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Abstract

The interfacial bonding between fibre and matrix is a main factor
to affect the mechanical properties of fibre-reinforced composite,
and is a base for designing fibre-reinforced composite. In this paper,
effections of the physical and chemical interfacial bonding between
fibre and matrix on the mechanical properties of comp031te were
studied.

A series of glass-ceramics with different thermal expansion
coefficient were obtained. The method of preparation glass-ceramic
is different from traditional method and can be used for mass
production. It was also found that the crystal phases in glass-ceramics
were different, when MgO was added before and after crystallization.
The thermal expansion coefficient of glass-ceramic became high
gradually with MgO content increased. - :

The preparation technologies of fibre- reinforced comp051te can
serious influence its mechanical properties. When the hot-pressing
temperature was lower, there was a strong interfacial bonding between
SiC fibre and matrix and the composite showed the lower flexural
strength and fracture toughness. When fibre-reinforced composites
were formed using rolling fibre and immersing fibre, it was found
that the mechanical properties of using rolling fibre was better than
that of using immersing fibre. It was also found that the fibre pullmg-
out, debonding between fibre and matrix and crack deflecting were
the main toughening mechanisms in this fibre-reinforced composite.

The difference of thermal expansion coefficient between fibre
and matrix had a strong influence on the strength and toughness of
composite. When thermal expansion coefficient of matrix was near
to that of fibre, the composite showed excellent mechanical properties.
In this paper, the shear stress between fibre and matrix was tested
by pushing-out one fibre from matrix. The lower the interfacial shear
stress between fibre and matrix in the composite, the better the
mechanical properties of composite.

The relationship between interfacial bonding strength and
interfacial debonding length was obtained by analyzing the stress .
applied on one fibre. High modulus ratio of fibre and matrix was



not beneficial to the interfacial debonding between fibre and matrix.
When interfacial bonding was too high, there was a brittle fracture
instead of interfacial debonding between fibre and matrix. It is
coincident with the experimental results.

The interfaces between fibre and matrix were observed by TEM
and HREM. There was no chemical bonding between SiC fibre and
LCMAS glass-ceramic matrix, and crack can propagate along the
interface. When SiC fibre/LCMASI glass-ceramic composite was
heat-treated at 930°C for one hour, there were some small crystal
particles in the interface layer and the crack deflected around these
particles. There wasa obviously chemical reaction between SiC fibre
and MAS matrix in SiC fibre/MAS glass-ceramic composite. SiC
can react with TiO, to produce TiC resulting to the SiC fibre/MAS
glass-ceramic brittle fracture.

In order to improve the interfacial bonding between SiC fibre
and MAS glass-ceramic composite, the surface of SiC fibre was coated
with C, Nb,O5 and LCMASI glass-ceramic respectively. The
mechanical properties of composite were improved little SiC fibre
was coated with C and Nb,O;. By coating of LCMASI glass-ceramic,
which separated the SiC fibre and MAS glass-ceramic matrix, the
reaction between SiC and TiO, was prevented. When composite
fractured, fibre pulled-out from matrix obversely, and comp031te
showed excellent mechanical properties.
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Table 2-1. Properties of Fibres Used for Ceramic- (or
glass-)MatrixComposites .
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Table 2-2. Some Glags Used for Fibre- Reinforced
Composite Matrices '

Materials | Composition Additives - MUT (C)
Borosilicate B,0s, Si0, Na,0, Al,0; | 600
Aluminosilicate A1203,Mg0,CaO,Si02 B,0s, Ba0 700
High Silica Si0, B.0s © 1130

Table 2-3. Some Glass Used for Fibre- Reinforced
Composite Matrices

Mater, Compositions Additive Srystal Phase |MUT (C)
LAS [ Li 0, Al,0s, 700, Ba0 B-Spodumene | 1030
Mg0, Si0, Z10, |
LAST Lig0, Al,0s MgO| Zn0O, BeO B -Spodumene 1130

Si02, Nb205 Zr02 ' .,
LASTI Lig0, Al;05 MgO 7210 B -Spodumene 1230
Si04, Nb20s '
MAS Mg0, Alz05 SiO. Ba0 Cordierite - 1230
BMAS Ba0, Mg0, A1:04, Si0, Barium Osumilite | 1280
Mullite | BaO, Al,0s SiO. Mullite | 1530
Note: MUT — Maxim'um Use Temperature

.11,
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Fig 2.5 Toughenning mechanism of fibre- teinforced
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matrix on the strength of composite
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Fig 2.8 Raising of load after o decreasing in load —
displace curve of fibre pulling-out from matrix
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Composition Li,0 Ca0 A1,0,

. 8i0,

Content (%)

3.0 2.6 23. 6

- 71.0

3)

4)

5)

9)

10)

K BB
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AL
A3

4 £

(LiaC0s): b 41 5
Mg00s) : A3 A
(A1504): v -AlL;0s, ﬂ::‘}‘%
(8i02): fhF&L

(Ti0,): 4b2% 4k

HEMHLZHR (Nb,05): {4

ﬁiiﬁ@%@% (Mg(HCOs) 2): 'f*h'n%l',ﬁ‘!‘.

ARME (ALOH) 5): fhF bl

SiCEf 4k
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AAH /7 (Nippon Carbon Company) 4 7™ [
Nicalon SiCH 4k, MANHWEARES. REWAER. HE




AL B O

Composition C Si 0 Lf'Other

Content (%) | 30.02 54,21  16.21 . 0.6

Nicalon SICEFAE B SIILI3-1, A% H ¥ WA F F %

Sttength (MPa) Modulus (GPa) Diameter (p m) Denﬁity(g/cms)

3000 200 16 ~ 2,66

Fig 3.1 SEM photogram of SiC fibre

11) BF%: LERETE> BFLFHERALTTEBMATR
., RIEMIESR LES-2, HXMEMBEEN:

Strength (MPa) Modulus(GPa) Diameter (k m) Density(g/cm®)

2200 300 7 - 1.78
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Fig 3.2 SEM photogram of C fibre
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JF Y -Al,0,, EEFEMMEC0,, FTERAMBEGRIZABESEHE
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9) MAS (MgO0-Al,0,-5i0,) % £ 5 BF 35 4 &l &

