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Development of high temperature bonding techniques for carbon fiber
reinforced carbon matrix composites.
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Fig.1-1 Main components of ATR engine
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TRBUIET 32 7=®[23], SiC/SIC BAMEOEARFIREL C/C BAMEHT
X7z,

> T, 1773K U LDOBEIBER COMER~DOHERNTRERME L LTIk
CIC BEATHDEEZBND, CIC I3 THERERICHLEND L WS EFRLE
LTW%, Fig.1-3 iZ CIC D—FH M OBERROIBEKIEE L =124, &8
B L OBIEDBIEIRENR Z 4, 5-30X10 °/K 3L 20300 X 10” /K 2
ETHHILEEZRD L, CIC OSHEREMIIBD TEN TN D Z LN NnD,
Llicy C/C 1T, BEM, BB, WEVERYE, MERLMECLEN
DEVWIREZEALTNSD
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Table 1-1 Operation environment of ATREX
engine components

Turbine Type Tip Turbine
Turbine 600~700
Tip speed m/s

Fan 500~600

Fan Inlet Diameter n 300~600
Fan Inlet Air Temp. 1300
Turbine Inlet HTemp. K 1800
:-rllleeatt ggrcnhl?.ggalirTemp. 2700
o[ oo

Cycle About 60 Min X 1
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Fig.1-2 Heat dependence of specific strength of heat
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Fig.1-3 Coefficient of thermal expansion of UD-C/C

with temperature.
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Fig.1-4 Schematic drawing for the structures of ATR engine. [39]
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Fig.1-5 Procedure of fabrication of complex shape structures 3D C/C Composite.
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Fig.1-6 Variety of commonly used mechanical joints.
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Fig.1-6 [IMMHEE LN LI b DO THD, D 5L, CIC BEEMECRrat
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RMHMESR(CE G IE CIXBMIZR & 7T — VAR E SN DB AN\, CFRP
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tE8[41]0D CFRP 7 7 v DA TH B, C/IC [T LTI, JAXA/NSAS Tif -7
ATR T2 ~D C/IC HRICEE L TH 75— Lk E FORMBITbh TS
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Turbine structure

Fig.1-7 Schematic drawing for the tip-turbine disk structure for ATR engine. [42,43|
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ATR DERERNHBE LN ERD D & BREE~ v/~ 6 TIIEE T2
HAE S Y721 620N OBNMMERTS [44], ¥ 77— 4RI Rk TERILH

(2D-C/IC) DA EZAE LT 5 &, BREAWIRESE - D12, BRIEED
FADHEE Sz, EBE, BEEEHE 440m/s (ATREX O KXJEH) 21t
DIEN5 A% FEM AT K ORI & 2 5, FEMA 30° OLODFEE y H1A
DEITWIE 111 )T 36MPa T - 7=, = Dl 2D-C/C OB A& 10MPa
LV REIBZITVWB[42],

Type | (Laminated)

R
3,%\ / / R4 Cross-ply laminates

= =7 ¢

Insert C/C composite
(13.07) l N P

i

16

(Cross-ply laminates)
20

100

=

Type Il (Reinforced )

R40
8  / Ra B e —
e, 7 Fiber orientation
e e s e i . i ik (R e e o e - 0 X‘j -_.,g,,_
/I_—_m y

140
Shoulder Angle (6) : 15°, 30°, 45°, 60

of dovetail joint with various stacking sequences. [42,43|
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BHIB R T AWIRE R E L IRV 2, ARBRAIIBEIMET 2 - L 8Pl X
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BRIX Fig.1-9 (R 7 2 HvThbh -

Pre. o ]
~
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‘
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o
S!eei Jig
| —

Cross-head speed : 0.1 mm/min.

Fig.1-9 The test fixture for the measurement of joining strength of a dovetail specimen.
[42,43]
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Fig.1-10 The load-crosshead displacement curves during joining strength test of C/C
dovetail joint Typel and Typell specimens. [42]
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Fig.1-10 {X Type 1 & Il OFABR A A > T & 7= 7f B — 2507 i & il 24 8)
Thd, £lo, MIHRRFEEROTWEP,)% Fig.1-10 |OR T EERGRS,) TR L
T % D HARERIS 7) (Initial fracture stress), g f& B I 0 737 B (P 0) A 5 YE T AE
(S,) THR L 7o & S fs & A W5 (Ultimate fracture stress) & LC 2 L5 OfE & &
ABR R DOWIWITREE 2 et e U 7= AR % . B AZ/EE 440m/s  (FRakod ATREX o H 4=
HHE) TOBRME &I Table.1-2 127RT, RROE SIS, Typell DLk
% RN RAT WIS 712 B L TR D=2, BAWEICELTRD 5
nighote, Typel ROV DR RIREIZHIC ATR OBERRESRME L 0 HIEL .
2D-C/IC DEIIRETH D Z &L b7,

