
mmm ZrP207 binder
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dir P2 07 bonded Si;Nf;ilrm'lun’
) )

El 8 ZrP,0; % 4 SisN, % FL16 %y i BLUR & B LR H o 25 A8
Figure 8 Schematic diagram of the processing and the microstructure of ZrP,0O, combining
Si3Ny4 porous ceramics (68]

Organic monomer’
(Binders)

Ceramic powder

Mixing/milling
(Slurry)

Casting
Unmold

Binder burnout

'

Sintering

B o s R EE AR T ZRE

Figure 9 Typical process flow of gel-casting technique ")
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Heat b, RS AR BB EGERA TE (K 9) #1% H BT R KT 130 MPa. FLERZH KT
50% MmitERe 2 LR & . AR, FRES R, WK, EmEs~. fi55
HFI LB A 1:15 B, Prassmps Bk k.

R NS s v E B R R T 24 1 1 LB AT 52% ~ 68%, PLESSRE AT 25 MPa ~
193 MPa 12 FLAMEER . (B 10). BEE A S &3 00, MBECEE T, LRSS AR BN,
R E A S B, 2B R LB R AR B R R, FRRIEM SR R Eesin
B K ORI () #0202 LA P FLBRR N R, U s e &

','-'f."{l s ¢ o RS
B 10 TR EHEEE
Figure 10 Microstructures of porous Si;N,4 ceramics with various solids contents by gel-casting
(a) 6 vol%; (b) 10 vol%; (c) 15 vol%; (d) 15 vol%

[78]

FAE R s UIE V0 AR R BBy R ORI B — 8 SR L SR [ AT B R
R T ARYE T FORE AR RSP iR IR AT 2 AP #], e heds bR 2 LM% . i
HE SR AN B A SR T2 A A 11 R 12 FoRt R TS B E R AR RR R, BRI
I R T ) 25 1) 2 LB EAAE & ) e e, R BRI R SRR A N IR, T ELFLBR F Ak B
LA 6 TR 2 2% F 7 i o

Inagaki 5 NP B-SisNg d AU R AERTRE, LR A ISR, SidledhE B 2 LA
Wige, FCWrAETT LA 500 J/m®, SR I BAGRERZEM 7 0L . She 25 NI4T % 17 2t £ AL
BACKERR RS, JEOTF 7 KGR IERe, 45 REW], XM & 1) S MR R BEAE 1000°C 7KV 5 o 52
AR, o Zeng NPT T B-SisNy SAAUIR IS 2 AL AL RER BT LR Z IS R, SR REW,
FEVINT 3 wt% ) B-SisNy AL T, 2 FLRAREN B i W At k.

2.3.3 3 ALRAMAEZ R A H A M AL

VBN —FhaE M —-he — A m A kL, 2 FLBAREZ O RIE B I 75 225 18 2 AN 7 TH L RE



%12 # (IR AMEE) Advanced Ceramics, 2019, 40 (1-2): 4-120 .23

Level sensor

Comtrol
Slip flow VRS

—_—

Casting direction ————

B 11 mERETERE
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Figure 12 Schematic diagram of process flow of tape-casting
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Table 6 Effect of preparation technology on the porosity and pore size of porous SizNy

i Pore diamet
Method Poroosrcy ore drameter Remarks
/% /um
Pore-forming additive 0~50 10 ~ 1000 High pore forming materials accompanied by
method higher porosity and higher pore diameter
Extrusion forming <30 > 1000 High density, low porosity
Reaction-sintering 40 ~ 80 04~1 High porosity, difficult to be controlled
Pressureless sintering 10~70 02~1 High adjustable porosity
Gelcasting 35~70 0.1~1 High adjustable porosity, Uniform pore
distribution, small-bore
Doctor-blade casting <20 The thin film body needs to be laminated leading

to low porosity
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Figure 15 Illustration of the preparation of Si;N, wave-transmitting material with porous graded structure

[89]

‘Calculated
—o— Measured

=
=
w
@
£
w
c
e
|_ e
)
| " 1 1 M 1 " 1 " 1 L 1 L
2 4 6 10 12 14 16 18
Frequency / GHz

H16 BRI E

L5 EY % L SisN, F A B E I E MR Z N

Figure 16 Variation of transmissivity with frequency for Si;N, ceramics with graded porous structure



¥

- 26 - £

I

CER F, BB R R R R ¥ 40 %

BAEREHEAT B ARAL (18 16), HaBpR b
P R A AR AR, R ALBREE M B it Tl B
AR A AL DE I 1o R EER . 2 FLAAM
TEE 35 RO LA 45 A0 PR e T2 F R 2 4R
AT N T

2.4 LIRS RE

TEIRECE Y,05-Si0, R R s EHEM L&
M. Y-Si-O B&EA G B AR RMNZHMHE, H
Y,Si,07 #E R ILIE A 218 7 MEZR (v o Bs
Y28 Flm), Y,Sios b BRI LA (X1 1 X2).
b o L AN AR A, X e 2 R Rl R AR
AL . 7 Y-Si-O F& [ 1X & 2 R AH
¥-Y1S1,07 Al X2-Y,Si0s 737l & X S5
BeRasE s iR, RSP YaSi0s. YaSih0,
445 HIRGE X2-Y2Si05 1 7-Y251,05. B 17 Y,81,0; & ik 5 1

Y,8i,0, Al Y,SiOs 5 4] 2 75 LL Y05 Al Figure 17 Crystal structural of Y,Si,04

Y,05/Si0, A4 Byl ) BACHE B & i A R B &
BLIPY, JERIET Fe i — 5 KB Y,Si,0, I S IE 1775°C, 10 Y,Si0s HIKE U Fik 1950°C. A
I, Y2Si07 A1 Y,Si0s 8 ONMEIARERR $h P %, 7R sl E A e B B N AT 5. X
P EM BB AR T RAEIK. A EL R, i e R kre. 4
HRIRIEDY, Y,Si0s BEEAE 1700°C iR R A B FTREE R BN 1 x 107 Pl/(kgrm™s7"), XAMEZ
ANTF-IR e FH FTE AL (0 ZrO,-CaO+ La,HE0,. SrZrOs); Nowok 25 ALY XRD ikl & T
X PRI R AR IR R B0 AT R I R Y2Si0s B3I 2500 6.9 x 107° /K, # K Y,Si1,0,
AR R BN 3.6 x 107K RFER/DM IR R BT A 168 5 K 2 SRR I & I BB K 2 5k
FHULHD .

Y,Si0s T RFAEHAR, Li S NP SILEN 57% B Y,Si0s ZILIER S REIN 0.05
W/(m-K)o. ZEREPIINESFLE N 68.9% (1 Y,Si0s % FLHI A HLs B 2.58, A e EIMEAE 107
B, Wik, ZILEERRACHELE —FhEs A8 W i e HaE A

2.4.1 AEBRALOY LEM) R PERE

Y2Si,O7 By 25 B AR . Y,Si,0; iR &E i T A &R, TEHEF A P2/C (E 17). MWK 17
ABLEH, Y,81,0, 4kt 1 MR Y JRT 1 AR Si R/ 4 NMEZER O i1, Hr
Y 564 0 —l24l—4 YO \HE, 1 Si5 44 0 H—AM Sio, WUk, BN EMAK Sio,
DU TH A BT T — A Siy0, 86, I BAE AR R — &4 M1 Si—0-Si #71,

K THIH T Y2810, 12 R H S Si0, & Y,0; #-47 T HEL. B4R, Y Sho, RILH TR
UFINZRE J1E R . Y2S1,07 IES 5 B2 A% 4 5 2 4 135 MPa + 4 MPa Al 650 MPa + 20 MPa,
HEMFESEN T ARS8, e En E A T RE . EAEEME, Y250, B
BRI A R BRI B I, RIUH T R AP AT N Tkge, wT LUK i i i & 4 ) B
HEAT TP,