ARLEMAHBEHEMRSTZLE5WEATAR, EXMHELK
M ABEBERHELZ BHMA¥LMELSOC~1600C H B HKH
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2 | | L
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TEq L T 4 A B

P dm A 40 2

ER B 04 B 28 )

Wk bR 4 T ¥ A1 5 M LCAS., LCMASHIMAS £% % 8% 8 £ it
WHAMBRERRAEEN Svaf AN ST BH. LCMASHI MAS
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.68

g

.48

Froction

.28

T T L4 LB T L T . L) Al
. 296 1.8435 1.735 é.QSQ 3.173 3.892 4.612 35.331 6.830 6.770 7.409

Diarmeter {(um)

Fig 3.3 Particle size distribution of LCMASI glass

-ceramic powder

MAS-2#

Fraction

L] T T T ¥ L}
3082 1.148 i.794 5.440 5.086 3.732 4.377 5.823 5.669 6.313 6.961

Diometer (um)

Fig 3.4 Partiele size distribution of MAS glass

-ceramic powder
31,3 LOMASHI S B /Y- TIPE M A MHETE

KT I LCMASTY & BE B M J1 1 B, 7ELCMASHY &f 3L 38
WA —BY-TLP, & T 2R &A% 07k, Hil& TZRENT:
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FE Nicalon SiCHABMEMMA —BREIERY, UXFLF
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HWTHLEAFESEARBEOMEBLEE BHHIEFEEI0 CL
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GREREY, BAEEEAMSHRRYE, EFERNS
G LB IRLT A, AR IR LT 4 T A AT A, R A
515 BT IR AT IR B 4 |

3. 2 ## AR & 45 4 RS W K

3.2.1 HiiFEEMNAR

EA4MBMHRFTBRERFA=ZRATENRA. ﬁ%ﬂ%&ﬁ
G BT Ve B AT ME MR RO B R B A A A R i A5 4R 7 1
FAE AR &R, B SICHAIMEHRHBRRTAN 2.6X
5.0% 35 nufik k. MHAMRFBEEXEREMN Instron
1950 B ML LR, KRBT F L EE R0 5 on/min,
RA&BE R0 oo, MHNFTBRETH T XHH:

¢ = {.5XP-L/(b- bh%)

#p: P — KA AZHEM N
| L — Wi &MEE (om)
b — K& (nm)

b — A A&H K (nm)

3.2.9 B 5 WM
. A5 40 Ah R B T BN B PE SR T AR A JT A IR B o | IR A5
—EF—Iﬂﬁééﬁﬁﬁﬁ*i‘ﬂ'ﬁﬂ{l{?&%Bﬁ%iﬁﬁﬁ*ﬁﬂiﬁfﬁﬁ%ﬁfﬁﬁﬂlfﬂﬁlfiJ
AN B S AL AL &R, 2Sical BRI K /NA NG 0X 2.6
x 36 o IR IR &, ER AW — U PHANEDHNITH, W
% 2.5 mm, #45% 0.256 nm . Wi 24 40 B B R 7E 2E B IR E A
Instron- 19503k 5 #l & Uk, ﬂ&‘*mer%M:;kﬁB%ﬁo 05
mm/min, BEEEH20 mm.
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Table 4-1. Thermal Expansion Coefficient of Some
Crystal in LMAS Glass-Ceramics (222

Type of Crystal Thermal Expension Coeffciént(/fﬂ

B-Li0 Al,0, 25i0, -8.6x10°% (20 — 700C)

-6.4X10°% (20 — 10007C)
B-Lig0 Al.0, 48i0, 0.9x10°° (20 — 1000°C)
9Mg0 2A1,05 58i0. 0.6X10°° (100 — 200°C)

2. 6X 10°¢ (25 — 700C)
Mg0 Si0, 7.8%10°¢ (100 — 2007C)
9Mg0 Si0, 9.4X10°% (100 — 200C)

MLin0-A1,0,-Si0,= JOAH Bl il 1 (JLE4-1) 2220, i@
HEESHASNSETAAAAEEAMS - EEORMN
BN, X MENBALNABKRERML. A5 WE
(-9 T LB F 7B Mg0-A1,0,-5i0. FALRMZTRLE®
(193], TUEREHG. BMAGAMEMRRASRLATEER
WA SA, MECHSEBPEREMEANBERSA.
B-MEMER. HEA. WA MMM A, LAl 32— & 5
AAARRE KRS MM RIEH. Fik, BAKLI,0-Ca0-Mg0
CA1,0.-Si0 o8 5 BB A 4R Ik R BT B 7E — AR JE R
A . |

Laﬁ%ﬁ%mmﬂ
£.3.1] LCMASEMSHERAULEHNTE

LCMASZ 8% & DY 35 DL ok JE B LCAS T 3 Jy B ik, R A 5L
B B R Ay Lia0, Ca0, Al,0.FISi10,. T4 440X fb I 4 B
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Fig 4.1 Li,0-A1,05-5i0, phase diagram
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Fig 4.2 MgO-A1,0,-5i0, phase diagram
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B 2.4 A /) I 10K 38 3 A
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AHEENTE-4. NEEPTUES, EXTLBEEET
EAHEM S -HEEGRATEBR, RUZEHRSTHEK 0T ~
8807 [H] B B M T RE T OB - R E A R IO TE AR 3 H B %

ABMgOA BB, TBARM B -EEANSRERRSD, HR
R AR R LSS, MR VL EWI N, TOAELLS0T T & Al T 8

880°C
~ 0% MgO
5% MgO
1175°C
S 9% MgO
=
! ' 12% M
g77°C 12% MgO
. 1190°C
. 0 C 16% MgO
e _ 1190°C |

Fig 4.3 DTA curves of LCMAS glass-ceramics
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A, XEERRGMERS IR Ll — B, kRl
uﬁm%ﬁﬁﬁmﬂﬁﬁﬁfﬁ%Fmﬁﬁ%Mﬁmkﬁﬁ,
B R IFE1190C LT HEAT B2 45