Table 1-2 Comparison of measurement average stresses an initial and final fracture of

dovetail specimen with corresponding strengths

A R SR i ]
The number Initial fracture Final fracture

of type

Stress | Strength | Stress | Strength

| 4.7MPa| 7 .5MPa | 58MPa | 40MPa

I 7.0MPa| 7.5MPa | 50MPa | 40MPa

k¥

[ - 4 135MPa150MPﬂ

* LSS
** In-plane shearing strength
*** Tensile strength
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BLE D LMW SRR S, PEEHEAN & SR 3RBR I ER I M O ST AVHESR
SH7z, Figl-11 (X 3D-CIC IZRIF T MR AR EBRAEDHELZ R LELDOT
HDH, KD 31.5 MPa OBE#RIZ, JEEDS 440m/s D & X DRAEHTHY | It
AL Fig1-12 O LRIOMTHREA ST EHWIS N Th 5, Figl-11 1R
TEOIC, MHERREE A RO LR/ LT, RED LR NSRS, Rk
DIEWTIENT E DRHFICE N TH EEEOHERM L ER T HENESH, VE
=54%., Y aNF =T TN 30° OFRNTIIOHIBESR DS 31.5 MPa 2%
7o Figl-12 (X, FEBRER A FEEAMIE ) CEE L ALK RN L FEM T
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Fig.1-11 Stress-bearing capability of the 3D dovetail specimen. (a) Effect of volume

fraction, (b) effect of shoulder angle. [43]
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Fig.1-12 Comparison of experimental results and the predictions on load-bearing

capability of the 3D dovetail specimen. [43]

312 v rEs

EUEF TR, DAEAMTIIC X 28MEORE, 2)ML, o & {ilogs
FRIC X DISHEPFICL VT FHRENMET T2, choORBL2 REL 5 -
EMETDRFEEIC /25, CFRP X GFRP 72 & Ot B A E il ey
MEE TR L CREM A R 23 BEICIT b TN D 145-53] . Bl2iE. FRP Oy
MEF T, AARERBRABOLIC X > T, HANREE, 3EME. &ER

17



BEVSTBROWEEE 2R+ 2 L ARSI TS [51] . = ORkERE
(TS FREOREICKRE S FBLERIFTZ 00, EHMEHCE L THLOKE
R BB ORI L, #EDM T HOFELR L %2 ERIICIEMT 5 & & b,
FEM AT & 0 FALATIZ A C 2 IS HEF OBERENIC L 2B & 1
IhT&E7,

CIC BAMEITHEIID VA, U HkE BT RIS 2 ERA A BRAIT
b TW\% [54,55] . Fig.1-13 I3MERBRFEO—FIZRLIZLOT, MHiLE
LIAENTZE 2N L CTRENMZ b5, STERISSITIE. M LTFY 7
A=A RV —ETRBI SR LB M40 Z 3R bkt & 3% 3O C/C 18
aMEE (BUEHEIEIX(0°/90°), (£45°), (0/90/%45°) # W CREZITH- T 5,
S FIXMAEAE A b BEARMERECH Y . MILOHLE o
OHRBRAE W OB, 2L TR FOREDM T HEO R EREN I RIET L)
ROFH ST,

P/2 P2
p—— . = | Pin
e i - t =3 mm T l" L T . Do10.0mm
| | | Tl B
e=1.5~3D | Y ‘ ‘ﬁ*___"m{; H—
\ } | ‘ 1 ™ ~Nut

£ | —— w \
P X . e Washer
\i N\ /” . (B =4L 1 o) e
] f A l
L / |
. | .

