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Review on Recent Progress of Lightweight, Thermal Insulting and Wave
Transparent AI-B—0 Ceramics

REN Yixiao XIANG Huimin DAI Fuzhi ZHOU Yanchun

(Science and Technology on Advanced Functional Composite Laboratory , Aerospace Research Institute of

Materials & Processing Technology, Beijing  100076)

Abstract  Boronmullite ceramics in Al-B-0 system such as Al;BO, and Al,B,0, have superior properties,
including low density, low thermal conductivity and wide band gap. They are promisingthe in applications including
thermal protection, wave transparent and thermal sealing in hypersonic vehicles. In this paper, recent progress on
structure, synthesis and properties of compounds in AlI-B-0 system were reviewed. Theoretically, first—principles
calculation based on density functional theory (DFT) is introduced to predict the crystal structure, elastic and thermal
properties of these materials. Experimentally, synthesis methods such as solid—phase reaction, high—temperature
molten—salt method, sol-gel method and thermal decomposition method are summarized. The applications and
perspective of these materials are also discussed.
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Tab.1 Summary of U. S. hypersonic weapons programs
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Tab.2 Advantages and shortages of candidate materials

for ceramic wafer seal structure
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Tab.3 Density of Al-B—O system compounds and other
ceramic materials g/em’®
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Tab.4 Composition, structure and theoretical density of compounds in AI-B-O system
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Tab.5 Comparison of synthesis methods of compounds in Al-B-O system
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Fig. 10 TEM images of boron—mullite nanowires synthesized by

sol-gel method
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Fig. 11 SEM image of Al,BO,ssynthesized by the thermal

decomposition process
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800~1 200 CHR 4~6 h 15 F] AIBO, HLdd o 1% 7 i 1l
2 B B S AR R A HOPE G EN e R e, T
P22 HMELLSCI R i il 45 o R AR T

4H,B0,—2B,0,(g)+6H,0(g) (17)
2B,0,(s)—2B,0,(1) (18)
4A1(NO,),-9H,0—2A1,0,+12N0,+30,+36H,0(19)
2A1(OH),—AL0,+3H,0 (20)
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3 AI-B-OFg&EHIMERE

H /I ¢ F Al-B-0 B & A58 24 P e Ak
il 25 A 45 M ST b, o IF 5T B 4 T B A R
AL;BO,. ARSCHE LA ALBO, WA FRA 4 A1-B-0 B & (1)
PERERFTE I .
3.1 ke

12 7 A ALBO, VAT B UK X i X R 7 1) ) R
P RIS 455 TR ALBO, J&—F B 371
Bk 6. 6 eV YL 23 A, H a4 PR HUR & B 4F 1Y%
Wtk o E— 25 XA 9 1158 2% B ALBO, W K
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Fig. 12 Band structure and absorption spectrum of Al,BO,

FE I8 5 1 , 22 4L ALBO, B4 L #5055 4 Ha 4
FEUNR 6 TR, ALBO,FEH i N HA LA
3 (e <10) AR FE A IE DI {H (tand, <107) , #£ = 36
1 000 CHIIRE R , e 157E 3. 0~3. 2 AR EUE I FEl N B
E L tand, WA ETE 0. 002~0. 007, BEZ 1R FUH Ay
Thi, Z24L ALBO, Y & T , tand, B . X Ha 3 £k
F S PR 5% HE— 25 32 B ALBO, 7E 12 1 375 I b4 A6k 47 ek
H AR B0 FH AT . AIBO, ALBO, 1 AL,B,O,, Y fEHT
g anE 13 R, =R R EAT 7. 9.6, 8 Fl

7.6 eV HYTHTB, B A A
#6 ZETEILALBO,MAEEHSNBIRE

Tab. 6 Dielectric constant and dielectric loss tangent of

porous AL.BO, at RT
JIGHz & tand,
10.8 3.15 0.0033
15.8 3.13 0.0036
19.4 3.13 0.0035

1 : 1) Z4L ALBOME S B 1. 57 glem®s

S R—— B TN _20 — ——
24
G Z G Z T Y S X U R
(a) AIBO, (b) ALBO, (¢)  ALBO,;s
E 13 =% Al-B-0 & &+ R 2544

Fig. 13 Band structure of Al-B-0 system materials

3.2 S1EFEiEsE

ZHOU %5 N7Vl 25 — P JFHE 48T ALBO, Y —
Bt i o, A5 I SRR £ B FE, (R B
BYYIRL R G R E A G v TG LR S R
H,.o Q7R , ALBOEABARM ¢,y vo5s Tl cg [H , T W]
ALBO, LA AR MHT B VAR T RE ) o HLpEAR i (200
GPa) MAFUE & (157 GPa) MBI I (78 GPa) HIK T
3ALO,+ 2Si0, FEfe A 4 TR0 () b Al A B A 8. 3 GPa

