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M4 fbRE (Si0,) &k, HHAMEORAILEET,
SORA RS T4l P T b, SR A
WA TR A IR TR B E bR MA R P2 i
Ah, BB AEE ZAHS H BRI R T SR A B B A
R, ARAS AT () BT VL FC AN A B ARSI, A
MiHE W e g . 10 Zhou L. 28 P R KRS T
R AN A T AEE / SOkA R AR)Z, @B
ZnO SFe 1 i B A Wi B A H w RO 0 P RE . Bl
5 ZnO SRR, A H BSR4 2
K. (HTEERIREE T, ZnO 1 Mullite #F— 4 52 b i
Zn0 W& T, §3k ZnO/Mullite A5 2 M E A
FL B T I, DTG T BB R AT

TERZA AR, BREF4E (carbon fiber, C;)
WAsALEE . & T, HHAMEE ., Wik, &5
HLPERE, DA AR KA RV B2, AR b 3R
1 500 CHImIRT, BREFAEAR B IS Y aE
AN 2R B T, FEARARAR | i A RE S AT
PABRET 2 I 25 DI REM RN SR A P %, H H RS
IR ZHIEILE AR A BB IS, IRer4isy
SRk A (Cp Mullite ) &AM RS HL Y T 5 1)
W R

TEA R B AT B T AEH, SR SPS (spark
plasma sintering ) |- il %5 7 HA R A7 HL G B oM g
i) C; /Mullite &AM AL, TREF 45 0 U 1%
1 52 A ARHE SR B2 Sy 2.0 mm B, IR v R Rk R
ik 40 dBPY, {H C, Mullite &4 BHBHE W 41k
Jof FH B R ML A T i — 2 IR AW SR . ILAF,
SPS T2 &K% 4%, Wik & b LIRS i A
THHE P ARG R I RAIG . T2 a7 B A i 7Y
TN AR S R Ss il % H Cp /Mullite A K, I
WF5E Cp X Mullite P8 230 A L PE BRI 5 1 B 1)
S, DUHAE R C, /Mullite 524 BB R R — 5
FpEibie =N

MY R SR AR AN R I REFIRK L REA R

2 SRIF

21 EMERSUBRE
1) TS EA R
FALERCALO, ), SH74E, PEBE Rl A R
—4LEE (Si0,) , 4MFTdl, EZGERLAER R
N AAEL (Y,0,) , Srrsl, E25E R
FABRAT; B tCH,CHORY, | /pfral, T
By AL TA R R BREFE (RIS R

24E) , T700-12K, HAAKRH .,

2) FEESSRE

W g PR, HI-4, LT AEAUERAT BR 5T
fEoa]; G R4S, 101-1EBS, Jbatiikt
BRI A PR Al FC sy, JXL180030,
B A TR E&EARA A &I
TL1700, F At iZi@RHEcA RA w17 B ALER
FEHL, XQM-4, KIPREIMARBEARGRAF; X 4
LB AT B, D/max2550, H A Rigaku A #];
i B+ B8, Nano SEM230, £ [E TEI/AFAl; &
TR, N5230A, Agilent 23] ; PRl EHL,
KTQ #%1, RiL&HE A RAF .

2.2 iAERE

1) ZRA &

5 ALO, Fl SiO, M A 3:2 By HL i A IS B T
FFHe 3:2 BBRRLTT & LN A TS B ERIEA TERES . BRES %
A 250 r/min, [F[A]h 48 h, BREELF0BHE A S
TR, T4 12 he BT R RTRBMI S L 06, 4R
JEFRBGE SR AR EIA &80 mm AN I b T HE s 78,
JES1h 5 MPa, f#)F 5~8 so 85 1 il 48 A R A I
T, JFE T ERBSH, LI5S °C /min FHE
£ 1500 C, fRik4h, BESMSRAIR, Fffs
AT R Bk RIS 0 40 HR, S ssab AR