D=10mm 20mim

le—W=1.5~4D »; | ok )
il S Ol o] O
[
30mm 3| % l
= X |
o i

0°/90° +45° QI

Fig.1-13 Dimension of the specimen and the coordinate axes and reinforcing directions

of the specimens. [55]

18



LSRN E EITIAMEE 2 > EF I D ABRENE U,
(0°/90° W1 TIIHE A MR DREAE LML e< 1.0D ThHoTo, ZDHBE, HfkEF
8 14 OBEHE TREMDORBL W BTETH 572, ¢ BRIV E x0T
SISRAEERDSFEAE LT, BRI L T, Figl-14 (27T X 5 K2 TOME
5 A T ORBITIH L TR THE SIS PRSI L B EENEH T 7=
(551

2 TCop ITEZ FIREE, ¢ (TRBFAEE, o IMBOBERECHD, =Dk
T, HARBREDISHER IR LTk CC 1IHISIERA RIS HEPRERMES
DEVSBEEDERISOIL —BLI2HMTH B, W BARXL 253 L, Mgl
(& Fig.1-14 TR X D ICEMBREEICEBB T 5, (2450 LIS O IEMEREEE T, 2
R ES OO FERERS 11753 cosOIZ LT 5 ERE LT STIRQDB AL TH - 1=,

P no,,
O, =—=—1<.1-(2
5D 4 @)

t
ZI T, O WMBIOERME Ch D, —H (450 Tid, E LIS AN
BEIN, BFVRE Ko (DO EABKETH o7, ZOERE LT, £45°
THEREQAAEERELCTEY , KAEFIC I VIR U ICEBE S SR,
ERESOIERIC & — RSB LTSIz, B EDRENDS C/IC O~
TV TRER. BRRTH 125MPa BRETH Y, Z OfEIE—A¥AI7 CFRP /5
b % 300MPa FRE[S2|DEIZ R L THED T/hE Wy,

RBEICE RV REREL, RAb - F v ML 28D T O R M
STz, ZOREIZIE, Figl-15 IR T & 9 ICHE- B ERIC >0 v — 7 2355
BN, —OHOE— 7 IS EE ORESTHY . BB DO — 7 13k
FTFCRDERRARIZLED LD ThH o7, BHIOE— I I F DO 22
DRERME L IZE—HL TR, XOM/BRHIHETYH Figl-1l OFEENE
MTHDH T EDHERENT,

19



200
Tensile failure Compressive failure
= P/Dt=(W/D-1)eg P/Dt=xn a“/él
£ fi
= 150 o
~ \*)n Pl o
‘S o o
- 0° /90 n
=
______ J, -
& qo0 b x 4
dd
» ° P/Dt=m o /4k
L fe {conc.)
=
=
& 5071
g
foa)
A5
0 1 i 1 1 1 L
1 1.0 2 2.5 3 3.8 4 4.5

Fig.1-14 Comparison of predicted and experimentally obtained bearing strength. |55]
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Figl-15 Comparison of load displacement curves of the just fit and the fastened

specimens. |55]
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Fig.1-16 Schematic diagram of metal carbide bonding for C/C composites.| 68
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Fig.1-17 Schematic diagram of liquid Si infiltration bonding for low density C/C
composites.| 70,71
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Fig.2-1 Carbon bonding process.
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Fig.2-4 Thermo-gravimetric curves of various resin systems under

N, gas atmosphere as a function of elapsed time.

Table2-1 Char yield of various resin systems.

Furan-resin 50—58%
Phenol-resin 60—68%
Polybenzoxazine 65—70%
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(a) Carbonization with OMPa (b) Carbonization with [0MPa pressure
Fig.2-5 Optical-microphotograph of a cross section of bonding layer derived from furan

resin without pressure process during bonding (a), with 10MPa pressure during bonding

(b).

Bonding lay

(a) Carbonization with OMPa (b) Carbonization with 10MPa pressure
Fig.2-6 Optical-microphotograph of a cross section of bonding layer derived from

Phenolic resin without pressure process during bonding (a), with 10MPa pressure

during bonding (b).
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(a) after resin curing stage (b) Carbonization with 10MPa pressure

Fig.2-7 Optical-microphotograph of a cross section of bonding layer derived from

polybenzoxazine, resin bonding layer(a), with I0MPa pressure during bonding (b).
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Fig.2-8 Shear bonding stresses of carbon bonding using various types

resin as a precursor of the bonding layer.
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Fig.2-9 High temperature optical microphotographs of the condition of cracks within

carbon bonding layer.