B TR 15 PERE, Y2810, BIFEMEREEUE R . Y,S1,0, BARFI#de e, i HIAH




%12

(AR AMZE) Advanced Ceramics, 2019, 40 (1-2): 4-120 .27 -

* 7Y,81,0;. SiO, F1 Y,0; /7 % 1 8 #y ¢ .10

Table 7 Comparisons of the mechanical properties of Y,Si,07, SiO, and Y,03

[96]

Property YzSi207 SIOZ Y203
Young's modulus / GPa 155+3 73 169
Shear modulus / GPa 61 31 65
Bulk modulus / GPa 112 41 143
Flexural strength / MPa 135+4 55 145
Compressive strength / MPa 650 + 20 1100 1100
Fracture toughness / MPa-m'”? 2.12+0.05 0.79 2.3
Vickers hardness / GPa 6.210.1 7.0 6.8
Machinability Good — ik —
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Figure 18 (a) High-temperature XRD patterns and (b) thermal expansion behavior of Y,Si,0;

(98]

FasEME— B AT DLERF S 1535°C + 10°CP7 . A 18 (a) Fiani Y,Si,0 M4 il XRD & 4 A LA
A, WERH 1373 K, Y,8i0; —ERFEESL y M, nLERIFM#get:. 54, BEERER L
Tt SATHEIHIL T — 2 W . KRBT Y,Sih0; f M BERE KA T A S B . i
HEFFIZ AT DL 2 i A R B IR AR AL 28, & 18 (b) Fio. FTLAEH, 7E 300 K ~ 1527 K iX—

o
@
T

x=1.039 + 1162/T
R?=0.994

w
N
T

N
=)
T

241

Thermal conductivity / W-(m-K)*!

400 600 800 1000 1200

Temperature /K

B 19 Y,Si,0, -5 5 [ I8 & & f iy 47
Figure 19 Variation of thermal conductivity with
temperature for Y,Si,0, ")

1400

TSGR, Y2Si,0, FIF NI B R L7 2 28
PEARAL, D il 28 1) A T 19 B 3L R 2 M R
ik Z2HH 3.90 x 107K £ 0.4 x 107K,

B 19 B AR i B R BRI A T A
FIH) Y2Si,0, P REHEE AL 2k, HG
RG] G R L R

1162

zc=1.039+T (1)
WA XA T HEH Y,ShO, M %78 % i Al
1400 K NHI#FZ 5509 4.91 W/(m'K) #11.90
W/(m-K), T o &0y DL B H R NG 2
N 1.35 W/(m-K), /N TSR A 1 i/ NE IS # S
£ 1.6 W/(mK), 5 La,Zr,0, 1 LaPO, it /N FE



- 28 - Bk F, shEEAEMHRARAE % 40 %

(a) 0.0 850°C (b),? 1000F ﬁ —a e
— | An—. bl — -
900°C o 800t g
0.2} g, 2 g
.y i :
w g, @ 600fg
£ .~ =3 g
S -0.4 E j
g '! 400 L L L L
3 0% 0.0f% 1 2 3 4
z -0 o L Time /h
E_ 0.5 ——850°C
-0.8 2 Bt ——900°C
S L ——1000°C
1.0k N ; A . . % -1.0 mad
I} 4 8 12 16 20
Time / h

Bl 20 Y,8i,0, £ T FliR & (a) NaySO, ¥ # # 4RE 20 h /B89 R E A L (AW) i & A
(b) NayCO; 7 3k tF #1 J7 & 41 & iy 41
Figure 20 Relationship between mass change and temperature over 20 h for
Y,Si,0; in (a) Na,SO, and (b) Na,COjs solutions >

B 21 Y,SiOs 4 i 1 45 14
Figure 21 Crystal structure of Y,SiOs

WHRFE 1.20 W(m'K) 1 1.13 W/(m'K) #H#E, TELE H Y,S1i,0; M & #A-F R R,

FEHUE T T, Sun 258 NP1V B R T R IR BI R B R RS, ES3IRIA BN NaySO, ¥4 6
FUEETRE ) NayCOs ¥ Eh R # B A T R It B iPERE - 81 20 (2) ATl Y2S1,07 7EAN [ B Nap SO,
LR AE T R AR 2R, T LBEE R R W, AR RE U R AWK, 900°C
H11000°C T BT EA125 23 5124 0.217 mg/em® A1 0.857 mg/em?®s 0 h~5 h [ EA L 27T LLE HAE
a1 B AR RAERT 1 h, X2 T NayCOs (140 B M 51 R 1 o 17 2 5 15 it R R 80 A B B AR 4L
DA B SRR Y,S1,0, B A RIUFIHTRAE i e .

Y SiOs 895 M A M AE: Y,Si0s B TR R, FIEFEN B2/b. SRGEHTEY 64 NET, H
HAE A SIAE. 2 MAERP Y ALEM S AAEFRP O L& M wA Y JET5 55 E R O
TER 6 FLAL (YOs) 17 BCAZ (YO7) IRFR, 4 MASERTIO 5 14 SiJE— SiO, MUfk; 285
FO 54 Y HF IR, BOALARBAE Si iU, HaskinE 21 fix.

Sun 25 N2 P J6 H B 45 7 V2 ) 4% U BUBF K Y, Si0s B ik, 315 Y,S1,0, (1124 REEAT T )
Ee (% 8). WLLEH, PIRMIRI A AR BN, Rl e Pt AR . AR B N 25 i P ) B q 2
SESEL/AN o 1T Y,Si0s FBY YIS S FIAE B2 35y, 380K, Ul B L B AR 1 B35 U) AR 2 BH ) R
AR IR .



% 1-2 # (IR AMEE) Advanced Ceramics, 2019, 40 (1-2): 4-120 .29
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Table 8 Mechanical properties comparison between Y,SiOs and Y,Si,0, %!

Material E/GPa  G/GPa B/GPa  ¢,/MPa o./MPa Kc/MPam'"> Hy/GPa
Y,SiOs 123 47 108 100 620 2.2 5.3
Y,Si,0; 155 61 112 135 650 2.0 6.2
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Figure 26 Microstructures of porous Y,SiOs ceramics prepared by different coating times:
(a) 2 times; (b) coated once and sintered twice; (¢) 3 times; (d) 4 times
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Figure 27 Mesh-shaped Y,Si,0; porous ceramic: (a) macroscopic appearance; (b) microstructure
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B 29 Y,SiOs # LA ZE min LB G D% (a) 1650°C; (b) 1700°C
Figure 29 Microstructures of porous Y,SiOs ceramic after being treated at (a) 1650°C and (b) 1700°C
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Figure 30 Influence of thermal cycles on the density Figure 31 Influence of thermal cycles on porosity and
and total shrinkage for Y,Si,0; porous ceramic compressive strength for Y,Si,0; porous ceramic
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W/(m-K). Y,Si,0; porous ceramic
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Bl 33 TR 4 B 6 & 5 Y,.Si0s £ LI R (a—c) BEE R (d-H LM DMEHE:

Figure 33 (a-c) Cross sections and (d-f) pore structures of Y,SiOs porous ceramic prepared under various
sintering temperatures: (a,d) 1250°C; (b,e) 1350°C; (c, f) 1450°C

ABBRAELLZHE Y.SiOs ZILME : W EERE T 20 —FhoR] FH P & HORMEAR R T e[ e, 24
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ME R P K EIEIL, WREH TABHR K (-198°C) SEK HIBILEA HERMER. K E#FL
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PG B H BN B 13.5% BEINE 20.8%. 3.34 MPa ¥ n%) 16.51 MPa. 0.07 W/(m-K) b7t
F]0.22 W/(m-K) F11.89 EFFF] 2.22 (3% N 10 GHz). "] LAEH, % Y,Si0s Z LMK m, #
SR, NTHEHIK BAEEARBEBM .

