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EARSERRE HEE. Kk, XFARER A A 4 1)
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Fig.1 Crack deflection/penetration diagram based on

He-Hutchinson model®17!

‘ Fiber producers: 3M; Mitsui Mining; Sumitomo; Nitivy; ITCF Denkendorf

Material manufacturers and research institutions: COI Ceramics; Composites
Horizons; Walter E.C. Pritzkow Spezialkeramik; NASA Glenn Research Center;
German Aerospace Center; Fraunhofer ISC-Zentrum HTL

DLR “WHIPOX”; WPS “FW12, FW30”

Composite trademark: COIC “N610/AS, N610/A, N720/AS, N720/A, N720/AM”;

Fiber: Matrix: Process:

= Almax « N312 . . o

. Altex N440 « Al,03 =Mullite | | «Filament winding
« ALF-F2 = N550 = Si0, »YSZ = Fabric lay-up

= CeraFib 99 «N610 o

« Sapphire WN720 || *4102 "YAG = Liquid

Kl 2 P-AlLOs/Al,Os 14 5 18
Fig.2 System diagram of P-Al,O3/Al;0;



* 3912 -

L E A e

%5 51 45

AT KT, TE P-ALOS/AlLO; [ 4 772 FI AT/ AT
LLZ[E COIC (COl Ceramic) 1 CHI (Composites
Horizons) , & WPS (Walter E.C. Pritzkow Spezial-
keramik) 1 DLR (German Aerospace Center) % B A%
xi, JIFCLEHRIIREE AERL.

P-Al,03/A1,0; K F 1) 4 AR AT S P 28 1 B0
Hm 2 AR AT Y. AR 4E (W1 Sapphire 5D it
EHEMRS, HEAKK (5100 pm) , AlgmAtE2E, E
BN FORSESUR; NE R R AR 4R B e
R R MR, 2 4ELl 3M A E R
Nextel™ 57 5o E, WRAEEME S ERAES N
A, Hr e RS EE I N610 Al N720 £F4E
REZ H T WM %, N610 £F 4k 12 thfit i, N720
I i i P R AR ) 2 P AR R R A R T T
1000 ‘CP81, 2 SKLF YR WIS A FHRAE P-AlLO4/ALLO;
() 5 bR 90% LA I .

TEIARM BT, 2 FLEAR MR B AR
(alumina, A) . E /b8 - 1L fE Caluminosilicate, AS) .
AEE-2ok A Calumina-mullite, AM) A% . MEEK
M ke s (IRFFEAA Z AR RIRE T« Pl
AL KRS A ER, AS. AL AM 1A R & & it i Ag
7143 %124 900~1000. 1000~1100. 1100~1200 ‘C122,
Rk, HATHEAL 7 LA N610/AS. N610/A. N720/AS.
N720/A S~ E AR P-AlL,Os/AlLOs £ % .

2.2 RBITZE

P-AlLOs/AILO; FER A T2 1%, Z4Hi.
WO SE, 31 FIH T AN A RCRL 2 Ak R it
IR o B2 1250 R v A5 FH 110 8 44 398 i Ak e 45 4 43
KETAH 4 (1D) ELLLA4EHR . — 4 (2D) P gl

PRI =4k (3D) £F 4T 1EE 2, 48 200 1 sg by TR
MR, — 4R 4 5T A MR R SR B R, i 1
FaE . Y, HAVEAE 5 EERR . 5 48 E
HEMEREL, =48 SRR B AP R 7 )= e
71, FIBAER G APERE IR AL =4 P-AlL,O4/AlLO; 4&
ThnHE K R B o
221 EZRE

Y Le Y T2 R B B R AR A A SR AE K S A
KRR, FEgE SR E (WK 3a~3c) , &
TR BB, BRLE S T S R R R 5 12028, gage
WM TZRAEEME el it kit B3k
FERE & Rr i, & a8 R AR (WK 3d) R
PR B TR SZ B, A LR B R Rl AR A, H 4 4
WY GAT LA X 4 5y 77 A R IR B, 32 T BRI ) 2 2k

By 3 L,
222 EAARA

SRR A 2 Ry ik BRI AN TR R
RN SR R S MR TSR, RIRTEY
SeERR B R R R AR AT YA, B IR R IR
KRR i (LK 4a) , HEREZERIRES
JRe T i, s R . AT, eItk
AT X AL Os/AlO5 7T K il 47 K TR B T2, TRk
JEARAR LT A S 7 (EE (LIS 4b~4c) , JE5E
SR 0 A T 2R S R A A R B R
R T2 AE . A, AT & AR ARER A, il dh 70
YRR, FENL R BNHLIR & #8 5F B A% AR AR 2 7 o
e AT SR R RS MR R T 1A R
e, FEHMBREREAR, £ KRS R F i
T i A A 7 R P A