37



200 e

pwm
—
(4]
o

c

100 |

.\.\.‘\-‘

1]
o

Bonding thicness,h /

0° 5 10 15 20 25 30 35
Gelation time, tg / min

Fig.2-10 Thicknesses of phenolic adhesive layers, /s, as functions of gelation time, ,,

and applied pressure during warm press, p,.
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Fig.2-11 Cross sectional observations of bonding layer formed from phenolic resin with

various pressure forces during carbonization process.

o, “HEEOBEEBE S (40—50mm 35 LT 90—100mm) DB 12 o
T MES L BEERER)DBRER LR % Fig2-12 107"+, R CHR T
HEDIC, FFEEBIESIZBIT 2BEBREIZIVT IMPa LLEO &84T IEnE
NOREREFMEIR O, EBNEDOL DI L TOARX b TR S
FREZTR LTV D, ORI Fig2-11 TRANEL I I, BEBNEO KK
DRIESBBER L TWD EBEZ B, HEEBNEO KM, L OS5 O Rk
BEEBERTOBERICAR D LB b, MEIC LD KMOBDAE U sEiaRE(l
CORBDZ ENHEREINT, LA EDORERNS . BHHE D RACIUIE I X 5 AR
DITERK T 2 RMaD LR EZIHIT D=1, RBABEOMENRLECHL - &
PHER STz, MEHEL LTIX, IMPa BEOHTHL+AARBEEBAFR S

39



DM, —RINALFRES BV THREDII L X NEEHE I TS 2 & n
H5b, FEMELEZBETH7-DI21T IMPa UL EOBEWINEDIC L 2 8ERBEHK N
VBEIIRDLEEZ DN S,

10 l . R v—
- ILSS of C/C -
o X b -
= gl i
Tl X %
-~ X x
£ 6 X 40-50pm
= @® 90-100pm
4
- 4L =
(]
- &
& | 2
T 9 J
S “
m
0 | 1 | 1

4 6 8 10
Pressure Pr / MPa

Fig.2-12 Effect of pressure (P;) during carbonization of phenolic resin on bonding

strength.
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Fig.2-13 Bonding strength (t,) with variation of heat treatment temperature. (Bonding

thickness, #=100 1 m, Phenolic resin)
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Fig.2-14 Photographs of SEM observation of carbon bonding layer with variation of

heat treatment temperature. (Bonding thickness, 4=100 1 m, Phenolic resin)
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Fig.2-15 Schematic drawing of a FEM model used for calculations of stress

distributions in bonding layers.
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of bonding thickness (4,).
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Fig.2-17 Stress distribution and deformation diagram of 100um thickness bonding layer.
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Fig.2-18 Thermal residual stress, o,, in carbon bonding layers calculated using FEM.
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Fig.2-19 Effect of thickness of phenol-carbonized bonding layer on strength.
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6
Fig.3-2 Sample configuration of DNC specimens.

Test specimen

LOAD

Test fixture

Fig.3-3 Test fixture and test procedure of the DNC method.
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Thermal expansion
Il ]

];> ]

Room temperature 2273K
Bottom view

Fig.3-4 Model of the effect of tight by the thermal expansion of test fixture and

specimen.
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Heater

: CarbonrOc—-~_\\\\
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Fig.3-5 Schematic figure of high temperature testing machine.
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Fig.3-6 Variation of the bonding thickness (#.) with resin gelation time ().
(Pressure force= 2MPa)
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Bonding thickness=100ym :
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@® Bonding strength|
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Length of between notches L /mm

Fig.3-7 Variation of bonding strength (t,) and interlaminar shear strength (ILSS) of C/C

(t;) with length between notches (L) at room temperature.

(Bonding thickness, =100 1 m)
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14 | .

0 [0] 0.196
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Fig.3-8 Influence of tightening torque of test fixture on ILSS of C/C.
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Fig.3-9 Variation of bonding strength (z,) with bonding thickness (/) at room

temperature compared with predictions using Kendall's equation.
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Fig.3-10 Typical interface fractured cross section of low bonding strength specimens.

5.3 BIERBARE R
U EDOTPiialiR, RO, FRARBROMBEN S, EiEEEE R B &R AT
Fig3-11 [IZRENDROb DO ERA LT,

Bonding thickness
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Fig.3-11 Configuration of high temperature test specimen.
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Fig.3-12 Variation of carbon bonding strength (z,) and ILSS of C/C (t;) with test
temperatures. (Bonding thickness, A=100 ¢ m)
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Fig.3-13 Cross sectional view of the fractured specimen after testing at 2273K.
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Fig.3-14 Effect of de-gassing treatment on carbon bonding strength. (Bonding thickness,
h=100 1z m)
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Fig.3-15 The model of FEM to analyze of residual thermal stress within bonding layer.
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Fig.3-16 Compiled figure of the mechanisms of high temperature strength enhancement

of t,. (Bonding thickness, #=100 1z m)
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Fig.4-1 SiC bonding process.
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(a) Bare C/C

=

(b) Si impregnated C/C

Fig.4-2 Cross sectional views of basis C/C composites and Si impregnated C/C.
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Fig.4-3 Schematic diagram of the concept of hybrid bonding method.
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Fig.4-4 Hybrid bonding process
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Fig.4-5 Cross sectional view of SiC bonding layer without pressure process during

bonding process.