2) WREFHE | 3R B A MR 5

B AR SN 1 mm AYRREF4E DL T
SR 10% 1 Y,0; A S HGHER, FHimA 100 mL
BRI HGEK, BRES 4 ho FFIREE ST BB A
PiHE 2 FWIRE , BB RS T T, SR
HFEEIT R 80 H i SR RINE SR % H . FETRIARIY
RAEBARPIA 5~6 i 5350 5% 1R MEREE
WA T EES IE 0 40 H . 60 H A1 80 H i, K5
FRBGE T A B ©60 mm A HA i bk
WENUERILE, K18 12.5 MPa, {£)% 3 min,
JE A5 B 0 Az IR SR T A v T, T
PR AR B T b A T RS , A RGURT,
FHREHE A 5 °C /min, FFTE 600 CZHIKF R £z
Hey, BETHRZE 1500 °C, R 4 h, L6175 4 F
ANEEYE SR N C/Mullite FORFEES, W 1 R,

X1 ARAAESENERAMEESSME

Table 1 Mullite ceramic matrix composites with

different fiber contents

eSS MO MC0.4 MC0.8  MCl.2
C 8 1% 0 0.4 0.8 1.2
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23 SthhE

FF X SR AT AR 2 iR B AR, A4
HL T B I B IR I TE S AN GO AE) o K 4 FRE S
Jn T 22.86 mm x 10.16 mm x 3.00 mm 194 75 {3
B, R 5% 5 25 43 BT 4SRN v IRk B X3
B ERE AN e=e ¢’ .

3 SRS

3.1 C;/Mullite £ &#1# 8% HRE

B 1 ka4, vk A bgE (MO) Filiksr 4k
T B0 M 0.8% 1 C, /Mullite 5 & 48 (MC0.8)
i) XRD Fli . Mgzl a g B b ol s, rf
B AT S 0 35 5%5F 1y B A A (JCPDS no. 74-2419)
X UL ALO, Fl Si0, 76 iy ik T 7843 S N AR B T 54K
AP, H Co/Mullite Z A F A& (MC0.8) HIEE ¢
AL, BR T HBLSOR A A AT SIS, 38 BT
SRR BRI Y,0, 5 SiO, ) AR Y,Si,0,
BELE WA AT S0 B Rk 2T 4 (0 S a BT, B
LY M TR, MRS TENE . BT IREE
AN AR fB AL BY, Fr L C; /Mullite & 44 BB AT
S PRI e r o R 2T 4 ) 06

1 BRGH. HERAME. C/Mullite
S &#ER XRD B
Fig.1 XRD patterns of carbon fiber, pure Mullite
ceramics, C;/Mullite composites

3.2 C;/Mullite E&# R ERAH

2 Ry ali ok A % (MO) A Cp/Mullite & &
FEEL(MCO0.8 ) By 1 SEM JES . Hi &l 2a F1 2b AJ %1,
ali e A P i RE L A e A, e b AL
Bt B T o RGN HE R i 78 K s . H A 2¢
Al 2d AIHT, FE Cp /Mullite 52 G b4k} B £F 4 5 55 3l
TSRO A MR & 2d AT, SRR 4E S
Bk A SR Z [ AEE— LB, X T BE2 i T iker 4

SE ) GR b 7 5 & N UM GRS S G TR
FAL I BUEREE , AT AT RESE 2T 4R T | A LB 2L

a) MO K 2 500 %

b) MO i K 10 000 £%

¢) MCO0.8 JiK 2 500 £

d) MC0.8 ik 10 000 17
2 SEERAMERM C/Mullite T &P
B0 SEM F5
Fig.2 Fracture SEM morphology of pure Mullite
ceramics and C; /Mullite composites
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3.3 C;/Mullite 8 &0 r Lt aE

Kl 3 2 C; Mullite 55 A BHE X I Be i H
REMZE. FHIE 3a F1 3b AT, Mullite P& % (14 HL
B S N R ER 43 M 6.1~6.8 F 0~0.30, Jm& T LAY
WIS R BES C IS 3, 28R~
HL B B AN TR B 2 A, 2 C A R Ry
B 1.2% BF, & A PR SR AR 3 2 Bl K =
18.46~25.58 1 4.2~9.6, Kt C, [Afin A AT LA 253
K Mullite P& 2 A HLUH £