Fz 1 P-ALOy/ALO; EEF|F T Z5Itt

Table1 Comparison of main processes of P-Al,03/Al,O3

[9,17,23-26]

Processing  Reinforcement Advantage Limitation Typical application
. . Mechanical property designable o Cylindrical combustion
Filament 1D continuous Shape restriction
High automation chamber liner
winding fiber tow Winding defect

Suitable for gyrorotor component

Spherical return capsule

Complex shapes available
Fabrics lay-up 2D woven fabric

High mechanical property

Convenient and rapid production

Complex structure engine
Weak interlaminar properties mixer
Low thermal conductivity Flat sealing sheet

Exhaust tubes, valves etc.

Overall near-net-shape forming

Liquid 3D fiber preform

Interlaminar properties improvable (3D)

Long fabrication cycle and fiber
damage(sol-gel)
(Rapid development stage)
Material inhomogeneity and

skin-core structure(slurry)
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K 3 P-Al,03/Al,03 4l 58 i Y i f2

Fig.3 P-Al,03/Al,03 filament winding process: (a) Nextel 610 continuous fiber tow, (b, d) filament winding process, and (c) computer

simulation filament winding!?¢-28)

K 4 P-AlLOs/AlLOz JZ 4 i A i 72
Fig.4 P-Al,O3/Al,O3 fabric lay-up process: (a) 2D woven fabrics, (b) slurry brushing, and (c, d) prepregs lay-up

2.2.3 ‘RAARA

TRORE R S 18 i s ) B 7 Al B A T R A
M5B 5] N HE S R E = g2 e i (LK 5a)
W, FaTHE. &R ST ¥ S GOk
M, ATSCEERE AR Y, R A 4 T A 8 R
7 T 0 27 4 7T LA 25k 43 b R I 2 T 1 24253 iy
AH RS0 AR 4 5 A TR B AN [R) 3 A I R - 5t I v A
B ENE .

T I B A L W I Bl P AR R

ETE 7> T
RAALFHEL), R R B & R Bk (&

I

[29,30]

f8r<20%) , JEE T E 10 KU LR EEE LA
RE 58 IOP R 2, VA AE vl AL B R TP AR AE 2R 1Y
W SRR, e gEm iR, HEr g5 5k E 5
TR SR AR 4 A Y, S 0% i R A MR
P B8 3 AR . P B RORHIE KSR, [ B
(>70%) , FAEH LR N 7K or 44 A P B 1A e 45
BUm LR, XPEFgEBI N e R RORHER 3
R A ) 6 v R R LR E P R R, SRR
Ve A 1 5 A U R T HE R, L Ml 5% S BEAD R R
5 T BB R A R
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Fig.5 Schematic for 3D structure fiber preform (a); cross-section view of a typical P-Al,O3/Al,O3 produced by liquid process (b)?*!

2.3 HAIME

F 2 5125 7 E 4 6 Fi gL B P-AlLO3/AlO5 AT
At DASEALER LR, X B AR R 3 4R R R 21 4 (1)
P-Al,O3/AlLO; J12:VERE. =T, T N610 £F4E 5%
FEEL N720 S, Frbh N610/A [ 1 2+ M GE 1L T
N720/A3%0, (H 5 R it 1100 'C 5, N720 44k T
FINT SR AAHPUR A VR s 7, B A 5 SR R
B, PR N720/A i e IR T N610/A. Xt e AH A 2F
YEAN R IR A MR ) 2 M RE R I, AR I il

1 mm

YR A Y TR A SO BT P-AlL O/ Al O 48 T T 37

BB TERE A E R, AS. AL AS+ZrO, Bk E &4
TR d Ak REAR IR AR TT

Himin & &S M e X, P-AlLOy/AlLO; % JE
N 25~29 glem®, EEBAEEFEEN 13 (BEE
~9 g/cm®) . P-Al,03/Al,05 FIFLHIM . FL 25 Hh 5 fF 7]
ik 350~400 MPa, FRPEREEDT 150 GPa, Wity
10 MPamY?, #HUEZAK RN 6x10°~9x10° K, #
e [T AL 240 B2 K A A ORI AE il T B & A = R 45 4
PR AN F FR e Pk .