Fig.4-6 Cross sectional views of SiC bonding layer with 5MPa pressure during bonding

process.
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Fig.4-7 Cross sectional views of Hybrid bonding layer formed by BWC hybrid bonding.
(Bonding thickness, £=50 ;1 m)

Fig.4-8 Cross sectional views of Hybrid bonding layer formed by Direct hybrid bonding.
(Bonding thickness, 4=50 ;1 m)
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Fig.4-9 Result of AES analysis of the C and SiC region within hybrid bonding layer.
(Bonding thickness, 4=50 1 m)
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(a) Direct hybrid bonding with H.T.T. 1473K

(b) BWC hybrid bonding with H.T.T. 1473K

Fig4-10 Effect of reactive gas occurred from phenolic-resin carbonization during
bonding process. (H.T.T. 1473K)
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Fig.4-11 Comparison of bonding strengths formed by different bonding
techniques at room temperature.
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Fig.4-12 Observation of fracture condition of hybrid bonding layer.
(Bonding thickness, ~=50 12 m)
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Fig.4-13 Variation of Hybrid bonding strength with bonding thickness at room
temperature. (BWC bonding, #,= lhr)
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Fig.4-14 Condition of bonding layers formed by hybrid bonding method with various
bonding thickness. (BWC bonding, = 1hr)
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Fig.4-15 Effects of holding time 7, and post heat treatments at 1873 K on the bonding
strength t of hybrid bonding. (Bonding thickness, #=50 1 m)
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(a) As bonded, #, = 1 hrs

(c) As bonded, ¢, = 2 hrs
Fig.4-16 Effect of heat treatment (HT) on formation of SiC and residual Si within a
hybrid bonding layer. (Bonding thickness, #=30~50 1 m)
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Fig.4-17 Strengths of hybrid and carbon bonding and inter laminar shear strength of Si
infiltrated C/C as functions of test temperature.

(Bonding thickness, ~=30~ 50 z m, t=2hrs)
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Fig.4-18 Effect of de-gassing treatment on the hybrid bonding strength. (Bonding

thickness, #=30~ 50 u m, t,=2hrs)
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Fig.4-19 Effect of heat treatment temperature on the hybrid bonding strength. (Bonding

thickness, /=30~ 50 1z m, #,=2hrs)
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Fig.5-1 Hybrid bonding process using UD C/C substrates.

91



' Fiber
M direction
3}: r/ 50
I 25

QPhenolic resin

373K

—L Carbonization I
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Fig5-4 Schematic figures of fiber direction type of basis UD-C/C on bonding layer
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Fig5-5 Optical microphotograph of cross section of 100um thickness
carbon bonding layer on UD C/C substrate.
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Fig5-6 Optical microphotograph of cross section of 10um thickness carbon bonding
layer on UD C/C substrate.

(b) A, =10pm

Fig.5-7 Optical microscopic observation of fractured bonding layer surfaces of (a) thin

(10um) and (b) thick (100um) layer thickness carbon bonding on UD C/C substrate
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Fig.5-8 Bonding strength of carbon bonding performed with UD C/C compared with

0/90 carbon bonding strength at room temperature.
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THROLNTBIS % Kendall (WAL TH LN - BEEMEDHERE R %
Fig.5-10 IZR RO L 912 B2 E TR E o 72 RE T RV ¥ —fl G, 1E 0.1)/m?
THOIENARMERRICHEAMEE 7 4 v T 4 7 LTHELNE G, 1T 0.033)/m?
Thole, ZOMRITHEES ML > THRET RN X —AILEERENRARY |
V-V #2513 PP BB CHARTERECHDE Z L2 EWRT S, $/-. By hiE
LT HPERO SR CRENZ#BRN S, V-V SRR T 515 BE X 1L,
BEZ1I0um U TTHDLZLETRTHDOT, ERER L K L-HATHS,

Table 5-1 Coefficient of Thermal expansion of C/C composites and SiC

Matesials Coefficient of Thermal expansion
— (/K) (1873K)
In plane 9.0X10°¢
2D-C-C
Out plane 046 X107
In plane 9.0X10°¢
UD-C-C
Out plane 0.5X 107
SiC 4.9X10°0
Bonding layer 2.1X10¢%
600 [ T '
_ | M Fully bonded
Half deboned
@© I i
o I i
=
o 400
2
o 300
»
©
o 200
=
'—