F®7 ALBO,RIHHX 1 ERE

Tab.7 Mechanical properties of Al.BO, GPa
n €2 €33 Ca4 Css Ce6 €12 €13 €23
311 219 244 81 92 75 93 118 118
E, E, E. B G E v G/B HV
245 161 167 157 78 200  0.29 0.50 8.3
— 8 —

100 T e (100)

751 R

50 --

25 4
.l

G /GPa

251
s0]
75 ]
jo0d”

14 ALBO,7E(100).(010)F1(001) Vi - Ay BT I it
Fig. 14  Shear modulus of A1,BO, on (100),(010),
and (001) planes

ALBO, AR VG L (0. 497) , J2—FPHidifibi & ,
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Al B0, ANk Lk A RLARER I | = s AS B A
SO Rl Ak 2R A — R R R AR )
Z TR A &5 AR, S s s i S
FURASME | NTIARAS (R 0 72 PERE . ALB,O5 i
IPEREIE R ARG, ZE 45 T AP ERET T S5 5T
HRI R A — s PR T 0 -

AIBO, .ALBO,F1 A1,B,O,, iYAH I Sr=AERE N 8 |

FOFRIS Hf AIBO, HAT R g B ik
PR PG LU ANAE R AR AIBO, J&— i 1 Y
HEtERARr. ALBO, [ ELA R 1) i e
Rt RV LU RIRE B, L) 2 e S VT AT ALBO,
FIAIBO,Z 6], AlB,O,s'5 ALBO, Jy2#Z i i,
B BN B S 5 A By OO . HO VS ol
0. 679, 5 {HEEEE > 12. 8 GPa, & T ALBO,.

#&8 AIBO,.ALBOf1ALBO K —HidttEE . mFHEEEE
Tab.8 Second-order elastic constants and anisotropic Young’s modulus of AIBO;,ALLBO, and Al,B,O;

Second-order elastic constants

Anisotropic Young’s modulus

Compound /GPa of single crystal/GPa
e e e Cus ess Ces 1 e e E, E, E.
AIBO, 523 523 340 114 114 186 151 97 97 457 457 311
ALBO, 157 157 375 89 89 54 50 69 69 131 131 329
ALBO, 424 415 476 142 132 128 151 137 116 364 357 426

&9 AIBO,.ALLBON ALBO, M= = . JA¥A b i 74 bk Fn B RE
Tab. 9 Elastic moduli, Poisson’s ratio, Pugh’s ratio and microhardness of AIBO,, Al,BO,and A1,B,O,,

Elastic modules/GPa

Poisson’s ratio Pugh’s ratio Microhardness HV

Compound B c E v /B /GPa
AlIBO, 224 146 361 0.232 0.652 19.437
AlBO,s 109 74 181 0.223 0.679 12.8
ALBO, 228 143 355 0.240 0.627 18.128
3.3 BIEHEREMERE FR
GATTA % B 58 % B ALBO, & /b 78 & 15 = A MO 23
7.4 GPa JE J3 T AT 4 45 s PR S p R E %, HAE ' ,yzn%T

21.7 GPafm J& N AR E A A, 1h B ALBO, 76 5 )&
BB AT E M, SRR R HE O 164 GPa, 5
FORA AT . AL BO, HLA By B A7 AL SR L5 4
SECT 8 e ) S W A T 2R A N HT A
BAEE T 1) WP B R S0 I A5 45 ) Sk 4 R By
Wk B=1.4x10° GPa™, B,=3.4x107 GPa™', B.=1.7x
107 GPa™, 43 2 &t B(a) :B(b) :B(c)=1:2.0:
1.4, Ui W% 45 # Y5 % (100) 1 7 JE 45 . FISCH %
NSAS ALBO, $A B £ ] S L ot oyt o =1
2.47:1.85, GATTA ¥4 #1245 FISCH %5 A\ 15 F|
IS IR EE A 155 T ALBO R P-T-VARZS 2
(FE—GE R AEL) »
Vipry~Vina, [1 = BAP + aAT] =V, , [1 -

0.0061(4) AP + 1.36(2)% 107°AT | (22)

XF T HA Al-B-O R R sk A, BARIA
B S B (ARG R i AR SE AR T R
el LA A B S 45 [ Sk
3.4 S#viEse

P R 5 R BB ¢ & AT DL SLACK £ A
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AR, DUISP-247 75 b , S SRk, 276 1
WA, 7T LUR FHEBRZE R A BT IR X Al-B-O A &
MBI R I TES T . X 2 E0% IR RIS Wi
o AR B U R AR, R RE
IR TR TR PR AU T2 i AT = . /1 1S
53R T ALBO,  AIBO, ., ALLBO, Fl AlB,O, P 5 % 15 JiF
KFZRM, X ALBO, I 7 , P T 3 bl R AR G R
R k=2404. 78/T, 375 1 700 K [}z ik ) HFE IS AR A4
R 42 W/(m-K) o BEl 85 B R T F
BRI B RN R AR, [R5, AIBO, fix
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(a)  AlBO, k=2404. 78/T