*2 HAREERSAMBUERESH

Table 2 Properties of typical ceramic matrix composites

Composites trademark N610/AS N720/AS WHIPOX  N720/A FW12 FW30 S400 N22
Fiber N610 N720 N610 N720 N610 N720 Sylramic  Sylramic
Matrix AS AS A A AS+ZrO;  AS+ZrO, SiC SiC
Density/g cm 2.8 2.6 2.7 2.7 2.9 2.5 2.1 2.85
Fiber volume fraction/% 51 45 37 45 35~45 35~40 40 36
Porosity/% 25 25 25 25 25~35 30~35 10 2
23 C 397 229 170 161 257 147 298 400
Tensile strength/MPa 1000 C 351 229 96 176 216 168 - -
1200 C 87 71 55 146 73 157 - -
23 C - 216 283 182 345 161 241 -
Bending strength/MPa 1000 C - - - - 364 173 - -
1200 C - - - 190.3 231 139 - -
Elastic modulus/GPa 124 76 145 70 97 515 110 250
Interlaminar shear strength/MPa 15 115 12 125 17.4 8.4 27.6 ~70
Fracture toughness/MPa m"? - - 11.5 - 10.2 - - -
Thermal conductivity/W m™* K - - 5.7 2~4 3.8 - ~20 24
Thermal expansion/>10° K 8 6.3 6.5 6 8.5 - 2.6 ~3
Maximum service temperature/ ‘C 1000 1100 1050 1200 1300 1300 1200 1200
Reference [34-36]  [34-36] [37] [34-36] [5,38] [5,38] [36] [39]
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2 6F|H T SIiCISIC &M EH MRS, SiC
SG SRR EL 1% SRR AL 71, &
PR IX 7] 1200~1400 C, Hfe @M RREHiE
REJIAS AL 5 8 S0 e T P 85 o JIRASE 0 2000 7 PR B B ik
2, S SICISIC 4 p A 37 T A R B BT,
4, SICISIC & & MRHERHMI RS 53 51 A = AR =, T
ALO/ALO; A= AN N SICISIC BEAMEBI 1/2. 4
G ERHT, P-ALOJ/ALO; BAA R EAR. R, K
PR . BRI AP,
BARMREHEM T RIRSG 4, 5 SIC/ISIC BAEMEH
i Byt E AR e R, A i vE A LL A P-ALOY/
Al O3 7F Ry il 25 M A R A0 sk TR 7 FH A ok ik 52 0

FHEIRH M, P-ALO/ALO; B IF A RERIFR,
FEA 2 AT HER . — 2t TR AR A 4 3 AR
FEBR I, 7EId 1100 CEABL B T ki A K. 44
H PR3 02> 5 BUE A MPRME m iR Bk T 5 K AR I AR T
REO, R T 2 FLEE R S5 P-ALOS/ALLO;
FLBR AR W] 2 5 T SiC/SIC 45 BUS He Ak Mg B Ak B S 8L,
TR S A 2 1P R I 5 A i BE A G . TR B,
FHEE T HAh A SE R ATRE P-ALOS/ALLO; 1T H AN HT 4>
JZ B 714 55110,

3 P-AlL,O5/AlLO; T2

3.1 HERSIEMN

iy T MR SEE WL R o6 == AR R ZEAE 1000 C UL B E
TOKEME R LR REE G AR 5aEiRE &
b, P-AlLOs/AlLO; REME i 2 H& TR A LI TAE IR
R, R R BN IR G &0 EE &R,

Solar centaur
50S engine

FEFRE ATP I H 3 # ~, &[E COIC 1 Solar &
AFIFRE T EEMBHER SR R BT, IRk
[6FF & T B N720/A+FGI (friable graded insulation) 2
R IR B = A4 (181 6)B4M, 2003 4E 6 H & 2006 4
10 A, %#fELE Solar Centaur 50S A< 46HL F Bitiz
1735 25 404 h, SZELT 25 000 h KWK HAREA. ix
52 P-ALOS/AILO; T I AE MR 5 WL A e = v 58 il K I
M.