Crackless Cracked

Fig.5-9 Residual thermal stresses within 10pum carbon bonding layer calculated by FEM

analysis.
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Bonding strength /MPa

Fig.5-10 UD C/C carbon bonding strength as a function of bonding thickness with

=
QS

—h
o
=]

3.2 SiC #5

SiC #EBOWEBETE% Figs-11 1R, BUROK 52 10um BEOHE
BEREVHERINT, AEE T, BERONTE LV ERSI MR LHERS
CEREVEEFROESINENRTIEE L LN, BEBE S OBH2HEIZR
BETH o, V-V EIRD SIC EEME L, Figs5-12 273X 92, 5MPa fLfE &
2D-C/C DEEDHK) 20MPa (A= 10 um) 12 H_XTH 14 BRETH o=, Z D,
EERNE N & S IIT R NIRRT 5B A0 ER LT, Figs-13 (XREHkT
BROWEHBREE THD, BWIIEERRAEREERBN TEL TS, Table
5-1 ToREND K HIZ SIC & EAR C/IC DBERGAE DI 2D-C/IC, UDC/C ¥
LOHABEVICIZIERIC TH D Z L h, MEOESREOESEIIIBGH

Gc=0.1 J/m°
3 without T.S. .
-\ Go=0.083 """
Gq:0.033\ without T.S.
-w:t_h T.S.
i ’ GCL‘OJ with T.S. ]
: P .‘. | ISR T SR N WU TR T R SR T R S )
0 20 40 60 80 100 120

Bonding thickness /um

calculated result using Kendall’s equation.
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DEBIININWEEZBND, P-P & V-V TRERLBEVATEERLE LTI,
REBEDFEBFOHFAEICLS Si & C LORISHEOEBNBBESNEN, =0
RO ROMEE L,

Fig.5-11 Cross sectional views of SiC bonding layer formed on UD C/C substrate.
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Fig.5-12 Result of bonding strength (t,) measurement of SiC bonding formed on UD
C/C substrate compared with that of 0/90 substrate.
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Fig.5-13 Cross sectional view of fractured SiC bonding layer formed on UD C/C

substrate.

3.3 Hybrid #:5

Hybrid #BTEIZ L VB ONZERBRA (V-V RO V-P) OWEBEEE 472
LA Fig5-14 RO 15 (Z7R7, Fig5-14 O V-V #EBICIT, &0 V-V pEEs
JBICBUR S EERNBITERIC SiIC AEBEI N TV AETEMBEINS, &
DIz, V-V RO Hybrid 5 BICIZBEN RV BRI N, —FH. V-
PHETIX, BERBPEDOD THOEE (<20 um) [COBEENTHETH -7,
E72. Fig5-15 OWHEBRGEITIIEERANMICYZ 5 v 7 BMEELARV D &
5. V-P BEIRA~OHEFIZBVTIE SIC 12 & 2L E D TS T & 23
M-,

BREARRM COBEEMRE ORNERE R4 2D-C/IC EAR ORI % H L7~
R A Fig.5-16 127" 7, UD-CIC @ V-V, V-P#EEMEITL L b2 2D-C/C (2~
TIEWZ EDHERB I, PyPy [TV TIIHERE LR 21T 5 - L Ak
BARARETH 72, —J5, P-P #3E TiZ 2D-C/IC LLEDHK 20MPa DHEZE M FE A3
"o, ZNHORKREE Figs5-8 ORERL BT 5 &, V-V R ClIpies
THRHITHKY 1.3MPa (12~ T Hybrid $5 T34 8MPa 2 & & X 72[h) FAviE
HHTEY | SIC ZFH L 7= Hybrid ENBEN TV B = L SR SN,
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Fig.5-14 Cross sectional view of fractured V-V hybrid bonding layer formed between
UD C/C substrates (A= 50 wm).

Fig.5-15 Cross sectional view of fractured V-P hybrid bonding layer formed on UD C/C
substrate (A=10 um).
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Fig.5-16 Comparison of hybrid bonding strength with various basis C/C fiber directions.