BIERTEHE Y,SiI0: ZILME : BRI T 22— FIRESRBHEA, &M HEAFHEEE
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k9 KUkt AE T ¥ 6| &1 Y,Si05 £ FLI & 1k g8

Table 9 Performance of porous Y,SiOs prepared by condensation forming

Sintering Compressive Thermal

temperature Shr;r‘l)ﬁage j)e‘nsni}; Po/r(z/sny strength conductivity lii)e;:g:tc
/°C ° gem ° / MPa / w-(m-k)™!
1250 13.5 1.29 71 3.34 0.07 1.89
1350 17.4 1.51 66 5.70 0.15 1.96
1450 20.8 1.69 62 16.51 0.22 2.22

El 34 BEROEME T2 H 48 Y,Si0s £ 1L & B M4

Figure 34 Microstructure of porous Y,SiOs ceramic prepared by gel-casting
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Bl 35 7] b2 46 i 2 & HY Y,Si0s £ 3L & Bl 36 [ B A& 8 4 1 & Y,Si0s £ LM &
EHERE R T E JE%E TR E BT R £
Figure 35 Compressive strength and thermal Figure 36 Compressive strength and thermal
conductivity of porous Y,SiOs ceramic sintered at conductivity of porous Y,SiOs ceramic prepared with
different temperatures various solid contents

KB T 23R 10 Y,Si0s 2 AL & Rt i 34 Biost™. B arBLE H, FEf AL
BRAM A5, BERLZ DR EL A BT T R 4 20, R AN 51, R KEE 3 pam JE A
SUEEBALILETE UK 8L BOR A%,

Hou SN PRI T BEEBURIER T ZHIE 10 Y,S105 2 TLH 511 PAE B A 5 3 B L0 Y
AP 35 R 36 At o 1 LU H, BE e 45 TR T 0, FF B IR 4 38 B M 3.34 MPat N %] 16.51 MPa,
A 0.13 Wim K) HINE] 0.20 WimeK). A1 S HR A bHRL 5 B R AR ¢, 4l
PR, BEAREEE 1400°C FE3RIFHY Y,Si0s £ LI R L5 A E AT . WP 36 W LU th, BiHe
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WA S BN, AEsm A SR 2 LS. b, BASEDY 30 wt% MRS RIFEMZRG
PEBE AT o

B TR T BB IR T 2, AR RO IE SR K B T B T Z It T Y,Si0s Z LI,
HAYERESI TR 100 WRAHTLUE H, SR BRIER T 2645 1) Y,Si0s 2 fLPF R FLEREIFE 60% /2
A, R TR € NGRS RSB, R RIS BRI T

* 10 1~ [F E A8 &2 # & # Y,Si05 % FL14 & 14 gk

Table 10 Performance of porous Y,SiOs prepared by various solid contents

Compressive strength /

Solid loading Density Porosity MPa Average themal Dielectric
3 conductivity
/ wt% / g-cm ! % 6 constant
R.T. 1000°C /x107/k
35 1.64 63.0 8.6 10.5 6.01 3.0
40 1.68 62.2 13.6 12.3 6.44 3.1
45 1.66 62.6 9.3 9.4 6.10 3.1

Kib—BE T L% YoSi0s $LMANS: fEni Sk h, AR AR R ELE R T,
il % 1) Y2Si0s 2 fLI BALB R AR, — AR T 70%. Vit 04 E Y,Si0s ZfLFg &ML
B, R DUR DRI -BE T2,

K 37 R A B T Z3RS 1 Y,Si0s Z LM R Bfaitl . SHFETZ N RSH Y,81,0, %
FLBF RSN, BN ZRALE R . RALRSTRZ08 30 um ~ 300 pm. #EF 28 BRI A vF 2 R

. B &
Bl 37 RE-HER T LR &8 Y,Si0s £ IR L4
(@) KFLs () AMLs (o) MLEAE: (d) AFLHY XRT B
Figure 37 Microstructures of porous Y,Si,O; ceramic prepared by foaming-gel process:
(a) macropore; (b) micropore; (¢) enlarged view of macropore; (d) XRT of macropore
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Figure 38 Variation of compressive strength with
porosity of porous Y,SiOs ceramic
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Bl 39 Y,Si0s £ 3L 14 & 09 & i [k 4 7% 2
Figure 39 High-temperature compressive strength of
porous Y,SiOs ceramic

(@)

F 40 Y,SiOs %LF%’%ENEJ/MFTEME LE Y
Wro 4. (a)Ei&; (b) 1100°C; (c) 1300°C
Figure 40 Fracture morphologies of porous Y,SiOs
crushed at (a) room temperature, (b) 1100°C
and (c) 1300°C
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P, ARWE 40 Fion. AWE40 (a) FAILES], EEF2AFEMOBR AT EE g S, S5t
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JGE BRI, 258 11 K 41 Fos. 3R 11 sl w5 R R & s =22 .
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Table 11 Size and mass of various porous Y,SiOs before and after high temperature treatment

Porosity a/mm b/ mm ¢/ mm m/g
/% Before After Before After Before After Before After
63.8 4.34 4.35 3.23 3.24 10.15 10.14 0.2323  0.2330
67.4 431 4.32 3.22 3.22 8.79 8.79 0.2085  0.2084
68.9 433 4.32 3.21 3.21 10.18 10.17 0.2456  0.2456
* Y2Si0s . .- 638
. o 674
= - . . . = 36} 4 689
ﬁ . |' " " Jnﬂ %
. . . " . " e | c - P - - — & —=&a
oLl 1 Y1
=]
F:
® 2.8} . - .
o & 'y & &
2.4
20 25 30 35 20 20 24 28 32 36
26/° Frequency / GHz
Bl 41 Y,Si0s % 3L % & iR 1A B 7l /5 89 XRD 3% : B 42 1Bl FLIE 8 Y,Si0s £ 3L 18 & /-8 % 4
(a) RBE; (b) KEE i A1 2 B % Al 2
Figure 41 XRD patterns of porous Y,SiOs ceramic Figure 42 Variation of dielectric constant with
(a) before and (b) after high temperature treatment frequency for porous Y,SiOs ceramic with

various porosities
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Figure B1 Schematic diagram of 3D four-step braiding process
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Figure 43 (a) 2D structure and (b) cross-connecting structure of fibers

(a) (b)

Layer-connecting gauze

Over-layer gauze

Bl 44 SF R B SEM: () ARBEEZELEM; (b) ARAEEELM
Figure 44 Cross-connecting structures of fibers:
(a) curved shallow-crossing linking; (b) straight shallow-crossing linking
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Figure 46 Section parameters of layer-connecting gauze
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Figure 48 Geometrical parameters of structural unit: (a) preforms with cross-connecting structure; (b) contour
parameters of the structural unit; (c) geometry of the structural unit
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Table 12 Performance comparison of composites with different structures

Tensile strength Flexural strength Shear strength
Fabric construction / MPa / MPa / MPa
Lengthway Crosswise Lengthway Crosswise Lengthway Crosswise
Straight shallow-crossing
linking 10.9 24.5 32.8 48.4 11.2 18.0
Curved shallow-crossing 202 / 50.3 24
linking : : o :
Three-dimensional and
four-step braided 308 T 64.0 T 220 T
Three-dimensional and 381 o 797 o 249 o

five-step braided
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Figure 54 Fluctuation range of fiber volume fraction at axial section-plane of tubular preforms
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Table 13 Basic properties of Si0,¢/SiO, composites

Density / g-cm™ 1.5~1.85
Tensile strength / MPa 30 ~ 80
Tensile modulus / GPa 10 ~20
Compressive strength / MPa 40 ~ 200
Compressive modulus / GPa 10 ~20
Flexural strength / MPa 40~110
Flexural modulus / GPa 5~15
Specific heat capacity /J-(g-°C)™" (R.T. ~ 800°C) >1
Thermal conductivity / W-m™-°C ™" (300°C) <1
Thermal expansion coefficient / 107° °C™' (R.T. ~ 1000°C) <1
Dielectric constant (R.T. ~ 1000°C) 29~34
Loss tangent (R.T. ~ 1000°C) 05x10°~08x107°
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Figure 66 Preparation process of Si0,/SiO, composites