ﬂ%ﬁﬂwCﬁﬂ%ﬂA%ﬂﬁﬂEMM:%M:1wM:
- TR AL A N, 3 X ray A7 BT X 2 R AT
i R FEE T4 A A RRAM & BT HAN®
,ﬁﬂ?%42.&%*TMEQZHMCT%ﬂrMWﬁ FF 1A
M AMECO M B X H B - B A S A B, BmAMgCOo 5
MR EXAMEE T RER ﬁ,%WMWsMMAﬁﬂTﬁ
WML H—Jrm, MAMwomﬁAﬂﬂﬁﬁwooFﬁ
B -4 ME A & AHTE L, M%M%#&%%ﬂ%ﬁ%*mmw&
EA2RRERFH&EE SERETR F960C K, WA
T B IE 3 o p S B AL A S 1028 A [ MR BL AR LB K £ (Mg0
L 8i0,), MEEFEEES 1100 CRALERFHMAMEFTA
(2Mg0 - 2A1,0, - 58i0,) FIEEM BI A Mg0 - 28i0,), X 8 i
B e R SR AMMg0F EA K.

Table 4-2. Crystal Typesof LCAS Glass Added MgO
Under Different Sintering Conditions

Mg0 760°C/4h
No. | Added| 760°C/4h :
(wtd) X 870°C/4h 960°C/4h 1100°C/4h
1 0 Amol‘phOUB . Lizo Aana 4Si02 B'Lizo AlgOs 4Si02 B'Lizo AlgOa 4Si02
Li.ALSis--06 510,
2 5 Lizo Alea 4Si02 L'l20 AlgOa 4Si02 B"Lizo Ales 4Si02 B'Ligo Aana 48102
LixAlSia-x06 Mg0 Si02 o -2Mg0 3A1203 55i02
3 9 Mg0 Mg0 8i0;
4 12 Lin0 Als05 48i0; | Li0 Al.05 4Si0s | B-Lis0 A0, 4Si0; | B-Lis0 Al.0, 48i0,
o -2Mg0 2A1.8, 6Si0s
5 | 16 Mg0 LiAlSia- 06 Mg Si0, | Mg 8i0,
. "9MgO Si0,
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_ B, fEXTLCMASH BB BN bR, HIWRIMPMgC0s,
BMIMAKRFERARN, HAAESR M M0 AW RN, *x®
4- 2 ) &5 B g 4 1 1% R % B o n A MgCO L JE 1 3k AT 3% 4k i i
M EA, B WEEGAEEEEIHLETCOCHIIO CTR
M EANPNE, RETE MEAH AP HEMMgC0s, B
W JE T UEAT B AL A B, A BLixX mhMg0 AR MEE A BB R & A
FERFHUEH, B, EHREANSHPEFET AR
B, WMEMORRES WA K ENY R KSI0 o K B4 I K
WE G Mg0 - Si0,, BAEMgOS R M4SN, WMAMASIHE—F
5“%&&&&%M%EUMWSWJ;Eﬁﬂ%&?ﬁﬁm
A LR 43, |

Table 4-3. Crystal Types of LCAS Glass- Ceramlc Added
MgO After Crystalization

Samples | MgO (wt%) | Heat treatment Type of Crystal

| B-Li,0- Al,0, - 48105, Si0,
Room Temperature MgCO,

6 5 . B-Li20 ¢ A1203 * 4Si02, Si02
760°C/4ht ‘Mg0 - 8i0,

760) 870'C/4h1' B'Ligo * A1203 * 4Si02, Si02

760, 960°C/4hr o -Mg0 - 8i0,

1 9 -
760) llOOEC/'ihl' B"Ligo * A1203 * 4Si02, Si02
760, 1400°C/4hr | o-Mg0- Si0,
. B "Li20 * A1208 * 4Si02, SiOz
Room Temperature MgCO3 '
8 12 B 'Li20 ° A1203 * 4Si02, Si02
760°C/4hr o -Mg0 - 8i0, -
760; 870'(:/4}11‘ B-Li20 * A1203 M 4Si02, Si02
9 16 760, 960°C/4hr o -Mg0 - Si0.

760, 1100°C/4hr | B-Lis0- Al,0q - 480,

760, 1400°C/4kr | «-Mg0- Si0;, 2MgO - Si0.
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Fig 4.5 Relationship between Mg0 content and thetmal
expansion coeffficient of LCMAS glass-ceramic
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f£— B TR B - A A B - AR E A, XL, ALY
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B -7 BT WA TT R LiLALL[Sia-x0,1 38R, [ ¥ i 1P
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4510, ' LisAlz8i.04

—— LiAlSiO, (L A) ' (R4-1)

2ILi*, AI®" 12 [8i%"]
65105 ‘  LigAl,81.0 .

— LiAlSi,0¢ (£ #E A) (R4-2)

":‘xﬁ&ﬂmﬂ]ﬂ #ﬁﬁﬁﬁﬂl&imﬁ'ﬂ%—fﬁﬁﬂﬁéﬁ%ﬁﬂ
sy, BEUL, TEREHTFL00CH, BTAHB - EEAHER
SRS ASI0. BAINE. BT BAMBMC FRED, TE
Kﬁiﬁ‘]ﬁaai&ﬁ%*?ﬁﬁ&ﬂugﬁ%?ﬁj:%:)ﬂw}ﬂ‘]aa*ﬁ, fit ¥t
Ce2*—H &b T REHMN.

WO BT, YR AIMECO. RE SRR A B, EIFBA

S R R R R, RS 2RI T R Mg ® R TR0 B

X MgOFF 45 5 R B R P Y S0, & A [ AH I B AE AL MgO
S 10, 5 A, 4k 5L Th & L, X Mgt M E B RKRRE,

MO T BA 55 45 R B 55 19 A 1.0, M S 10, 4 [ B 4 il o - 2Mg0 -

941,05 - 5810, (B H ) da Al . HHOOTEERB - ARKE
WM EY, EEMASEN:
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9 (Li*, Al®*14R21Sit*]
98i0, _ LizAl28i.0,s

[Mg2+, A13+]'f€; [Li+, Si4+]

Mg2A14Si5013_" (R4_3)

MR 7ELCASTE R BE RS P i A B £ Mgo, Hlin, TFTEWAR
12 wi%AI16 wismf, FSELFOR{R 58104 B TMg0 - 810,
X HEMETHE—EESER MM EAERERT Mg0 M A
Mg0 - 2810, (EEH M A) .