4. #&=
UD-C/IC %88 ML LT % O FEMMRAHERL 51 51tk D L& & DB % 374

L. UTORERmEST-,
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E6E 3D-C/C DEH

1. S

BIERBAED LTV D ATR @ C/IC EETIZ. =&kt 3D-) C/C
DEASINDZENEZLNTWD, CIC IXBRIFREE NI L [16-18]. C/C
EEBEICEMAT DL XITTERTMIL L TED 2 &A%\ [39], E-T,
S 3D-CIC B E LB HBE SRS Z LB S h, KETiL, 3D-C/IC
(CRT DEEBM OB AT, BICHRAHERZEIC, SEAMEICE T 358
REERE R L, 3D-CIC oEEFEfiom Lo otsét 254,

2 R
2.1 HEEME

3D-C/C Zxt LTI Hybrid #5&1CB L CTORE 21T o 7=, #EAME & LTH
W72 3D-C/C X 1A (IHI Aerospace) #, [EZR =#lisR{bbf. hiEARE S =S
Vi=48%(x:16%, y:16%, z:16%). TRIAKAMEIL T-300 TH 5, 3k 3D-C/C DHEIE
H(a) & BILEEE T L (b) L RITEICHW 2=y bE/U()Z Fig6-1 IZ7T,
—fXHIZ 3D-C/C OMRITH < . BEEOMHREM bL#HERIEN 2mm H 0, %
T % 3 I OREHENSBERR L 72 80121%, 2 x 2 x 2 mm® DK X XDRFED LT
KEND~ M) w7 A7 0y 7 BEELTHS,

Matrix block
(a) 3D-C/C used for bonding tests.

(¢) Unit cell of 3D-C/C
Fig.6-1 Photograph and schematic drawings of 3D-C/C substrate.
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22 BEEFHE

Fig.6-2 |Z 3D-C/C |Z%} L CTH\ /= Hybrid #%& FIE% =7, 3D-C/IC (37 1 v
JRETHIGE SN TIRY . 220 OEEEEN 50X25 mm (b= 3~10 mm) OEF
AEHEERERM B 2 XA Y B N v F—CHIOH L=, Z0%., FEFER 4
AWTFE « FTHLEZITo THREES ETHIVIAAE, ETFoESEERR
O REHME R ELS DO FEH LB OB A FERR T 572010, EHRRE I FATICE 5 i
WHR T AN BLS§ D ER A L, RO, REMERSERHAICREDS LI
BCHI4 2 EARF LI xt L CEBE 2R ATz, F7-, BEREOHREITH -DI2.
RIFBEAE R COBEEREBILE, Hybrid $235% OBEBBIE L RIMICIT- -, Bl5
RV, EEBAMEHC L OMOBIERE . =R X UBIRICHIISE D 24T\,
PRI BE 21T o 12 1% O e FFAIMEE Bl 22 5 1T - 7~

Phenolic resin

Fiber
direction

1873K

Carbonization

Sl >

Si plate In Ar

1873K
Si impregnation

Fig.6-2 Hybrid bonding process applied for 3D-C/C substrate.
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2.3 FEM &7 Fik

AROERMEHIZ KT EM TH D Z L 0D, MHTICIE Fig6-3 10w+
KT, WAL ERE L THIRD 3D-C/IC EHRDO—#N% 2=y h& LT
HLIE=ZRTET VAV, RETMCHER L2 BEREM % Fig6-4 17,
BERRME L LT, BT V0 4 BIE I35 FR(xsymm, ysymm, zsymm): - 38 A L
ETHEICIIAE L OAELEAICRE>a~y FebE -, ZORKFETAILS
Bimy )y FERLDAD, Fig6-5 (TR & 9 IS EAR Pk o 0 BV E(R
BOI A~y FITL Y BB E OKBFIBRRICI O THEEEICK X 2BUS A
ELDIENTRIShD 0, BEERE 1873K 75 300K £ TOEER T4
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Fig.6-3 FEM model for thermal stress analysis of 3D-C/C bonding layer.
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Fig.6-4 Boundary conditions used for finite element calculations of thermal stresses

induced in the 3D-C/C.
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Fig.6-5 Prediction models of the effect of fiber and matrix thermal

3 3D-C/IC DEERER

3D-C/C 2%t LC Hybrid $25&, SiC #5, REFEELRLED. WOk
BTHOEBEET DI LIITE AP ok, UTTHE. 20X 512 3D-C/C 1oL
TIIEE VSRR A 2585, Hybrid BB R0, HEEIRANH-T-
ABRA ORIBEE OFMBIBREH A Fig6-6,7 |27, Fig6-6 1 L FOBEER
(ZAT 7o REHME SR OB M 23[R 5 [0 D23 . Fig.6-7 13X E T OERSMERA K PO
ICHERGME RDEEERAZ LD THS, BREENMLEEBNTG. RE
B CHBELS A C7e 2 LR ST, B L - B AR R T 4 8182 L -4
[RIERD Fig.6-6 (a)— () =FEEO HIBEREABE S -, WP FEICR L7148
ELIIIBIER L - REEZRETRLIZbDTH S, FigT DBEBEETY RS
SHBOBEBHRMRESBREI N, R @IERAEIC P #EIRIR R 7Y o
hSNT-HEEBRE CTH D, 2, O)DEBEREICIL, BEROTINRT Y o
PINTHRWD, VMR D L <12 MBS BHEERE Ch 5 & HE <
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N7z, (O, BETTHRICHEETABENE U7 P M RE CH D = LB