WA Z LN, RULE SRS A R BT 2 A R BERE TR E .
FERHZ LZH& THT “=X07 SR s, ER SRR 1% T2, L&
AR PRI ORI T YR AR A & T 2R R R, REH ™ M. % L2 E R SR H
T, EH TR E R R E S E, BT PSR R R, AR K. (% T2 —
R P B A% FRA R K, FRERBFEE AR, thoh, BTEHmmAR.
AR S AZ A AL P A AT S8 G PO A, TR %A 5 2 o P AR B RS B v, IR — 2 R b
BRI 7B RS A

T A4 TE R, Si02/Si0, MEHEA AEMEERT RRFIE, 2R/t —E NPt Kk,
AR M BE AN K BLrT DO e . 445 DL AR IR 7 G & B kAT & 4% . 1 BRI B i 2
H, Si0,/Si0, KT ZLfR YLty 5 58 Hh In) @ AR B 9] f .- Si0,¢/S10, AR} H A7 & 21 4 1 i A Al
Si0, FARLL R, He Si0, FAR FHAEIA I 2 AT i, A To RN i) 2 FLEE R, SILER ik 20% ~ 25%,
HL A fik 1000 mYg DA b, RIS FLREIRAFE KRR [=Si-OH Ml =Si—(OH),], HA
IR IR TETE, 2 EEROHIR . KPR R AP ER Si0./Si0, BAMENR = &
15 8% ~ 10%, FEE AR/ itERE. IEAh, BEE ARSI IR IR SRR, MR
PEREIE 2 ARk, G R R IR REIR A RR e o W 0 B R AT X I R AT T IR AR TS . A 3C
RFR 281 0] P i Tk v 5 32 A 8 T PR R B /K IS 2 A ol ek B i 2 T AR 31— 2 I Bl VR Y, L 4
TP eI, DL il 240 7 8 I R B s i /- B PR e
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SiO41/SiO, MR Hy WL IR IE AL A 8 (0 <2 e 2 B FEAN I 50 0 M R, W Eh i A
ey BB LEAGHE., AR LA LA S 2iE RO fLIE A S BRI A 7875
SRR LA —,  ITAERT R &7 R LI B BEANY SIS . X T Si0/Si0, #1 K T e
IR AR SRR, AP RCER ] R AT . B TE@e i E . MR EZ LR B0
LRHIUN KNIRALSE 73 5 T AREE I, 6B AR v S ME e B K. e RmmieE. A
FLAE S Ao P 8 AR S R T ek, N SN o KA BT, R SOAS RESR R 75 A
PRIk, S8R HT T E S (CT) RITVEIERE X Zons bRk a8 2 AR 7 A T2 ek i Ji 2 Ik
AP B IR G E DL, SEBLZADRE A B 2 AR

Tt HA T R G VEREA BN SR EE R, T SiO/Si0, FHRHE A Ja A 21— BUR 18] A I Hs
7 [ P9 A e E R e LR 2 =R A A R

34 SR AHILREAUME S MR

AT IR E R SR B SR . T SR PTG S AP B .
TAFAEEA NS, HHSRBERES T ARAEE SR, FILEX7E 1000°C ~ 1200°C SRk
BRI T AR F, SR AR YR a S ) A AR B R (982 Al 5

Hul, EAMEERA Rl SRR DB TR, o825 &L alt
WA A 22 3M A A Nextel Z51474:" 250 Dupont /A & FP Fl PRD-166 %51 £F 433,
HA Sumitomo A F ] Altex %1, Mitsui A &[] Almax %1, Denka—Nivity 2 ][] Nivity Z 1Al
Nitivy ALF %51 LA 92 [ 1CT 2 7 (1 Saffil Z41450341350, s m= B PERE S T3 14,

K14 Mo EEAMBAERTIM P B

Table 14 Performance of continuous alumina fibers

Diameter  Density Tensile strength Tensile modulus

. . .
Fiber Composition / wt% /um  /gem”® (RT)/GPa  (RT.)/GPa
Nextel™312  62.5AL,0; +24.5Si0, + 13B,0; 10~ 12 2.70 1.7 150
Nextel™ 440 70A1,0; + 28Si0, + 2B,0; 10~12 3.05 2.0 190
Nextel™ 550 73A1,0; + 27Si0, 10~12 3.03 2.0 193
Nextel™ 610 > 99 10~12 3.90 3.1 380
Nextel™ 650 89 AL,O; + 10ZrO, + 1Y,0; 10~12 4.10 2.8 350
Nextel™ 720 85A1,0; + 15Si0, 10~12 3.40 2.1 260
Altex 72A1,0; + 28Si0, 10~ 15 3.30 1.8 210

] N S8 IS E AR AT E AT A0 e W, TR B RS b e R R E T BT R Ll AR K2
H R4 T SR80 SRR B, SRB R v AR 5

M G; F 532, BACER A ARG s SE A A M LR P R B 2 4 AR AL 0-ALO, £F4E, 3k
FAYERMRERREE A4, Hhaif (B A ALK REOC. i Hos bt 2, —RAHME
B E AR SRR . RERRAR AT 4E R SO A A e S — B B Si0,, WU EE R TR
B, 3M AT Nextel™ 720 £F 4 i 52k A0 MEAL AR, A HEEON 5.8, milRsRE R T 0 e
Yk, 7E 1400°C #ALFE 100 h J5U5H 1.5 GPa R MRRE, K H 58 s B ik 2 & 18 A 22 A
T v U A AR AR

AR E R A M E A MR IR AR E TS 0-ALOs. #RA (3A1,05-2Si0,) HiF A
ZrO, #HARHE (LAS) BHSPREAIERE (BAS) WP RS . H, EHAEEM. LK REUN,
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R RIS, HRREE IR AN 3 i FE B e R A iR FEJE B e, B i R T s 1t 22 . XELATR 2
AT AP0 LAS 1 BAS S5 B EE M R N iR B A, RS IR BERAR, LR R AT
1200°C P78 700, AR 2 NG RIS, M m BB R, AR BT BRI AR A 2E VY 5 R F
BRI (t— m) AIARAS, PR AR A 2 25 AT 4R SRR IMLIAR 171 s 0- ALOs 158485 TS 0 s
W aE JrErERe R M, R ERPUG IR, EEMEHE SRS IER NE S KAE
WEAERIRT, BORAE SE BEER. WK REUN . MRS MRE, BAAIHERA, fa R
il P AP R, B R R PR A R RGE el

FAL R A 4ER R E A E SRR & L2 R BRI K PG L2 W IR—ER L 2RI 54
R L2054k S FEAAR TR B v R0 AR PR AR IR B3 A 2 L8 R R B AR

FAT, EAMIF AR AT 4R s E A VB e R S A RO LAY T B rh e 6 AR, Hihse
FE] (R 0 ) JE IR 2 R i FH 2 ) A ] S T AR o S 8 R 20 R K 2 2 AT R B R
CAAAD FERA WA E MET B, WEER ATK-COI 2w, #EK Pritzkow
Spezialkeramik 2\ 7] #1 Duotherm Isoliersysteme A ). #5743 CL RS s Ak [ = G A BHE RES T2 15

%15 ESNEH S AT ANBT AR BENNEE L A4S

Table 15 Properties of commercial oxide ceramics reinforced by alumina fiber (abroad) ['*>!43-14

Tensile strength ~ Young's modulus

Institution Mark Fiber Basement

/ MPa / GPa
ATK-COI COI-610/AS Nextel™610  Aluminosilicate 366 124
COI-720/AS Nextel™720  Aluminosilicate 220 75.6
COI-720/A-1 Nextel™720 Alumina 177 75.1
University of ~ UCSB-610/M  Nextel™610 Mullite 215 95
California  yegR720M  Nextel™720 Mullite 150 60
GE GE-610/GEN-IV  Nextel™M610  Aluminosilicate 205 70