£.3.4 LOMASE R BB EMAFMHRE

it X YR M MgO R LCASHY & B W AT e W e, H
MRERP FEL-4, NERTUFE, MERMMMOFTEM
B, —FAMBEEN AR, B4 Mg
WA R, MERBHOOENEXAFT TR, XERAIERAEM
AMpORt, o BF fh oY 3 6 0 # & A B - BRI A 55 9 BOR BURL (B4
.-aa),THEJJu)\&*ﬁi;%MgOE,X%nk?i’cﬂz%mmﬁ(%a%#a
(El4-6b.¢), EHERARTHHEBEMSRBENER, IE—
B MgOM AR, TAAXHERMBRLARERAAR,
B RS~ 6um R YEMMgOM 1~ 2% (LK 4-6d) .
HFREMERFTHABOMEEMA B ELEENRR.

Table 4-4. Mechanical Properties of LCMAS Glass
-Ceramics With different MgO Content |

'MgO Content (wt%) 0 5 9 16
Strength (MPa) 95 104 110 66
Toughness (MPam*/?’ 2.3 2.3 2.6 2.3
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) 0 wt% MgO
) 5 wt% Mg0
¢c) 9 wth MgO
) 12 wt% MgO
e) 16 wt% MgO

—
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UL TR

‘Fig 4.6 TEM photogrdﬁ of LCMAS glass- ceramic with
different MgO content
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4. 3.5 LCASHE & T 1% M wF | |
St F LCAS (Li,0-Ca0-A1,0,-8i02) Z B &% Bt B 5% Ji] 5 LCMAS
MEBEMN I LN LA, EEEPNMARRAFTEMNLILO
FAL0.)5 (M WEL-5), RFLRBRELKN KL CT
b HAAN NG, RETELL0C TGN/, LELE MR
SEHEATX-ray T HAHT, AWERITE 4-6. ARL-6H T
MES, 7L LM AMGTHEAALHAELEE, SHHTHT P
CHEREA (Lin0 - Al,0, - 45i0,) fl B -#1fi A (Lia0- Als O &
9810,), BRIk Z AN R A AR MS10, 4, XA M ER S TN
MLi0FALO M A RALE R VMR, ESI0LFEBREN ,
W BAT DL B B A A, MEWMMLI0RAL0. & &M
3 %ﬁ%@'&%*%}&%iﬁ%mmiﬂﬁmﬁsiozﬁt‘gmB— 2t
AR B A Li0fALOM B -MEA. BT B - HEAM
AR ER Y AME BT B - Fa, Wik, BENR KN
B -4 B A BT A = BT SO PR A AT
B R AR LS NAM, XBTUMKL-PEE
BAREHAL.6X10°°/TC, Be/MEm-0.95x107%/C. MUk, i

Table 4-5. Composition of LCAS Glass-Ceramics

Composition (wt%) Rew Materials (wt%)
No.
Li,0 Al;04 Si0, LCAS glass Al,05 Li.0
1 3.0 23.0 71. 0 100 0 0
2 7.5 34. 0 58.0 75 18 1
3 9.5 39.0 50.0 69. 4 26. 3 8.3
4 11,0 42.0  46.0 63. 9 26.7 9.4
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SR B IMARR S EMLI0fALO0,, X LCAS Bl & B
BMAGRAATAH —ZNAEAFARAMAEKRAAMHREE. &
FMBEBALE L RARIAUCY 2 EE W 4K HHIE R,
1YL I Ca®* h 4L 75 Bk S AL .

Table 4-6. Crystal Type end Thermal Expaneion Coefficient
of LCAS Glass-Ceramics After heat-treated

No. Treating Type of Crystal Thermél Expansion
Condition Coefficient (/C)
1 | 760°C/4h B-Li,0 Al,05 48i0, 1.§X 10°°®
and
2 1100°C /4h B-Lis0 Al.0, 48i0, 0.51%X 107 ¢
3 B-Li20 A1203 4Si02 0. 017X10_8
B"'Ligo A1203 2Si02 ’
4 B-Li.0 Al,05 2Si0, 0. 95X 10°°

4.3.6 MASHE Y & 3R 55 M o

MAS (Mg0-Al1,0,-8i0,) B UMAL, EHAAXY (8i02),
BB R AR (Mg (HCO,) ») A SR 1L 48 (AL(OH) &) K B, JR¥R N
SEMTIONHEN, KREMNE T N -

Composition Si0, Al,0, Mg0  TiO,

Content (wt%) 52. 5 26. 5 12.0 9.0

R THIEMAS BRWBAREMT AEEX BT T EZRS
W, ZHRAFMKNEL-T, TAE SRR, FERIEIHFIM0CH

. 5b.



/
S

Endo <«

4 ] | ] | L. L

100 300 500 700 900 1160 1300
Temperature (°C)

Fig 4.7 DTA curve of MAS glaas—cbramic

L1164C I &4 — R A F 7, VLU 783 W AR BT F 4 & F A
MEEA KL, HIL, St AT KW ARE FA B RETTX
~rayfii AT, AT 4SRN T HRI4-8.