Z
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Bt 305 A Ak 36 e 6 2230 k=7526. 47/T, EL 3 3 000 K i
ARFNEARA TR, ZH T AIBO, TR LG 25.3 W/
(m-K), a5 250 AI-B-0 /K ZAPREARTR], AIBO, HAT
R E G ER . F RS AIBO, R A B 124 RE
SFE A A R B B S A TR
N HTHT S o ALBO B AR T3 2. 30 W/(m-K) , 455
SLACK #5% AU | 4 T 5 [l it B A2 fb 0 2 ¢ R X
«=4911. 35/T, 7£2 100 K B ik B HAAIM TR . ALB,O,;
AR ER R 1. 71 W/ (m-K) , 454 SLACK A | #h5
R A 56 R k=2447. 45/, 7£ 1 450 K i
KA G2 10 845 T ALBO, . AIBO, . Al,BO,
FTALBO, s Y75 L FEFELE . GRUNEISEN # £0 M A A%
P e A

Kk /W-(m-K)!

800 1200 1600 2000 2400 2800 3200
T/K

(b)  AIBO, k=7526. 47/T
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47615
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Fig. 15 Temperature dependent thermal conductivity of AlI-B—0 system materials estimated from SLACK's model

#*=10 AlBO,.AIBO,.Al,BO#1ALBO, M5 iE . fEFFIRE .Griineisen FH R R KH S E
Tab. 10 Sound velocities, Debye temperature, Griineisen parameter and minimum thermal conductivity of A1.BO,,AIBO,,

ALBO, and Al,B,O,,
Compound Sound velocities/km 5™ Debye temperature  Griineisen parameter Minimum thermal conductivity
" N N 0,/K y /W - (m-K)!
ALBO, 8.55 4.58 5.11 777 1.77 1.42
AIBO, 10.78 6.37 7.06 1055 1.42 2.45
ALBOg 10.54 6.16 6.83 1006 1.46 2.30
ALBO,, 8.63 5.15 5.70 793 1.38 171
— 10 — FHABL T 2 http : //www.yhclgy.com 20204F 1M



ALBO, B A7 %5 & 1) GRUNEISEN 3 54y FIEFE IR
O, # it R4 . [F3, AIBO,. ALBO, Al
ALBO,, 4 H A B 1 0, Ui B A-B-0 & 2 #1813
i ELAT B (R AR T
3.5 FBBAKMERE

H A% Al-B-0 P & 2t B ) SE g iR 370
B35 Si IS A BB IK M R AR R A —
25 MM H . RO AL, Ak R4
AR HHA BB A S, 5 AR RN 8 G
Fo BORAK T MK RECSH P ALO, &R OCRN
K16 iR b ALO, & & A3 N, oy, Al oy, 349388
T T o, WA B REEARR , o o fE IR 25/ o

LUHRS 28 A IF5E T AR 0 7 2 0 il 5ok 4 A
300~1 000 Cr# K R E . 5250 45 L 3R W FA ik 78
A A b Bl ) bR R R o il 7E o Bl iR/ B
B SR D R RN, S ARBAEOR
A, & 13. 6 mol % B,0, I T Bk 47 Ik 2 5%
K29 15% , Ho B R ] g J2 B U Si 72 4 385 1) B-0
B DR, i B SE 2 HUR S A1-B-0 7K R 5k A
HHEAA /NI R

a/10°K?
S
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Fig. 16 Linear thermal expansion coefficients versus

Al,O, content for mullite

I SEOF 2R R 80 3R B 2 11 7
AR BT LU UGPSR BN (4,947, 5) %
107K 2K BB/ FL v, /D o 32 14 B
SELE S /TR o AL T OIS S, /AT
M 4 ) DO T A /A 6 (001) Y
(I 5T T A 263 ¢ A 0 0\ T
P 2 9D 6 B 160 A P BT /0 A
RHOL

R11 BRER.ERASWMERGLKARLY

Tab. 11 Linear thermal expansion coefficients of sillimanite, mullites and B-mullites

) TV R a/107°K~!
a7 % Jrid
/C @y o5 Q33 Qy
5 XRD 300~900 2.3 7.6 4.8 14.7
x=0.24 XRD 300~900 3.9 7.0 5.8 16.7
x=0.25 XRD/ND 300~1000 4.1 6.0 5.7 15.8
x=0.38 XRD 300~900 4.1 5.6 6.1 15.8
x=0.38 DIL 300~1000 45 6.1 7.0 17.6
TS et x=0.25 ND 1000~1600 6.8 9.3 6.3 22.4
AL(AL,5,S1, )04, x=0.38 DIL 1000~1400 6.2 73 6.9 20.4
0 4.8 6.8 6.0 17.6
mole B,0, 1.0 47 6.0 5.7 16.4
: XRD 300~1000

1% 6.4 45 5.8 5.3 15.6
13.6 4.6 5.3 5.0 14.9
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