Nize ZDX DI, 3D-C/IC TIXE L HEMRHME AT 2y 03K 2 STICREWT T 5% = &1
LXoTEEIZHBERE -2 E2 B,

Surface Fiber direction

==

P Fiber orientation on bonding surfaces

150um

(a) Bonding layer surface (b) Bonding layer surface (¢) P fiber surface
(with non printed) (with p fiber printed)

150pm

A

¥
S

.
e |

L%

Fig6-6 Photographs of fractured bonding surface of 3D-C/C bonding.
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150pum

(a) Bonding layer surface (b) Bonding layer surface
(with p fiber printed) (with non printed)

(o]
et n,

LT
- R

Fig6-7 Photographs of fractured bonding layer surface of 3D-C/C carbon bonding

specimen with surface fiber direction of parallel- cross.

109



b H, 3D-C/IC FO—D>OMMEART ICER TS5 &, ZOEBRII—F M
& (UD-) CIC THdLEX b, BEkod & 912 UD-C/C IZBERIZE L (i
WRGEERD, #-oT, CC LEFERBOBMED I X~v vy Fizmz. LFo
BEEE THLT D REBMEREFRESRERE L, BWEDI R~ v F %4
LEICEREREZR TSR LMESIND, 3D-CICOEENR DL IZETD
WAMERELHM DA E DT TRES LRETX S50 THNIE, FiED UDC-C D
Hybrid #2&DOFERTH D table 6-1 OEHIREZ VT 3D-C/IC DEEZWREN
Fig6-8 DX SIZHTEEINS, FIRO LI IO ERERITESEREIZ LY R
20 KR L7 DB ZRTWHEFITH D, Fig6-8(a) TR SIS IREECIT,
V-PEEED 50%. P-M OFEEEN S0% & 725, UD-C/IC DR, VPIEE
SREEIL AMPa BREETH Y | BEENIIK 2MPa LH#E S5, Fig6-8 (b)Tit. P-
PIEFEED 50% % d16d, T OFEIKOK 20MPa FREE D ERE A R, 72 V-V
BEAEIIL SMPa REOESBRE L HF 452 &5, HHRMITIE 11.5MPa BED
HEERENMEE S b, F72. Fig6-8c),(d)DEICHEESMER NS EVVCER L
BIRETIE, (QDIFEE Py-Poy 1Y 25%. P-V 2 50%., (d)DBHE P,-P,, BEEHEH
B 25%% ED. V-V B 25%% HDTWD, #-T, ThbDESEERE LN
2MPa BRE L HEE S B,

Table 6-1 Summary of hybrid bonding strength with variation of fiber direction.

Fiber direction Bondi /‘I‘Vgﬂﬁgength
V-P 3.90
P-P 18.7
V-V 8.32

P,-Po, 0
P-M 0
V-M 0
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Fig.6-8 Prediction of bonding strength with various bonding surface condition

LI EDRERIZ, 3D-CIC DHEFIIERE THOIN TR TH D Z L &R L Tu
Do, —F. FMAEAHEMAE DY T Hybrid 82177283, 2 TESE XA
EWVWOREREB/, ZOMBRIT, LETEEB LA >-EREBRINT 2 LEMH
ERMRT D, £Z T, BRIZEREZRD T, BWHEREOI A~y FIz L v 4

CHBUL % FEM (L VR, FHEFBREALFEMICORI L,
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Overall view of stress distribution.

d 6.2-¢ Fri Jan 06 05:55:07 (W ) 2008

Enlarged illustration of interface between bonding layer and 3D-C/C substrate.

Fig.6-9 Stress distribution within bonding layer and 3D-C/C substrate resulted by FEM
analysis. (Cooling from 1873K to 300K)
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Enlarged illustration of interface between bonding layer and 3D-C/C substrate.

Fig.6-10 Stress distribution within bonding layer and 3D-C/C substrate resulted by FEM
analysis with bonding layer de-bonded case. (Cooling from 1873K to 300K)

113



BUSH OFTHER O —Bl % Fig.6-9 [o7=T, £-HF FEHICIIRAEMENERD
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