] S TE % AU R 8 0 20 B0 R L sl i (W = AT L WML R AT 5 SR IR A
W), RLX BRI LA,

W T IESLE AR AR B, 0GR A 4 R M R B SR I 7 TSP B
H AT B R 3 VA 4R AT E A M B8 5T, 70385 R TEA R B

R R AR B T 207 IR A Nextel ™ 720 385 S04k S0 4 (10 52 & MR 8158 A 51 130 MPa,
R EZ N 30 GPa. EPHRFFEH A KT LOIDGELLRREIR SR (AS) L 4EMELY (Si0, I
ALO3=Si0,) ¥R AJEEH T ASy/SiOr Fl ALO-SiO, EE M. IXFFE &R S5OR 25 Ml 5m s
43128 132.2 MPa 1 122.7 MPa; =il A HH H08 3.63 F1 4.75 (9.375 GHz), % 1200°C K43 5134 0
& 438 M 550, PEABMEINBERE. FHIESE NVE BT — R SR AR 4T 4 8 5 S A AR
BIFEMEHGI S TTE, EARRAEMAENEREWRTIRE N ERL, 8 PIP L& 2 LAk
VMG R EAVE N AR P 4 4 5 R R, SRR AR B R R A R T 1 T 23/
=Y 2B AL 2 FLEA R R A A B AT, R AL R TE LT R A I SRR 2 LA BRI AR 42
PAFBUE LI, G E G MR R IET b5 3R =tk Re E A Mk

T, PR AR NSRS A AR AT AR R R A AR S L 4 1, DA AR
HJZ . 2.5D YR ZlEkIEAS = M gm 4R HE S AL BR AT 4 TR I sk, DL SRR AL TR B 35
IR AR B 2% 0, @ AR R B R PRI A O R A SRR
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FHE > BB D IR, A B E R A 4G B A M kL. A MBI = IR 58 A 2] 310 MPa
+30 MPa, 1100°C F7{i58 ¥ 135 MPa + 20 MPa, 1200°C Hiffi 35 % 5] 90 MPa + 10 MPa, #HELT[A]
KA A YL o — S A A E A B S AR ERE TR & 4 ~ 5 £ .

gk LR, AR 4EN s A M B T A MRME NIE B hRe MR R A — i, JLHAE T
LYEREAEERE 15 Si02/SiO, MR RAH LR AW o [ P AH SCHIF 78 S X 2 Bk 2R (AT 78 R X
3 TS, WA PR R B A B E PR ek AT, (ERBESL bR B A BORZE0E, A7
TEEZOSL 8. B, SORMm U B Al E N IE SRR 4T 4k ) & S H AR AR 52 A 8k, (R
5 S 25 4] 46 R D B AR 3M A T Nextel ™ 550 9507, 11 B4R 25 S A 84 L 40
YA ERIE . R, EAERBE BRI A L SR IR FE Y BE A R B T O, S HL R
AFasE, JEHAE 1000°C L EMEREBSIEK, X0 RAT 2 0BT RAR K R e . 534k, S8 Ae4a
PR B B IR R B, PIIVENZE, EEEH TR RGN TR RRER. FN, £
fn AL ADRL R T 1 S T R S B A I, A IR B P AR R IR IE

3.5 [T SR E SR

R AT AR AT, TAERAG, KR4 E (REH) RIKE R miR AR beid.
Ml . LGRS MEREIR T WM Bk . BRULLASE, PUEFENCAT AR T 2% 8] e e 4T o il
P I CHLIE T B T A SR . YA I R R T M TG ORAIE T A 1
BOR, AL YRR 5 2 A PR TE T R KN R (1200°C ~ 1500°C) TAEMEYIFR. H
b, ALY/ BB B T AR B AT A AR R R B (RERH) MBI BRI %

BACDET e/ BB W AW R B4 SisNy. BN Il SiBN ZFibFRHA R (135 25 24 I JE44) .

B YRR SRR R — R M LB B A4, HAN et R, by =S50
Mo Hr, BN 4RGN mEE. A mPEREIL S WA & L AN s e, £ 25000C
DA IIEME SR P RE IR RR S M Ra e, ANRAE i/ THE . Foh sl & J1 2 MRS WA, S s bAoA 1.4
GPa /ifi, HAEZSH 900°C LA B4 RARZUA, (UGS T 112 R Bk g, ik
PR IR AT 3B k. B AN Kimura 258 A'O1150]. Bernard 25 AU K [ A £ L0 28 Tk g
B BB E R R R T AR A

SisNy F4EAME A T M /24 e gE, YU UK REUG. A lrkgeiEd, &b
R E BT A, SigNy ZF4ETTEE 1300°C I EIMEA, 78 1400°C FHimt M. H
BT, BN AR SE SiaNy 21 4E ] % 720 e SRR e dh i . (B 4k B2 £ [E 1) Dow Corning 2
F UOOION  H AR R WAL A 7 R H A TR RE T [ Py 3 B B A R TR R [ R
AR K,

FEMZ (SiBN) £F4E3EE T SisNy £F4ER1 BN £F4Ef0h s, BAPUEMN. i om i fvs 2 (s
R IR R B A A . SIBN PR A M AR S, Si TCE IR s AR AL
F12VERE, B JCER SNSRI i A, RN FRARA B PR A . TTARSE B (P PR Siv B
JLE HLBIR R A J7. HEEAERE, TSR, iR S, el TSR RLE (F)
ERARRS SR AT K. Funayama 28 NV, iz \UOM108 g ip 55 2 \ DOV 0k 12 7 g 47 1 WF T

H AT B4 B B SR & 2R PIP LZEAML ¥ AHZ%E (Chemical Vapor
Infiltration, CVI) T.Z. i, PIP LZRH &AM EREE N T AEMEIEETE, CVI LZ2%
T H&E GRS TR Z . Hl 2 M RSB HR AR A e TR B RgmaR . Fmiscith
FFERFUR (F) SRR B,
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BA LT 4 34 550 S AT P 65 55 3 U B AR LI 90 5 THIAF S [0 8 TR 4008 SRR D, AT h— 22k
B & R sk s b B RF A E . 25 E 1 Aeronutronic Ford 2 & W14 FH ) ik 15 T3k — v s 1 s 458 v o 4%
T Z4EIEAE BN SF4ESUIHER BN 3 (3D BNYBN) &0k MEHOZE A 1.5 glem’ ~1.6 glom’,
A U H ORI AR M IE 20 90/ 3.2 F10.003 (9.375 GHz), {BE &AM HI 4 IR B ik 1800°C,
HREAERE T AL, XA EEM B R AR, S HisREEACH 57.9 MPa. AIFKE
A MEIRIMFE IR, 1% 7 1E 3D BNyYBN B & MRHEAL b, & IR SR A e i — D R Be
#1437 BNyBN-SiO, E &Mk . EAEMEHO/ B BUEARFEAAR, $UFEM IEVINIFEZE 0.001 AR
(25°C ~ 1000°C, 9.375 GHz), n] F-FHF NI 2200°C (FR8E, HZ dhaRfE st —5 R T 34.5
MPa. Economy 25 ANU>'ILL BN £ 4k i ik, LLES > E AL BN £F4E/E AFEARTE 1400°C ~ 2000°C
THHATHAJE RS, 537 mBCEEE . SR RAFH BNYBN E40EL, MRS EIAS] 1.85 glom’.