MWE 4-8thTT LA H, MMASTERIFE 940°C FAR#L 4 /DI
B, HBAKES Mg0- Si0,) B R, BREbZH, BEH
HIM AR A R (S10.) T W, MMM A M40 CTHIR
IANHREBRELIIAC FHRRE4AINN, XHAEXEMNEF
% (2Mg0 - 2A1,0, - 55i0,) HIJEM, FFAEEREEF A MR,
SiO,MAEMXMAL. XWABMHMUIBRSMINETEZRS
Wodh 2R th 940°C A 1164 C M WA M. R TEMAS TN & B
BAKPMATY wte4Ti0,, 0N X-rayfi 44 4047 Y 1 IR W
A7 % B AR M T 10, AN TR ER AT A M '

SRR W 7ES40C I, eI P Si0L Tk EMg0k
2% R AE R K A (Mg0 - 8i0.), R -
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Mg0 + §i0, ———> Mg0 - Si0, (R4 -4)

RS, B B — B Tt PP AA LMY KRR
SNk, Al.0,FIMgOXT 810,/ # # & B & &, WA THHERA
M, B -

9 [Mg2*]. 4[A1®" 1404 [8i*"] :
98i02 - _>Mg2A14Si5013 (R4’5)

4.4 Y-TZPHI AN\ ST 4 B T BN B 4R 0 M 6 B R W

40401 Y-TIPH S BERARN T MW

BT RY-TIPH A SRR B SR, %
B LCMASEY & B B8 R 4 P MO A B 5 wesHI b, BDLCMAST .
G MRS Y ETILTE0C T A M, T 7E1100C T 48
E LN, SRS B RR BE BN B MR EY-TIPHIE
&% B FE T IR, proE g hY-TZPE A E 45180, 16
wt%, 30 wt%, 50 wt% 75 wtdAUI5 wth, Wt 48 88 g 1E AT A
FEHSLE, BSgEEE 4 A 1050C, 1100T, F1200C.

Y LCMAST %’cﬁ%}JJ&P%/lswt%Y-TZPﬁa‘ﬁJIJEL‘AL%%HE{TEE
SR AN cHA—ARERAMBE THREFBSRALA —
B, HX-ray Rt AT R E 4- 9 . Y LCMAS T 4% & BLH
Mmemewmt%ﬁ&Tﬁﬁ%%w,EWMﬂ?&ﬂ
By 5 A 4% % LOMAS T % & BE 88 10 E & A BB -fEA (Li0 -
Al,0, - 4Si0,) FIH # 77 (2Mg0 - 2A1204 - 58i0,), KRib 2z,
AAY-TIPHYEERSt-Lr0Mn-Lr02. PHEXASHEER
BT LCMAS{?&%-W?&WY-TZPEW}/IWMIM&&ET,F}‘J%M}, EATZ
] 3 % A7 B 7 T A R gt gk sE R R, Y
P 510, T 44 5 LOMAS B B B HIS10 R A FERNE
R A (210, - 8i0;), I ELAARY-TIZPHR A M I A L0 2 A 19
AEa s, LCMAST A BE B/ 15wt%Y-TLP Mo gy Al 0.

. 58,



2.002T1

()

2.08TT (@)
ainysiodwe) jualajJip 38 Auriajuis

2.0011

(8)

d7L-% %I% 67 /oywmeiao-sse][d T SYWOT JO susajyed uwor3oBiyyip Lvi-X 6% 214

@oer . ®wmer . - (et
81 0T . 7T YT 9T 8T O£ IE 8T 0T .TT YT 9T 8T 0€ € 61 Iz €T ST LT 6T IE €€
T g T L] L 1 RS R 1 4 T 1 1 § 1 Al B 1 ¥ 1§ L3 1 4 T T 1
™[ - V)
) 4
SV S 1] 29 SVT Z-u
SZ SVl 71
SV Z-u
SVIA
SV
SVIN SV
SVl

QIS *QIZ —~ SZ

SZ toISy - *OUV - 011 -- SV'1

T01SS - fFOUVT - OBINT — SYIN

‘QIZ-1 - Z7)

‘oz -w - Z-w

SV1 @ ®
()
SV1

Sv1

.89,



SEBRSMEAMBYItLFTEIE, X—4RE5H XM MK
SR s, RSN M O M RS AS LI, 7 1200C I, Zr0g
5810, MM NEREIE SRS, %EE&%%&E%
g%%mﬁm,mommﬂﬁgimE%%ﬁ ﬁﬁ Lk 3P
g%%ﬂﬁh0&ﬂ

4,4.2 Y-TIPEI n A\ X #F £ 71 5 1 4E 1 5% W £
Bl4-10/2LCMAST Hff mh BE B /Y- TZPEAMHWJJ’J—T MRSY
TIPEBMER, HMEY-TIPSEMTIE, EMANY-TIPER
15 wislt, B AL IR AR TS BN R 61
MPefill, 9 MPam*/ 28 B %] 264MPa# 3. 1 MPam®*/?. 24 7E LCMAS
MR MAKNY-TIPEEE TLs wtent, MBI ¥
MAEIE, WD MgER7s. 1 MPen®/ 204, T 5037 3R B
HWHA PR MR, ERY-TIPHMEEXET5 wibhy, LCMAST
MR/ Y-TIPE & MHMﬁ PR fEA PR LT, TE

1000 0
—_ 800t & Flexural Strength I3 ':g
;ﬁ e Fracture Toughness E
= 600} P @
: =
=t -
> =0
= -
2 400} I, 2
: [¢8]
: 5
E | £
= 200} ZUE

0 . -y , | - : 0 | )

20 a0 60 80 100
Y-TZP Content (wt%)

Fig 4.10 Effection of Y- TZP content on mechanical
properties of LCMAST glass-ceramic/Y-TZP materoial

. 60.



Y-TZPR & B 95wt if, LCMAST f{ R Bi#/Y-TIP B B0 T i
FB R M6l MPaF8., 4 MPam*/2, Y-TIPH GRS Y
B A4 8 aE R

MBI B X-rayfT &7 B (W E4-9) AT RLFER, LCMAST

O B R /Y-TIPZE 1050 C ML I FTHEfT s, REMAMY
STIPASMEWMEEMMERY, BXHMAHKEEEEL, B
AT A M — A L0, K AR R g B ML, ZrO M AH AR BIE IR R
ERE. ZEoMBEXR N H 4, PHEREEE 1200C B
F, BE, EXANEERETY-TIPHEERMIO EHHH
PR SiO. KAV A RLr0, - 8i0,, FHH -t
~Lr0, B AR m-T110,, ZEY-TZPHI I A B 15 wth 4% 6L T 18 X
STE G0 MM AWM EIER. B Y-TEPA I A X 5% 5 3¢ 8 89 &
WEARSEER EI200CHBERET RO TH B EBENE
A, DT B TS B RN DN R AR, B A T T R
AW 24 B0 M AR A B O R R 3 :