3.2 ME AT

F 2 R BIATLKE I A 357 1 1) AT S5 e R R A% 7 o
R, MAXREEARIE. SE. RESELS. 5488
MR, P-AlLOs/AlLO; B F /2 KshHL, 1ILLsk
BLURE . T RERENE . kb NOL AT CO HIHERS: i 3 2%
R T, P-ALO/AILO; BT & 3 HLHE HE
fEL REE AL WUE S B A E TR SR
SIS AT BR84SR AL

S CLEEN T H il 72 & MENTZ RS
HEASH A, B (% 1.14m, & 2.34 m) I
W (ER 1.60 m) i, ZIE4 Akl i i kR
P P-ALOS/ALO, #B 4, il atdk @ an &l 7 Fras. 2013
2 H, %EAEE RR Trent1000 & ZhHL L5 T 75 h
o ok AL AR, 2014 4E 7 B, fE S 787
ecoDemonstrator 36 uE LA 5€ Bl K AT MK, R iT2EHL
MK 28.5 h, £ %] TRL (technology readiness level) 7
K, TH BE T KRS P-AlLOs/AlOs i 28 #4 £ 1) mf
T, CORTTEBIL SERR R B IE AT, AT IR S R
FHIRF B, A AR — AR C ML T R

2010 4F, 3£ [ GE 5 CHI A 7] & 1EiliE P-Al,05/AlL,O,

B 6 BRAEHLAEEE N720/A+FGI Ahit

Fig.6 Gas turbine combustor N720/A+FGI outer liner: (a) schematic for the test engine, (b) outer liner ready for rig testing, (c) liner

assembled, and (d) outer liner field engine test after 25 404 h 14242
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Ceamic matrix composite
nozzle (2D N610/AS)

Pre-flight ground test

Flight test

Post-light inspection & repair

Bl 7 fizs Kbl N610/AS HESHEAF It at e

Fig.7 Testing progress of aircraft engine N610/AS exhaust component!**]

R RDPLIE G P OHESE M, DS
GE-Passport 20 % #h#l (Bombardier 2 55HL3h /1)
. TGS BRMERE™, 8 2EK4H
P-Al,O3/AlLOg B A1 i St BY i i i 72 . [ 4F 4 5, 7 ERA
WiH % F, %E NASA 5 COIC. RR (Rolls-Royce)
N FEE P FE B TIER RR AE3007 Kl (A%
Ml ZEHKBIEANBIF1) 1) N6LO/AS IRA 2% O
HEHAE. RR AE3007 KBNHLT 2014 458/ 1 #hAH<
. FERE G RIRSII (LE 9). 2015 4, R
A E A BB 14 i) GE-Passport 20 & shA/Lil it

TEE FAANIE, #1E 2017 4 CHI A & B4 5% 300
Ak P-AlLO4/ALO; #i1HH,

2011 4, EECZLLI P-AlLO,/AILO; 75 % F i
RN LR . FEE FIA-18E/F #84% RKH 6L 1AL
FALA fi 2 i i R BN HLBTE A 7 N720/AS % 3 (AL
10a~10c) , 8 B F A (i FH 42 T i 2 154
thAh, EEEZELE COIC AR BAWH T EFHLA
ZhHL P-AlL,Os/ALOs HESHE (I 10d~10e) B0, 4 fk
VB EREE AR R AT DS I AE 200, $RTH %
ML I A, PRI ZEAE T AR

18 P-AlOs/AlO3 IR A A8 Al Hh L HE il i I 72
Fig.8 P-Al,03/Al,03 engine mixer and center body manufacturing process: (a) fabric lay-up in mold, (b) P-Al,Os/Al,O; components after

sintering, (c) central body machining, (d) quality control inspection, (e) assemble metal and ceramic joint parts, and (f) assembled

on GE-Passport 20 enginel*
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Engine nozzle
N610/AS

Acoustics test

Bypass air

Aerodynamic test

Subscale mixer and center
body
|

'
3

Full scale vibration test

K9 RRAE3007 A&zl N610/AS HE AL AHM ik
Fig.9 Testing progress of RR AE3007 engine N610/AS exhaust component!”

10 P-Al,05/Al03 ZEH K BHLIAF
Fig.10 P-Al,03/Al,O3 for military applications: (a) schematic for F414 engine, (b) engine seal plates, (c) super hornet fighter aircraft, and

(d, e) helicopter exhaust ducts*%4"!

2016 4F, f%[E DLR #Ri& T 8% 1.2 WHIPOX™
BT AR, WK T 3R )2+ RR R 45 AL AR Bt o3
PR S RAA I, 22 N6L1O/A i, BEJE
3.5 mm, PYEETHIZE S 7R 0.3~1.0 mm Y03 iR )2, &
oL T H 4% 0.6~0.75 mm, fHi&l M 2594 &0
fL, T S EEESN (LB 1D, R E A
ERINHEAT T 29 10 h B 51 .