] P 0 A AT S 3 S B A ) B P A MR TSR P ERUR M B & T2 T, RiE A
MR AR O FURREF R T2 AT BRI A=A KT LR TR &R LB fe . MR /R
T Tl R 2B AT

BRI LA 2T 4 5 A . CAERBIN USRS PR VAR, R B IR AIR - T2
#il#% 7 BNyBN E& ML MHAEH, ZEAEMEHABE BN T 3.50 ~3.70 208, #HiFEMIEYME
AF 0.0013 ~ 0.0085 2 ] (2 GHz ~18 GHz), & ERE .

e s N S R b (PHPS) A%k, KA PIP T 214 7 BNy Si:Ny &k,
Zid 4 MR BRI WG AR L E] 1.5 g/en’, IR #ISEE Y 39.6 MPa. 2@t f2, PHPS
5 BN 4R AT d A RN, SEEAEME IR R

2 IR e A e IR A, S PIP T 254 1 A M B AL 47 43 3 AL B 2% (BNYBN) &
SRR EAMRIIEE N 1.60 glom®, 25 HI90 3 MK 2491453 514 53.8 MPa 1 6.88 MPa-m'?, 4
FEL i BRI RE A 1E V)93 51 3.07 A 0.0044 (2 GHz ~ 18 GHz).

FLR AR T 207 ) 4% 7 SiBN 2R 4o ALk & 2L (SIBNY SisNy) E&M kL. B4
MORHEI B 171 g/lem®, IR E 1200°C [ R BN 2.65~3.2, M IEVILT 0.01.

RIS N2 B PIP :4] 44 T SiBN ZF4E1458 SiBN S8 &k, Hrh I mN hEsch
3 KA. EAEMEEIR TS dhsRE A 54.8 MPa, 7E 1250°C i FR#3) 27.1 MPa; (HE &R
[F1) 5 3R IR 25 SR B 20 591N 62.84 MPa A1 61.98 MPa, JEAR{RERAAS,

257 A NI S TR U N e R AR, SRFH PIP T 4nid 4 T AR SORA . A
e, BALREL4ERE5E SiBN P& E A Mk, SR A FORA 4 4E1E58E SiBN P&t & &4
FHA FARFE D BN 4.1 ~42 F1 1.0 x 1072~ 9.7 x 107, FUES R SR | R 4R R 23 )4 95.12
MPa. 34.95 MPa 1 80.92 MPa, EAHAEMLEEMERE: MEMIEL 4N R T SiBN P & i 5 G4 k)
445 R A T RS RGRA TS A, FEOLS B RERAR, S 5 RS il 50 5 40 B
18 MPa £ 75 MPa.

AR N PN SUoE R AL B (1 S BRAAR SR 46 T SisNu/BN R A RRE. 2461 &5 % 1200°C
B, Si;Ng/BN EEMEEARMEI 15 ERe, B iR fER 132.6 MPa. 1ZE G MR SR #ERER
i, 1300°C 25 35 B L 3] 73.4 MPa, 55 E (R RN 55.4%, @il /152 REAE T SINOYBN Fl Si0O,/Si0,
HEMEL 556, EOBakeh gt BRI BN 55 G 0 RHG il 3R 1) 5 AL T Si0,¢/Si0, &4
DS = 2 o B < Nl ol B SR T O

BAh, 3K A NSOV BT Rl SisNy £ 4ERE) SisN, M &S R AR & 7. B %,
AL 2 S AR (Chemical Vapor Deposition, CVD) J7i57E SisNy ZF4ER IR — 2 BN {R31%



%12

(HARFLAME) Advanced Ceramics, 2019, 40 (1-2): 4-120
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15 % FLES MR B3R TH il 2% — 2 BU% R 2
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AE RS (DAIP) VLR kB2 X BN
kB REALRE (BMI), SBLEEM A (CE). BMI %
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FEFAFT % (BCB) %3 A M & B g .

R4 EP M AE A sk BMI A2 — R =K
MEXE LERFEZ A, T CE &£ 4% EP.
BMI Z G X ERRN—EFAEAE MG, BF
I 5 B A LM RE LT I AR A LA M B . £ B F-22
5k SR HLE 5 B R R B BRI R AR . ALEE A IR Y
KR o (b R A R, EA PRI
Z T A b RE AT LR FA L B WL A R O
B AR R B T I REE AR EEAMA,
4G HE R IR £ B T 1500°C,

BEMR: R EATELAEMERLEREAM
KM R TR TS, R S ER T
ETREMBBAL, O OHERBEIE 5RE
HBAE, RNEHBAETRAESE, TFEX
BHFRT SR TE BEL)TERUIGTEEH
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Figure 67 Schematic diagrams of the structure and the surface coating of radome
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(5) WEMBHG AP R ENARVLES: Oy 18 i = TR, B R iR = AR
IR R BB T e 5 2R AR R EOHIL . Be4h, N TIEREINERE, Prikin EA R
AR R BN IE 2/ T3 R AR R 8 DUA A TRE MR R AK 22 2008 /N T R AR R A
Ak R ERT, BERE B AR SRR R R BOUCHE LU, TORAE IR E AR R AT S AT
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A, BRSO e, fiRZ AR R . B, WEMBRRZIK 2B B LR R NS 2,
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R, BTN RTRA, SEORLERMIEELEWIE &, A HLURE R Sm A SR A T
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W IE RS BUR R AR S5 A R /N VRS S TEORE, PR FLITUR T TRSE A BRI A B AR R R T . il A
TSP FH S PR AR D) T e AR T AR 7 RO A 32 EARRAE o PR I R F AR R B FASE M AL/
AR Z R AT 200°C. BEAN, PBTIRIEFEARAN RS L, JEENA R U A 0 AL
Mk, mE)E. 6. W, BE, FSRY WS H T &M RE R (HR T VER]
IR SRR RN TR BRI BN &, ARG SR AR, R RE R 45 1)

(2) PHES AU (Physical Vapor Deposition, PVD): PVD J&7E F 25 = i Al s g R & 5
HIEAR, B IREMEVROVRE, IHERMRR I N — 2R REOR . HAERVEE) . SR =
PZ SEMRREE MR R o SRR BEARVE B, WTANE T B iR VAR 4, (W AN
500°C (IR TIEAR B 73 AR ). 988, XMEORMA — ek i, 3 ZAHE TARR RO 2 1 AR FRER
il VRS PR R . HMELASEINES: H B A A

(3) MRIRALZE AT ARIRAL A TITRRECAR Ay CVD 1 PVD HORAM 8 1M A K 1
BARARR, TABR/NER A TIRIREIKT 600°C. (KRS SAHTIRE ARG 5 1 5480 K}
IV, W RAEA SRR A ST YR on o e 2 A B R A AT R B M AR T A . iR
BARZEE RS TSRS, SRk 7 iR CVD BORPURIR L S 0] FEAA AR SR ™ 4% 1) ik
s S T PVD BOR B S AR A R L & — M B AR KR R i SR B A 3T B 2 2R

(4) VARSI e — A e IR B B 1 2 [ 250 2 A Al A, A s 2 )
(e S AL & ) B o SR VA A T /K SRV, FEVE VR KR ST BB I, B HR T T 3R R
M. FEAAZRTN A B TR SR G N BEE, RrBU T TR B, B2 AE R AR T AR
P KRR o VBB ) 2% TR 2 B0 RE T S Sl BE AR il 770 1 B 7 /KF EX S v
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Figure 70 Schematic diagram of working principle of the cloaking of aircraft radome
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Figure 71 Basic structure of frequency selective surfaces and the corresponding filter characteristics
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Figure 75 Stealth radome products with frequency selective surfaces published on Europe ACAB website
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Figure 76 Integrated technology of stealth radome products with frequency selective surfaces
published by America Rock West
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Figure 77 Design principle of stealth metamaterial for transmittanvity-tunable radar
published by Raytheon' Corporation
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Figure 79 Frequency selection surface patterns optimized from a conventional Y shape to a "snowflake" model
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Figure 89 (a) Digital machining system based on mechanical scribing and
(b) radome with frequency selective surface
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T R4, 41 89 Fir. XA EATT FEIT etched on the glass-based ITO film by laser etching
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Pique 25 N\PPIEGEAT ITO BEMBRISILIE £, ] UV Bot BE B R R e R M5 I, 24
VBB RSO T e 4 £ B 1 ITO I, 1P 90 Fron. Ueno 25 NP VR 0% %1 e 76 % F 3 I
e T 2 T 1 A 91 P i T A i BRI AR, W IR TR N ELAR 0.6 pm ~ 0.8 pm (1 [ 36 5L
TG, TSI 1.0 pm M1 2.0 pm. SRERE R AHET LM BCRA w8, W] T B06
VB F T < S AR ok P2 ) B A A B PT AT

BOCEBEZ R KR AU (1) B, AT RAZE fh T B BB TR £ (2) ARy =,
Tt EREL (3) MEUINTYEET: (4) @M. SR, mReR.