B TFY-TZPH B gk R % (10X 1079/ C) G & FLCMAST #4 R
BB E R R ESR (2.5x107°°/C), HY-TIP WEHEEME
—FREN, BFIZWERE, Y-TLP 54 & 3 8N XEL 5
BAE—E, WHAMY-TIP BRESREE-RBIERLBERNHAER
(WL E4-11), MEAHMBMNEERERI TN, <@ TY
STLP Y e 4 3% K F LOMAS 3 & B8 B b BT AE Y- TZP AU 3 & BB
T AL H OB 4 K B BE B, 3 b Y g0 — I T Y BR T R OAHE 2R PO 7 A
MARATWH THE MR BER, 55— m 28K

WS e R B BOOR KRR, B X MR BA R B AT BT T R S

XA S P LOMAST # & B8 /Y-TIPA SR BAY-TZP & & 3
T W% B 32 35 R [H

MY -TIPH A BB NE 75 wtwlf, Y-TZPE /R N LCMAS T K
B R/ Y-TIPR i A, Y-TIPH PR MR MRS, H &4 H
O FHREHE Y-TIP Wi, REXNEMAAE —L 110 .
5waﬂﬁﬁwm$%mmkiwﬁﬁﬁim%%ﬁ,ﬁk
WAL IHUA W FMERNfFAE, HPFH - THEMNNHE
FAHL10,, XEZt0, MMM BEAESELEHE, MHEHNH
ﬁﬁ&ﬂ%&@ﬂ%ﬁak%&%ﬁm

61,



TZP

15 wto Y-

)

a

(

tai
1}

[ R

TZP

50 wtd Y-

)

b

(

TZP

95 wtd Y-

)

¢

(

ic/Y- TELP

ceramitic

of LCMAST glass-

tructure

.11 Micros
mater

Fig'4

TZP

fferent Y-

i

d

ith

inls w

.62,



sHEE AENEHANNESSMBNNE

sl GEPEESHMBHRS
Lo xP T AR ANER P R () & EAMH%%ﬂ%%E%#ﬁH
CHWERBISL B AL, BITCIR T — S U Oh RE N b R AT 4 2h SR Y R
_Aﬁﬂ%mwﬁmwfﬁdﬁ%,~%%ﬁ%%ﬁ%%ﬂ&
T AR R E R RSk 7E H B 2o o R R
CRERIE. 34 F FE 97 R0 B I G T I 90 45 9IE 5 4 A4 OBk 1Y e 2
O FEARETGT TARR, BT M0 LT B R B A BTG B Y
CRAMEHRESTL. Bl5-1/2Nicalan SiC £F4EAbiR1# LCMAS
Cop B EE (LOMAST ) 2EAL 4 M o7 A A 5 B R SR 4R
%R, EAME P NSICA Ry R I0Vels, HMIERJ Jy15MPa,
MR 20min. M ST LLE LA IR AL A AR
M b G RGN, 4R 4 b BT ST A MR 1 B BC AN BT 2 A A
ﬁ,mﬁﬁ%%ﬁﬁﬁwﬂﬂﬁw%mEMﬁ%,ﬁﬁﬁﬁg
CHWRPNRAET -EBENER , TEHEEEERN 1200C W,
Nicalon SiCLF#E/LCMAST & B 24 & 40 B M BLAT SR IEAL
bR B Pk R BB A, BA14 Iy 502MPaI10. 2MPam T/,
CEHE, WRUSEESAENEIAMENRERSERE, K7
2 pEfE N & BT B A : |
ZEXTLOMAS T W G BB MR P &£, XMUMKWUBHR
g s 4 ¥ 950°C, FEJ7I6MPaI LI AR E20min. X
RS B B AR e bk g, DT SR T A MT R B 4
wmmﬂLWMm”;Tﬂiﬁﬁmﬁﬁ?,E%Hﬂﬁﬂm
R g A Y R RO I BE DL G DR RS L AR M R i 260C . XTI
AT MM (BCR B PR, BB B Al RSO R R Y i
C MEEEAFERE, H ?W%Mﬂﬁﬁﬁ%%%ﬁ#ﬂm$'
WA MER, %Tu%iﬁﬁMJ LA B T R
;ﬁm,ﬁ%ﬁ%mﬁmﬁ BoE ) M A B BB R K — FE,
P TR xaﬁﬁﬁ+u%m — T ERE
V{Bmléa%ﬁﬁM@&%%N&ﬂ?Fﬂﬁfi % B T $ BHH V1

.63,



1200 12
13199ﬁ <
= g
= &

800 =

£
g ,
E 600 g
15} ﬁi_
E 2
2 4001 14 B
E £ 8
. %//// g2
200+ e Flexural Strength 17 §
o Fracture Toughness. o

0L - ; 30
1160 1150 1260 1250

Hot-pressing Temperature (°C)

Fig 5.1 Relationship between hot-pressing temperature
and mechanical properties of 30 Vel% 8iC fibre/LCMAS I
glass-ceramic composite

FICVD N L A Mz mesickaZaMe, REEsEAAGH
WERER T70~80% HEXHISHENBEZAMBHELHANR
B Sz kg el '
HOMBMELERESERMBAEEEINER, RELT
HE B A %t 4 T R b R I T T A B B kR B — 8 R B AT
(B3 B 3 R 4 45 025 W] 4B ED oA 4608 BB B Ak, 3 I 2T 4R AP iR
SAMBHREAEESHARBEAMEIFAKRK. BEX
Nicalon SiCZF#4E/LCMAS T % &% % 30 2k 52 A 40 B R B % B2 o