AR SR AR AN R I REFIRIK L RET R

a) AU (&) HhZk

b) AHFEEUER (¢ ) HiZk

c) THBFEMIEY] (tano) HiZk

d) PR

e) ALAFE ., L FHUFEHIZR
3 C;/Mullite £ &#H A0 5 e P 5E dh 4%
Fig.3 The curves of dielectric properties of
C; /Mullite composites

RIGTEFE RIS, AR R B Seit (&)
FREHR (&7 ), WIApRI A (1) 1 (2) ik P

g'=¢ + 85_5”2’ (1)
I+w'r
, & —E. c
8:1+a)2‘c2w+a)—60’ (2)
A (1)~ (2) e e, Rm ik BRA HLH 5L

&, MRS R

g0 N HMZSEAHEHEL (8.854x 10 F/m) ;

o N

T NSRS ] 5

o HHLRER,

' FRILRLIE RE A AERE ST, T i TR
A (1) ATHL, BEERSAERIMA, REFYES 5
KA BT 2 (R A A B AL, R L for SRR 5
[ BT I AR T, DT E S 5828 H i S e
T EEAmRALRn, FrL e Rz 3K

¢ FNHLREIFERE T), AL S BT s
A (2) ATHL, TR EA R Sk,
T UABE R LT 4 S B 3mSR A MR Y B BT
ok Z, ZAMEHH SREB RIS MH C,
(RIS il — 2 Sy iR S i R 4, it
TIERH T RIBER T2 2h P, XA TRk T
RIHE R, I S HFEREZ K, L & fiE C,
TR R, 7E X BN, SR T
WA (3) BV k.

c=2nfee", (3)

i 18 3d AT, C, /Mullite &4 B B SR Bl
& C, Frm i 2 mi K.

WAL RE AR S ARE T LIS 1 i PR A (4)
M (5) P
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(e, —¢.)or
gl==—" (4)
P 1+ 0’c?

R

¢ we, (5)

M & 3e W] A1, B A B 4T 4E S B N, G/
Mullite &G W B AL AEFI HL P FE L Bl 1 K

N FEA IEY] (tan o=¢"/¢") ] LI F3PflH
G M B fE T B L 3 T, BERE C, iy
i, Cp Mullite 5245 A EH A FLAFE A IEVMEHLREZ
WK, RO T A A s AL ARG R TR
MU C, AT EON 1.2% B, ZAFRHGA 45
FEMIEUMET R R 041, XKW C A REA 50
5 Mullite B % AR BFERE I, DI AT 38 0 i A
Y C, k4 8 Mullite P& 10 PERE
3.4 C;/Mullite £ & #1#} 8 0% % £ 5k

MRPAL LIRS, Wil B AE (reflection
loss, RL) , 7E 8.2~12.4 GHz #iHfy N4k C; /Mullite
A MR R W ERE . SO RFE T T R iR A

(6) A1 (7) Pk,

z, - \E tanh(jz—"\/ursrfd), (6)
g, c

Z, -1
L =20lg —’ (7)

+1|’
X (6) F (7). Z, HH—Ak ARHST;

e HERETR, AR R E W3R 1

¢ RGN AE A 25 () A AE G RS

SN H R AR

L, N SURHRFE

C, Mullite 2 5 FBHEE d=1.5 mm B 7E X 3B
B R R AR TR ZE R 4 R, B 4 v]HL, B
H CoNnA, PR H U B S S A R i ek
C; /Mullite & G M B I M BEZ T 82 55 . 24 C, 1A
FRUITEH 0.8% B, S5 bbE A TE i M By B S 50
WA B PG, H U FE R K AT ik -18.98 dB,
FFHBFER T -5 dB MM 58k 2] 0.714 GHz, S
X BB 17%, (AR, Y C, i IRF
BN 1.2% BF, HSHRFE N -2.05~-33.30 dB, S5
PREIR T -5 dB MM TEiAE 3.675 GHz, (44~ X ¥
B 87.5%, JUHHRAENL T —-10 dB AUARSEIL E 2.205
GHz, S84 X BB 52.5%, C; /Mullite &4+ k
BRI M BB A 31 B 3 A

in

Bl 4 C;/Mullite £ & #4400 5 14 4k dh £
Fig.4 Curves of absorbing performance of
C; /Mullite composites

N T AT AL RGOSR RE , AR ARHL
U [ 25 AR A BT, LASE Bl tERE BTt
B, B SRHBL Z=Z,c XARAEZS SORBRLZ 8] (4 57
TAT AR 77 A 2 S S R T 0, R AL R S e AR
7, B BTV AL B Sl R R AR (8)
SFRAEFRHIBELBTICAC
Z_O ’
HARAS, FPULEC R L Z=1.