DAL i AR B 1 L 202 H AT REE A ) B JLAR EUIN T L2 AR S TSRk R
T 7E A U0 H A2 AR ZE S U S HANME, AR A2 D BORBEAT T 3B R A 3. i
Xf EIR JUMEOR B ELER, AT BUR BLIBOY BLE 2 SR A B2 Al oA 2R SR il THI A3 148 36 3 1 in T i) 348 T
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AT E B b CAA B2 b Ve NMIE I ks ARk PR T~ AR B D Se i, I T
—LH TP B E RN L% &, WEER LPKF A W &K ProtoLaser S & 51 HL 4 A ZIR AL
(B 92) P, FIFILOAME Bodot BLeME %) PCB, JE 7 A28 i, SR 78 S R348 10 77 <X B T ks
I BRI BRI KT AR &R 2, il TR/ FRA. PRE SRR (B 93), I T fe Nk 5i/(al
PN 50 um / 25um, K HL R ST AL 229 mm x 305 mm (9 inch x 12 inch). LPKF 2 #&] [A] i IS HF &
T ME— 3K PCB £k 8% B S B 15 4O 5 % Proto Laser Us ', #ORi K 355 nm. #4MEk
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Figure 91 Planar frequency selective surface prepared by femtosecond laser etching on the surface of glass-based
gold film

& 92 Protolaser S H # &2 Z| X AL

Figure 92 Protolaser S direct forming machine

FR 4 PTFE Ceramics

& 93 LPKF ProtOI;-er S E%ﬁ#%ﬂié’mnliw

Figure 93 Processing examples of LPKF Protolaser S on various materials
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T RPN PTG B 94 45 TSN RN T35 —— £ 18 um JEHIFEL LN
THIR 100 pm 1. 1% IEHA AshREDIRE, TR AT RO R BN BotiTAsL i
& AR ATHOE 2o 1 7 AR A FIR R 2 2 h B S R B

HAT, EASMIBOCITEN & A IRE, WIEEEK IPG. EA M HZROE. RN REOL.
NI B A TIROEAT BN % . PSR T PCB I RIFT B I80 1 £& R A6 348 3 2R THTAOE I
TRAAIGELAL, B SISA AR, BRI R E S E AR X s 2 8- i
TN, N A A B ORI N T8 7 B0 v #6388 s P A 22 Bl e IR e 2 bl < 5
JE. 3 16 K bR BA AR MR A AR R EAT 1 X EE o S ok, b e ol T AN BE OO MR i

& 94 LPKF Proto Laser U3 1% % 4N W & fim T 52 451
Figure 94 Appearance and processing examples of LPKF Proto Laser U3

F 16 JUAR S A B O 2] 1R A 1 BE AR AT AT HL

Table 16 Comparison of the performance index of some typical laser etching equipments
LPKF

Brand/Model IPG 20W Q-LM-T CO, Suzhou Shutian HYM-3DL20
ProtoLaserU3
Production place Germany Germany China China China
Laser type Semiconductor  Optical laser CO; laser Semiconductor Semiconductor
laser laser laser

Laser wavelength 355 nm 1064 nm 10.6 um 1064 nm 1064 nm

Optical quality <l5 <lL5 <5 <6 <I1.1

Processing size 229 mm x 110 mm x 100 mm x 100 mm ~ 160 mm x 300 mm x
305 mm 110 mm 1200 x 1200 mm 160 mm 300 mm

Processing speed 6 cm’min < 12000 mm/s 0 mm/s ~ <7000 mm/s < 15000 mm/s

5000 mm/s

Repeatability 2 um 1 um 10 um 10 pm 2 um

Minimum linewidth 15 um 10 um 145 pm ~ 1090 um 200 pm 10 pm

Be available for hook No No Yes Yes Yes

etching

Be available for Yes Yes No Yes Yes

metals
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TR S M T A VRS IR I BRI M RE B o DA, TR R B 468 7 BT A B HE AR 1)
RERLEHEAT S ZHIK, HA R Sy SH NIER 28, RFTEHWCR R R0, s SR WAL
PO AT BB R HE JS RIPT AT IR . AR B T 5 F e M RLE I 6 AR R 2 AN AE T 38 12
i E . BRI TR “Gate Span” HRUE T IERRIRLLAS 5, 7E— M So WA, RAGHE 5 #E
SR E TS S A e, (AR TR R A L R AHE 5 RINM R H A JEM, B R
MIERR, 7 IS SN AR K R 2

B 95 AR LR R B B R MR SRS, WRHSREEHERLNR ARG TR SRES

1] ) A% SRR B /s o b T AR A s (R R XS /I, P BRI I A A R e i 2 S i (R R P2 ] S A1
TAHERL, REREG ARSI R TP BRI -3 dB BORTEE 3 L1 L, FER I Z st
BT LA o RIS, SR R 2 T AE A B AR 2 18] AR R T 0 7E A T e e ol AU e, PR i ey
T RON I R BT BRI S SO RS VE (R i Tk — o BRI, 7 ZE B IR B R A I I
A& AT # A . — R BT B R R NN AR R R T b, FEREAT i T il
DI AT 2 TR S A TR AR F PR e s — e 1 T B RERWSOR R IR O BE B [ 5, AR
A BB AT R EARE A IR, BORRSE B i i RO PR 2 TR AN (5, BRLakt gy i
i R P W UR £ s 3 Rk B AU B R 2R Ik

B 95 AR & EEMRK: () MEEERTFRFRIMA; (b) FME & ELTE RN FA AN
Figure 95 Test of material permeability: (a) equivalent plate of frequency selective surface;
(b) substrate dielectric material for frequency selective surface

2R 395 P8 3 THI T THT B0 ST B S5 S SR e 24038 B R FH i B R 26 H FH S (Bl R GEMNR . 4 2 I ERIE
AR RSFIA 2] 400 mm x 400 mm BV RTH £ NG A TE 0° ~ 60° ¥l Py MR 75 22 Al B kT
I 55 R F P BRA AR S . B TR R B OB PR 8 1 B L T8 0, ArbAwT
PSR T2, EFORES T RIS SR rT A A2 R 1 Bk s B RS . B P AR A R
AR 25 T v E BB R R B B P IE B R O LR b, FIFFE S 28 T 1% & U NS A
RECCAS — VA PB4 43 W A B 347 B T, BARRI RIS O B R Th
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-10dB, ri%{2000 &, FAUH G 1 KHz, BIRTTSE 1.2 ~ 1.7 ns (FRARSE BARNHACE KPR BE) .

542 BEREMMEERAELE R G R EE LMK

SR 39 45 3 T P TR T 5 5 5 B S S R\ R 2R A F R R S R R, RS
Wi 96 iz, R FFE f 28 1 1% & U NS 1 B2 o BRI R AN S 308 E W R : I —10 dBm,
AH2000 A, AR TE 1 KHz, BT 1.2 ns ~ 1.7 ns (AR 3R B AR PR S & E).