64,



B, BAESHBEELILIN~1250C—RNWBETEEE H
R IFEMAIERK, A FEISER, WHEARARESEE
TEAHB HELEEHNELEEREFRERRBLE.
Wt AR CEM XM IERRMPELERE TR Nicalon
SICH4/LCMAST B BETAMBMOEBRETUEELR
WA RS TAB MR OXE, &
CEWRMAgERE IS, WML 120000, 4N
WA ETE TSR, MEs-2R, UHMERES
B Nicalon SiC £F#4E/ LCMAST # & & # B B A7 B R M F 1 &
&, THREFSHEIBESMENBEERE R4, &KH
MRS WM, XMUTFSHMMEMARKMEA. 10— B
T, YESMBHEERERIRN, 4455 &nHEER
BN, MHEREAER TN TEEGR D, XHAESEEZ
MMES LS, MERERENTIE, BHEWIFHE
A, i BERE L, SSiCagEmmEEBreE, FHHTEREST
BEMSRERMIRLERNET WM ER N WBRERE, 244
BEAMB AT SWE, THMIKHMEREMSL. HELRR,
B FNicalon SiCEF4Ep 45 Bk 1k, EBRBENRBE TH%ES5EK
BHEERTSERRTLATER — SRS, X— 8®ENTF LR
BTa%, HERNKAESES N HGESEEE R KEMR
BWAKE, TARGKELERET, BTEAMHEL2AK
BROR N, A SEAETTSNEM HE4 AR 0L XA R
FEHRMEREEL RO XHMATARENES®RE.
DAZENicalon SiCZF#4:/LCMAS R BB EE A MM b2 b B
BN ATE S B AFERE, THBEREENT4EHHEE
EMBRTMESE. H¥EUYEBENIE. |
AEHAEEEREX SR E M0 B RES
HER - FHEa4%. HEAERERENEFERLEINN CEA
AR, TS EE S MBS S AR
Bk EE — B AL, SA4EMEAME, FEMRUBAELN
BALBREFBREE, MATmMLCMAS M asEmERd &b
B, TEWERTSC R IF AR, BT F UK

. 68,



Fig 5.2 Fractute surface of SiC fibre/LCMAS - T glass
- ceramie composite hot- pressing gt different
temperature
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Fig 5.7 Crack defiectlon in UIC flbre/LCMASI glass

-ceramic composite
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Fig 7.2 Relationship between mechanical properties of
C fibre/LCMAS glass- ceramic composite and thermal
expansion coefficient difference of fibre and matrix
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Table 7-1. Mechanical Properties of 8iC TFibre/MAS
Glass -ceramic Composites with Different Coating

Fibre Coating Strerngth (MPe) Toughness(Mthl/z)
No Coating | 173+ 83 4,140, 4
C | 196+ 31 7.6+ 0.5
Nb,0s ; 1724 6 3. 4402
LCMAS I | 397+ 28 13.94 0.6
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Fig 7.6 Fracture surface of 8iC fibre/C coating/MAS
glass-ceramic composite
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Fig 7.7 Load — deflection curve of SiC fibre/C
coating/MAS pglass-ceramic composite,
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Table 7-2. Shear Strenght and Mechanical "Properties
of Some Fibre-Reinforced Composites

Materials Shear Strength Strength Toughness
(MPa) (MP &) (MPam®”/ ®)
SiCe/LCMAST 168 730 22, 4
SiCe/LCMAST 1817 702 2i.2
SiCe/LCMAST 193 462 16. 4
SiC/Nbo0s/MAS 262 172 3. 4
SiCe/LCMAS T /MAS 243 324 13.9
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Fig 7.10 Sketch for measurement of fibre pushing- out
from matrix
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Table 7-3, Fracture Toughness of Nicalon 8iC Fibre
/LCMAS T Glass- ceramic Composites at Different
Heat-treated Time

Treating Time (h) 0 b ‘ 10

Toughness (MPam*/%)  16.4 17. 1 | 18. 2
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Table 7-4. Mechanical Properties of SiC Fibre/MAS

Glass -ceramic Composites Before and After Heat
-treated

Coating Before Heat Treated After Hegé Treated
o (MPa) | Ky (MPam*/?) o MPa) | K. (MPam®/?)
Nb,0s 175i12 2.8%+0.1 17246 |7 3.4£0.2
C 163+12 | 5.2+0.1 196+ 31 T.6+0.5
LCMAST | 19911 5.5+ 0.3 327+ 36 ~'i3.9i 0. 6
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Fig 7.11 High temperature mechanical properties of
SiC fibre/LCMASI glass-ceramic composite

EARNBEEAMB T, SAMBNUTEREEERRT
FHAMAESHEEAMMATLE S, MEBRENT R, 7£1000C

.97,



ZHIAHMBEFBRARNNEL, HIt, EXITRERECUERNR
EMBHBERSh A4 N ELENRER TSR, {H2 5853k
BMEKRAGHBE IR REMGUBEBHNRMEE UBC TAE
AR, BT RO DGR A% 3 B M T B R B R BT 48 A
BKABREMR R DER & EERY, MO EaHH B RE
KR, XNFAESEBIESMBIRENEM, FEEMNS M
HAEKABREHE N ZAMBEREK T UIEEZENFEMK, g
BB IWEIRT, JVATWHUN A —EHNEERE,
I BEaMBRNBERSZRIBEMR. |

S TAgEHREL B RB RS —F, BEXH44. &
R RmMESEMBR, EHAPBEEITRKMLE, HFHE
BMBATRELENBEETE XNEBRUEAERENRE
Wik =T R, —HEXMM O ERS Y, Ah THGEEE
bR EAAMEagE. BTy RELRE, RYE
YRR EMNEAPRE, Bhol TAENEEPR D EM
B Sf7 3 /N T AU 2F 4 b 5% 57 4 B R 9 07 20 0 Pk VR AR L

. 98,



SNE AHNBESMHNAELEESENEHM

8.1 LCMASI R B ESEASAMAHMNARES
RN

AR SCR SR E, SICHLE/LCMAS HAWBERTAM
WOE AR E MR R I, A4S AR R A
WEHIR A BAE, SHEMEARMKREIRTE, T~
S TRUSCRGEEOMBHNAELEABEAIBR, xsic &
de [LOMASH B BE B 25 5 & A1 B 10 R 10 45 & FI 3B B L 4 (TEM) AU
e 4h H el % (HREM) 3E 45 T 00 2 A0 4% 47