3.3 MR YATHRMREIF RS
P-Al,O5/ALO; N H T it K AT &= B 47 &R 4t
(thermal protection system, TPS) AJ LLAIEFGH . Fiif

T\ Uk EE A PO, A AR S B R, AR
S AT SEELE B Th g

FEE COIC A FIFF R THUR CAT & A =t A
HRAT A 1 P-ALOS/ALO; M54 24t (WL 12a) , AT
PP 2 [ . PREBE Y, fEE DLR BRK
7 WHIPOX™ R 7 25 #4J3% 1] s ( UL B 12b) Al SHEFEX
KAT BB PR S N6L1O/A T mid B EEE (A
12¢) BY, J43 551 2012 4E A 2015 4F R 5h 5E A K
AT5R56 o BRI BRAS 2 P-ALOS/ALO; TEfT R AT
BB RGN — RIS, HIKHRSREERDT R
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Upstream

B 11 i kP WHIPOX™ (N610/A) BRES = 1 &

Fig.11 Aircraft engine WHIPOX™ (N610/A) combustor liner: (a) schematic for the liner structure and (b) liner with effusion cooling holes*®!

g

Bl 12 P-AlLOs/ALO; i R 4t
Fig.12 P-Al,03/Al,O; TPS: (a) COIC TPS, (b) spherical structure reentry capsule, and (¢) SHEFEX N610/A high temperature wave-

transparent window!®%%

Gt Hh I S AT R R AR
3.4 ThFEH b A

P-AlLO3/ALO; TEIR 4 BB VR7E. AN
W Z, {BE WPS A#E P-Al,03/A1,05 Tk
PhEFF 3 AR 45 1L 4 o B 4 56T, wips 4
A M AL Keramikblech® k14 75 i 7] # 3k & &
SHFmE 20 Sl (WA 13a) 5 HAF KM
P-Al,O4/AlLO; =i i iR FEHEAE W AR ZIREH ARG
ok, CRIh@E g B E S L E
13b) ; WPS A A 53 E Wilson A FHAE A 7 & 1F il i
T GFRIR LI K B B TR AR A A (0 T 13c, i 2.5 m,
B 25m); 2018 4 7 A, WPS A 7] 53 [H Jetoptera
AFEPMER P-ALOs/ALO; BT 5 N AT 2% 5 i 4
BERS, A& R SR T RAT AR URE 50%. TR
i 30% LA [ AOR, i TE AL YRR E i 1 A

R CATINAR, Rzt s v R Z M5 BN K
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>20 000 h

[’

After 1000 h

K 13 P-Al,03/AlO5 1) Lk N
Fig.13 P-Al,03/Al,03 industrial applications: (a) P-Al,O3/Al,O3; and alloy flame tube HT-service test, (b) automobile exhaust tube,

(c) solar absorber component, (d~g) P-Al,O3/Al,O; components for aluminum casting, furnace, burner, hot gas distributor,

(h) vertical takeoff and landing test, and (i~k) flight test!®?
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Oversea Progress in Porous-Matrix Al,Os/Al,O; Composites for
Engineering Applications

Tian Zhenghao'?, Liu Haitao', Jiang Ru®, Sun Xun', Deng Guihang®, Chen Xiaofei®
(1. Science and Technology on Advanced Ceramic Fibers and Composites Laboratory, College of Aerospace Science and Engineering,
National University of Defense Technology, Changsha 410073, China)
(2. 32517 Troop Unit of PLA, Wuhu 241000, China)
(3. School of Physics and Electronic Science, Hunan University of Science and Technology, Xiangtan 411201, China)

Abstract: As one type of continuous ceramic fiber reinforced ceramic matrix composites that emerged in the 1990s, alumina/alumina
composites (Al,03/Al,O3) have become a major category of ceramic matrix composites alongside C/SiC, SiC/SiC, etc. Compared with
non-oxide ceramic matrix composites, Al,O3/Al, O3 composites possess unique advantages such as long-term oxidation resistance,
high-temperature corrosion resistance and low cost, etc, and display broad application prospects in the field of military and civilian thermal
structural materials such as aircraft engines and gas turbines. From the perspective of material application, this paper demonstrated the
toughening mechanism, fabricating process and performance characteristics of porous matrix Al,03/Al,O3 (P-Al,03/Al;,O3), which were
especially dominant among those Al,O3/Al,O3. The focuses were paid on the research process and engineering applications of
P-Al,04/Al;O5 in recent years. Finally, the key problems and the future development proposals of P-Al,O3/Al,O3; were summarized. This
information could provide reference for the development of domestic Al;03/Al;Os.

Key words: Al,03/Al,O3; composites; porous matrix; engineering application; review
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