5.4.3 BB E R XA M PR F LB RS RN X

R GIB 2038-1994 CFHIAMLI M RHR R RIMAT V) B, E R Py S5 A b el S 2
FIIR R G R F IR 77 vk EEH: (1) &3 RCS (Radar Cross-Section) MiRvE; (2) FEMR =38
Wi (3) Z IR,

17837 RCS M A AT 2UAE TR I 25 v U 5 P ARS8 o M 2k R4 BRI FE 5 AR A,
MAXRE I A SR Bis L Re 77, HEAR P AR BE RS T TR DhRg . K 2 I B 75 5 52, 8 5 il
PR I S, K BR AR P e S AN e AT R AR, DAFIBR T SR s R A S B 4% 4y
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() Bt 2R (2) R B 33 11 AR ] DAY B
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5.5 SR REERMEREFRALRES
e i 3 U B SR R AR R T K A
B Wi SRR B MRS BTG

. S e e 96 MELERE B ERENATEE
T2 i R T 2AE . Oy SEBIL R i e R Figure 96 Testing schematic diagram of curved

PR BR R AL AT TN, & F frequency selected surface specimen
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PR TSR] 70 o WA (R e 3R T A il 1D RS R ORR I, U R AE il AR =)
NI WA A A REIRAS A U BRF M, AREARRE IR Brit A, Himin T TR
DRI 3R T 7 EE TR BRI R

(Q ARZHBREROEARNELER D TAALE R : A RERMNEAR CGERRE, BY)7FE
TREH RS S AU A RO & T-Be. B mT I DO AE RO AR 1 BRI R 4 B HARR A S 3
s
PGB R IE PR — BN ], AR K AR 9 55 r R PR ek o, 1 vl iR i
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Table 17 Electromagnetic band and its frequency band range adopted in American IEEE 521-2002 standard

Frequency band Frequency band range =~ Name resolution
HF 3 MHz ~ 30 MHz High frequency
VHF 30 MHz ~ 300 MHz Very high frequency
UHF 300 MHz ~ 1000 MHz  Ultra high frequency
L 1 GHz~2 GHz Longwave
S 2 GHz ~4 GHz Shortwave
C 4 GHz ~ 8 GHz Compromise between S and X
X 8 GHz ~ 12 GHz Used in WWII for fire control, X for cross
Ku 12 GHz ~ 18 GHz Kurz-under
K 18 GHz ~27 GHz German Kurz (short)
K, 27 GHz ~ 40 GHz Kurz-above
v 40 GHz ~ 75 GHz
W 75 GHz ~ 110 GHz W follows V in the alphabet
mm 110 GHz ~ 300 GHz Millimeter wave

Half-wavelength wall

Thin-wall type
A-typed sandwich

B-typed sandwich

C-typed sandwich

Broadband structures

Multilayered structure

Gradient structure

L] Materials with low dielectric constant and low density
B Materials with high dielectric constant and high density
K97 RABEEBEEMTRE

Figure 97 Schematic diagram of the radome wall

BRI LR BB BRI AN AT . (1) WEERISEM; (2) RRIRMIICE M (3) BREELE M (4) BRES &
JE R 2R R A5

RS AMy . HRELE MR 2R ERERILBEEN T UK 1/10 ~ 17200 MR 20 mm K, BE
JEACN 1 mm ~2 mm. BT EERN, REEHES /AR B R AR & . Rl T e i &
MRLRE, TEie MG e AV 2 vl TPk F 5 e, #RRA AT 1.

IR R BB TERANREBRIT, RERMIGEA, KHREPRKEE SR %
B BIERRER . TR R R, U SRR R A S, AR £ 5 B R A ok
W SR ATUTY FE B SR o OO R () S5 RO A LB A 4 25 1) S R A0 R DI S R 2 8 R, kAT
PAAR A B 13 BIE SR ) e AT R 26 B . ] 98 NS RRZ JE A R S B B T A e g n 2 .



%12 # (IR AMEE) Advanced Ceramics, 2019, 40 (1-2): 4-120 .81 -

di| dz2 | dn |ON din+1) |dn | dn | d2 | di
_____________+____________

€0 €10 | €20 | €n0 | ENO | E(N+1)0 ENO | En0 | E20 | E10| €O

Ze(N+1)

Zen
Zc2 Zc2
Zco Zet | Ze Zco

Left Right
08 MH 4 BN RNERNBERERETE

Figure 98 Schematic diagram of equivalent step impedance converter for symmetric multilayer media
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Figure 99 Radome with sandwich structure and its wall profile
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WONEE, 2 m IR I R G o sz — 724,

T O A B R BRI B JF U _EATR AT 1 GHz ~ 40 GHz, 3 ~5 BEARR S HE Q ik
RSB, SRS 1 GHz ~ 2 GHz I, & Q MRS AR RGT #IR R, JEEALT: MK

Ry () =Ry (Tp) + x (1 - Tp) (42)

K103 Finwm Q BENEEgEllREE F 104 & & 1600°C & Q FE k-t bl ik K &
Figure 103 Equipments for dielectric properties testing  Figure 104 Equipments for dielectric properties testing
with high Q cavity at room temperature with high Q cavity at 1600°C
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Figure 106 Equipment for dielectric property testing with stripline method
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Figure 107 Schematic diagram of perturbation test chamber:
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Bl 108 EimE 1700°C ML =R EFFE Tt FE RN KE
Figure 108 Equipment for dielectric propertiy perturbation testing under oxygen-poor environment from room
temperature to 1700 °C
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Figure 109 Schematic diagram of the test configuration for stripline resonance method with fully filled sample
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Figure 110 Sample placements for stripline resonator method: (a) placed on the top; (b) placed on the bottom
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Figure 111 Variation of the equivalent dielectric constant with the true value of the test sample for different
sample thicknesses at 2.0 GHz
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F 112 i (1600°C) ok £ 38 3k B5 ik ik 2% B
Figure 112 Equipments for stripline resonator method at high temperature (1600°C)
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Figure 113 Physical model for the terminal short-circuit waveguide method
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Figure 114 Schematic diagram of the network cascade for terminal short-circuit waveguide method
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Figure 115 Schematic diagram of a rectangular resonator filled with sample
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Figure 116 Schematic diagram of the calibration method for the size of high temperature reactive cavity

Vector
network
|
Port 1 ) ‘ana yzer' | Port2
| |

Waveguide coaxial
transfer joints

Blast-hole Blast-hole
Drainag

ouelet

Cooling
waveguide

Insulated
waveguide

High-
temperaturg
waveguide

Bl 117 W& = H S & a3 — il
Figure 117 High temperature normalization test with
two sets of hollow waveguides

7.5.3 A8 £ AKX % &

Vector
network
nalyzer
F’Ol‘|:1_‘a aly e' _Port2
] I

Waveguide coaxial
transfer joints

Blast-hole Blast-hole

Drainage .
ouelet Cooling

waveguide

High-
temperaturg
waveguide

Test sample

Bl 118 & im 5 3 7 5 R B X R
Figure 118 Comparison test between hollow
waveguide and sample at high temperature

T FE TR AR K T EWE T D e 2 A AORHE B B s = . iR XX Al — B XX Prés
FA A e B SR R RE M e 4, PO AN IR 55, Ferb BT B A7 B 1 eIl i £
4L, BRI EEEE X MR B A O SRS L 119, F R EHARSR AR

(a) FiAE: WAPIFEN X BB Ku BB WA B BEER Dy 1.2 ~ 30, MEHHEM IEY)

WEN1x107~0.5,

(b) ERAEE : MRV EDN =R E] 2000°C; JHRSR N X BB .



12 H (A R#EAMEY Advanced Ceramics, 2019, 40 (1-2): 4-120 -103 -

B 119 #omE iR el ZRf s AR NRAXE: () Fii; Ob) i
Figure 119 Typical equipments for dielectric properties testing with terminal short-circuit waveguide method:
(a) room temperature; (b) high temperatures
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Figure 120 Basic test principle of two quasi-optical cavity methods:
(a) hemisperical open resonator; (b) Fabry-Perot resonator
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Figure 121 Quasi-optical cavity with sample loading
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