Kl 5 C; /Mullite 25 HRHIBHHTIE AL R KL
k.

Z= (8)

5 C;/Mullite £ &## A9PRH LB R B3k i 2%
Fig. 5 Curves of impedance matching coefficient of
C; /Mullite composites

Hi 185 AT, 4 Co IR B0 1.2%, &
MEHEEE R 1.5 mm B, C, /Mullite B & RHHA R
UFAIBHAIC D o TR LT 4 A IR 0 B HAE R C, /
Mullite ZA#k, FLRHAT REMES T2 1, M H
BIZRFAPIICEL . FHFTVC A2 2 S HOR R H G e
FIA ST TCILHE AR R FAFE, AT 4 A
W ip PE B 22
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M ERAHIAFHL, 2 C RO 1.2% B EE
AR Mullite RN PERE . =6 )7 ) AT,
ORI B2 b R R e RE BRIt — AR5
A HH A B X A i P B 11 5

K 6 C, IARFRAY 50h 1.2% B C, /Mullite &2
GAE (MCL.2) FEAIRERE T MMM Re. A
6 FIAL, GARE MCL.2 (4 S5 RE RE 1 WA R 2 19 3 in
Sy E s, JLAEEECN 1.5 mm B BAT R AW
WeE P RE, SRR AR R AN AT 35 ~33.3 dB, [ STHIAE
iF -10 dB BYHTE A F) 2.205 GHz, (584 X JRE
Y 52.5%.

MY R SR AR AN R I REFIRK L REA R

6 MC1.2 EFFE R R AT RFE dh 2
Fig. 6 The reflection loss curve of MC1.2 under
different thicknesses

WEAh, WY T I PSRRI R R P RE Y
i, B 7R C: /Mullite -G ¥k MC1.2 2 5 #i %
LT -5 dB MRS T i S 1 AR A R 28

371 | SRLA

3.18r

g
o
o)

B 555%

1.59F

andwidth/GHz
[\ )
~

25%

.06F | 1
0.53r
0% 0%

0 05 10 15 20 25 30 35 40 45 50 55
dimm

b
—
o
&

B7 MC1.2 REHRFEMT -5 dB FBRUTHR
B I R B 3E 4k o 4%
Fig.7 MC1.2 reflection loss better than -5 dB absorption

bandwidth curve with thickness

HE 7075, SERE/NF 1.0 mm B, &5
A BB 25, ISR A X IR B AT At -5
dB. M4JEE K 1.0~2.5 mm B}, WSCH Satdhn, SRR

9 1.5 mm B, WRICH S8R B B K 3.675 GHz, &
FEAPEL) 87.5%; JEIE Ny 2.0 mm I, W FE
2.33 GHz, (H#A B 55.5%. MR K 2.5~3.5
mm B, ZEMRH BT REAE 2, IRGHRFERCA
it -5 dB. YJEREE N 4 mm B, B AAHRIE I SEE
7 1.050 GHz, 54K BH 25%. MR 4.5~5.0
mm i, BRI B PERE IR AR 2, PR
fdt -5 dB.