B8-12SiCA4/ LOMAST MR BBELTSME 4.
RRTELKN TEMBR, NAHENBE M KNI SRR
WA N F, 7ESICL 4r FILCMAS T i & B¢ 3 2 Ml A — o il 1f ¥
B, HEE %80, X — AR SNicalon SiC F 4
AR N FNE AR, TS LCMAST & 83 Z | Y
RN B AR LK, AN, XPWLEERENTEIR
SoMBEBRSSE. BEhPREMLR D, SHEHNETRA

Fig 8.1 Interface of SiC fibre/LCMAST glass

-cetamic composite

.99,



ZFERE, MEHBEMEBRMPEBENSIC FELEFHE
MERMER, dgS5HEEZMAEAREFNIEMEL. NES
MHHMEMEWBARPETUER, 44, EEMPpEREMUTP
HRENERE, YggEmEAzHBARNOGN, REAREFA
hEZMEWSREMPRAENATY R, XWERTHHES
FHENESBERE, SHS5EFAPHNATMBEZ YA~
MR AE XHEFHNATERAANTAENBRE M
HW NN AmMMmEML I FEENER. .

WX SICL 4 /LCMAST R MER AMBAE.,  HEiF
HehEBZEae FHHEIN, ZAEETHHEEN &
ORI RIE A A EEY (WEs-2FR), WSS, HikdhH
EH—SpBisfMmrEMNERRBRRadn a4 EE a4
B B4 & T (1200°C, 15MPe, 15min), REIER M b HE
EFHFTE EdTHHEHENMBEEATATFMRKR. XHHL
M4, HEPRBEHNE S PFHEE HRIM BRArhE—28
FIJEBA, K 8-3ZNicalon SiCL 4E/LCMAST M R BEN S #M
B | R R WHEREMR v, MWR A P TRBE G, REAEE L
EFMHENEA LT -REFHRE, AHPETULEA -~
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Fig 8.3 HREM analysis of interface
JLCMAST glass-ceramic composite
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Fig 8.5 Crack propagation in the interface of 8iC
fibre /LCMAST glass- ceramic compogite ‘after heat
~treated
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Fig 8.6 Crack deflection around particle -in the
interface of SiC fibre/LCMAS T glass- ceramic
composite

Fig 8.7 Electron diffraction pattern in the interface
of interface of 8iC fibre/LCMAS I plass- ceramiec
composite after heat-treated ‘

RE AR ETFHEANERRLBEE A F, FABRNEAE
FREOWEL EEXEAALMIEPTFHNAMATRE
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R AR
Fig 8.8 HREM analysis
JLCMAST glass-ceramic composite after heat-treated

ZEXt SiC £F# /LCMAS I D R B ELT &M B K F WL
TEM S £Em & B, 7C4F4eff Mgk M — Jom R
B, HEEE 100~ 2000n2 [ (K 8-9FT ), I HE 4

Fig 8.9 Interface bonding of SiC fibre/LCMAST glass

-ceramic composite
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Fig 8.10 TEM phd@ogram of SiC fibre/MAS glasg§ ceramic

composite

Fig 8.11 Interface of 8iC fibre/MAS glass- ceramic

compogite
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Fig 8.12 Microstructure of matrix in 8iC  fibre/MAS
glass-ceramic composite ‘
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Fig 8.13 TEM photogram of SiC fibre/LCMAS .1  glass
—ceramic/MAS'gfass—ceramic composite

Fig 8.14 Interface bonding of SiC fibre/LCMAS.I glass
-ceramic/MAS glass-ceramic composite o

M. WES-15th T LFEH, 7FENicalon SiC HFHEXRMIRA
LCMAS T £ & B¢ 8 )5, 24407 bLlad LOMAS T 3% & 3¢ 3 3R R B AT
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Fig 8.15 Crack.propagation in the interface of SiC
fibre/LCMAST glass-ceramic/MAS glass-ceramic composite

M

Fig 8.16 Reaction between SiC fibre and MASvmatrix in
3iC fibre/LCMAS I glass- ceramic/MAS gless- ceramic
composite
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Table 8-1. STEM Analyses of SiC Fibre/LCMAS T Glass
-Ceramic. Composite Interfaces Areas

Point 1 2 3 . 5
(mo1%)
Al 0.500  4.291 23,580  6.450 25.299
5 99.500 95,071  T4.760  26.861 T4.701
Ca — 0.202 0,256 é{szg.f_————
Ti — 0.436  1.405 59Qé§5*? S
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Fig 8.17 Anal'ysi areas in the interface of SiC
fibre/LCMAST glass-ceramic composite -
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Fig 8.18 TG-DTA-MS pattern of SiC fibre/LCMAS I  glass

-ceramic composite
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Fig 8.19 Free energy against temperature diagram

the reaction in SiC fibre/ glass-ceramic composite

LCMAS  Carbon-rich Nicalon

Matrix Interface 8iC Fibre
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Fig 8. 20 Formation of carbon- rich layér in
fibre/LCMAST glass-ceramic composite
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Table 8-2. STEM Analyese of Nicalon SiC Fibre/LCMAS I
Glass-ceramic/MAS Glass-ceramic Composite Interface

Arten
Point 1 2 3 S Y A
(mol%)
Mg 0.112 0.302 9,184 3.160 —_— _

Al 0.499 3. 787 26.394 17.516 — -

Si 99. 389 95.911 64.422 T77.653 53.363 100

Ti _ Ea— 1.681 46.637 E—

MW ETMAHEIERTTLEE, FESICH 4% /LCMAS T
BrIm MASEY R BB E G A M th, BESICA LRI MAS B M
B KR A A RAE T, TESiCLR 4E KT A LCMAS T $% dh B¢ 54
CEAELRERSEENSICHED, BATIHRANE, HE
fENicalon SiCAF 4 SMASH S Br WA E MMM T, TIKF
BEeuE, ETNATERRASIAMTImAM, FHTITENS
BRI R kdemolwll b, FEXBMOTAKEMTIEE, SiC 4
FMASE BB B EAZAARENATE &) X 6 PIMAS 5% af B
BESICHABERBRMAMESLEXEFEMNTIAR.
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Fig 8. 21 Anafyﬂis areas in the interface of SiC
. fibre/LCMAST pglass-ceramic /MAS glass-ceramic composite
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