C, /Mullite & 5 B} 1) W I8 1 i HE 4 Mullite {2
FE, FEALUTIER

1) CoEMABINEIE BRI, 8 T2 A4
R HL 5 B Al W, AR T DA
A5, S5ASRBBRIAEEAER, DIEIER
FERLH R RE =

2) C; 5 Mullite S A 517 i R AR R T FI AL 2R
M7, TERLRE VR TR P AE AR AL RE R H U, FEHL
HL U FE MR AR sk, 7 R R 0% B ok DA AR AR 1 TR
FFEHL Y,

3) JELRE SN C, /Mullite 54 MBI I M BE 1
KRR Z —, 1Y AT DL TR 43 R A B
T A AR FE RN . C; Mullite 5 G AHRHEEEE
M 1.0~2.5 mm BN, BT GRS A45FE A A
[ IR ACIAREZ A, PRS0 i — 24 58 1k
WL, BT R AR RE

C,/Mullite &5 BB HLH AN 8 PR

8 C;/mullite £ &#44} A% o Ek i UK U 1L I
Fig. 8 Electromagnetic wave absorption mechanism of
C, /Mullite composites

Pl # 1 C, /Mullite 525 40FHS HATERER
VeI A PRI T T RGP RE R ELAE 45
=2 s,

M2 2 W20, 50k [43] R E SR T,
AHFFEH CARFUI SR 1.2% B C; /Mullite & A48

(MC1.2) W RFFEAE, (R BRI 53

ik [45] IR SRR EE, ABFER MC1.2 B H
T O B
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T2 KRUEMEES SWHEIE X R A0 B R R ER
Table 2 Electromagnetic wave absorption of ceramic
matrix composites at X band

. SRR Wik %
S 6/ R S e .
mm PiFE / dB Ji % /GHz SCHk
CNTs/SiBCN  CNTs  SiBCN 3.0  -32.0 3.0 [43]
) . SiC,. SiC, .
SiC; /Mullite C Mullite 3.5  -53.0 2.1 [44]
Ti,SiC,
SiC; /Mullite SiC; Mullite 29  -38.0 14 [45]
C; /Mullite C; Mullite 1.5 =333 22 A
M
4 ZEig

ARSCR FABE 7 A AR R 45 151648 T C; /Mullite
SAEME, RN A R RN BB T T HF5Y,
AR FELE

1) BREFHEINA SR AP E, i C, /Mullite Z &
MBS H B BTN R 3 0 4 i, IR T
TR AL BFE RN FL S FE, TSR T C, /Mullite Z &
MR L R D RERE J1, BHE e T AR X BE
W e

2) B C IR ECH 1.2% B, C; /Mullite
A MR e AR 1.5 mm, SO AR R
{H ik %) -33.3 dB, 1T -5 dB A9 W Y& 7 55 3K 3.675
GHz, 54 X BB 87.5%. # it — A1tk Cp/
Mullite & 5 A1 BHIPERE, FoA BAE R IL S 1WA
I e T 43
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Study of the Dielectric Properties and Microwave Absorbing Properties of

Carbon Fiber Reinforced Mullite Ceramics

PI Weigiang, ZHOU Wei, CHEN Maolin, YIN Ruiming

( College of Metallurgy and Material Engineering, Hunan University of Technology, Zhuzhou Hunan 412007, China )

Abstract: The carbon fiber/mullite composites (C; /Mullite) were prepared through compression molding

process and solid-phase reaction sintering. The phase composition and microstructure of C; /Mullite composites were

characterized, and the influence of carbon fiber(C;) content on the dielectric properties and microwave absorption

properties of Mullite (3A1,0,°2S10,) ceramics in the X band (8.2~12.4 GHz) was investigated by using a vector

network analyzer. The results showed that Al,O; and SiO, fully reacted to produce Mullite ceramics at high temperature,

and C; /Mullite composites ceramics had a relatively dense structure. The dielectric constant and dielectric loss tangent

(tan 0) of C; /Mullite composites increased with the increase of fiber addition, and mullite ceramics exhibited better

electromagnetic wave absorption capacity by adding C; When the C; content was 1.2% (volume fraction) and C, /Mullite

composites thickness d=1.5 mm, the maximum absorption peak of reflection loss was —33.3 dB and the absorption
bandwidth of reflection loss better than —5 dB reached 3.675 GHz, while the absorption bandwidth of reflection loss
better than —10 dB reached 2.205 GHz. The addition of C; obviously improved the electromagnetic wave absorption

performance of mullite ceramics.

Keywords: carbon fiber; C,/Mullite; dielectric property; wave absorbing property
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