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Applications of Carbon-Carbon Composites to an ATREX Engine
for a Future TSTO Space Vehicle
By
Hiroshi Harra®, Ken Goro®, Yasuo. Koveo™ ™, H. Fukuda™*,

Tetsuya Saro® and Nobuhiro Tanarsucu™

Abstract ; Feasibility studies were carried out aiming at the application of carbon/carbon {C/O)
composites to a turbine disk, heat exchangers, and a plug nozzle for an ATREX engine intended for
use in a future TSTO space vehicle. In these applications, the maximum temperature was estimated
to be about 1500°C. In order to withstand this high temperature, attempts were made to utilize three-
dimensionally reinforced C/C composites. The most serious problem encountered in the application
of C/Cs to the turbine disk was the loss of fragments of the composite located near the outer
periphery due to strong centrifugal force, which resulted in severe vibration due to rotational
imbatance. The heat exchangers and plug nozzle have complex shapes in order to realize a large
heat exchanging area. Joined structures were explored for these components. The principal effort in
these applications has been placed on finding structures requiring low joining strength and

developing materials with low gas leakage.
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£ %, FITHEEOE IR TE ORIATOIATESR [ 1-4,8-13]. BESCIZIERENTWHADIH,
SICA—F 4t v ZEH7A02 5y 2 IEHOMAEHE T, 1500°CE COEERE CHISRITRE QL2
RIS E - TH3ICT &Y, BHEEEERL 100 CY EOBEBEIZH L CiisiofE: XhTns [4,8]. 20
g, C/CHAMHITBBEREMTA 238 [ AAEEF - 2 P EFRIh T BV EOHBEL TR I TW 5,
D& S BIEETIRT AL, BIOKE - 3 -v v8 O4h S CIBEoBR Y THERAORB 0 Y2 2 b
OFRT, HEEHEAROWAMEABBNIZTONTEL, LALEAGTEST, 2hb07av s b BRI
Bitisb o283k, TORFO—2IFRBHEOMBAEZ LWL THsE 3hTns [ 14-17].

tiok s aBEgEXICE Do T, THBRRHRIFOATREX {(Air Turbo-Ram Jet Engine with Expander Cycle)
LYOVHR T 2y PO, BEBTOEHZE N SC/CHAMBE Y- Y YT o 2y, B, RUT S5 S
SANFOMBE UTIERL, MR a3EL &~ [ 17-19]), Fig 1L FiCATREX . » ¥ v O {EBIE B O
BWERERIBERLALOTH S, BRO K H 2 EFCATREX L v ¥ v OREREIARTH Y, HHHEHORA
ERUNRICHERS 2 EEHEFIIC/CHAMB Uy, LicBRIFRIIRELEFH TH B, FPETHIH
FCORBERTHE NI - AWEA L HofEH 2 8T 5,

Turbine
=>1500 K Heat Exchanger
Hydrogen gas 3000 K
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1700 K / . /
/

Plug Nozzle

Combustion Chamber 2700 K
3000 K Combustion Gas
Combustion Gas

Fig.l Schematic drawing illustrating the mechanism of an air-turbo ram-jet engine for use in a future
Japanesespace vehicle and its temperature environment.

2. C/CEEWE

C/CHEAMKIEL 2000 CH EORMEA T 2E3MIE 2L OEER > T4, B, 4 rF1 2o
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Fig.2 Temperalure dependence of tensile strength in a cross-ply-laminated C/C composite obtained undera
vacuum up to 2273 K and an Ar atmosphere over it { 20 1. The difference between C/C strengths with and
without de-gas treatment represents the effect of absorbed water. The de-gas treatment was made at 1473 K

under a vacuum. The strength improvement up to 2073 K was caused by the evaporation of absorbed gas,
while the improvement over 2073 was due to creep deformation.

C/CHAMBI O E L @AM Tt 2 2 A5 T0 3 [36-38]. BT 2 omibR T,
BB AMRE IS8 2 b TV B CFRP (Carbon fiber reinforced plastics) (2T 14— FBEEKLS, —F4
FRR{LC/CT 20-30 MPaiRlty, B RBH T5-15MPal8ETh5 [22-24,26,27,36]. #—¥ 7127,
BASIRE / Z LGRS S E0 WA AR INES R E B, o T, R ARTIBO A O G &0k
W2 2mn, SRTEMEOC/CHAME A BHMHEE T2 & Lk [32], ZRICHEEC/CHAIRIIL RS
T/ Pl L TRAIAFRTHEZEVIFEG 55 [37,42,43,44, 451,

2. 2. Bty

C/CHAMBAMVAZ LOFED—2 L LT, BEMAEER (3,46,47] &SRR (CIE) [ 3,48-50]
AT NS, AT, C/CHAMBHOERIBUACTERL.5~0 x 10° | /KEET, Fig.3 [49] tORT &
512 2000 °CHIE £ CIEZ /N BIERD TN 5124 &0, Fg 3 10K, ERREC/CHAMMOmN,
AR O7 b Yy 2 ADBMERBEMAF NF I e, o, o CRIDQTHS, #-T, C/CHEAMHE OoHtE
BOUSBCHVLAE R, JO/NSEBBREDI ATy FIIERTIMNENS S,

C/CHAMBOBRIZERIRFIHEOMIEIC L > TRELET S [ 3, 46). BRBTHRAHILY 7RO
BRHEEE AL Il SR ERTAEEEREBLh WS [3,23,51] #*, #@FEEBCFRPZ (/712 Linl
ARETH S, BREEENIOERAMEEOMRIMRGRICENS ZLAHMONTEY, LiLosiRy» 6C/CHl
AtPEHITEEER S D TRV [3).
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Fig.3 Temperature dependence of thermal expansion coefficients in a unidirectionally reinforced C/C
composite in the fiber direction «_and transverse direction o and its matrix « [ 261

2. 3. ERE1L
C/CHAMBORKOREEERBILITED T2 2125 5, ZORMERIRT 5012, C/CHAMHOZ
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A BERCHIEE N, -7 4 v ORI EROC/CEAMIHIILRTAE Y, T, a-F 4 ¥ 74
HIBE D SEBAORKHBETI — 7 4 v I BIRC/CE OEEERD I 29 » FILE DL 2AOREFRE
T5 [10,11], CheDr 390 by — LT 50 HI ZAROF —i—a— P R—Giidiishs [52].
SICA—7 4 Y ¥+ BRNI AV 5 v b OEAEDEHRTCERLFEDE Zhtwsd, Fhia—-F7+v
FEHEROA -2 —F 4 YOI E D 1700 COBE TEEMPRICIEE NS [8,10]. a—-F4 v
Z 7y ZIREBEFCRANEEE L 0 —F ¢ ARG CEIEHTO TS, HoT, 20T 4 Y SOEEIE
FS20I0 720y -5 7 B TR AN EMTHE T2 Z AR ENE,. ZOWRD:D
H7 AV —5 v FORBEIEREEL BIFERAD [52]. 20729, EHBOGEILEOHERRT, 1500°CHT
ORBIRCLMO T TS S [ 8], SiClE, 1700 CHUTOSERIEFRS ClaERIZRw 2S00 2 DML E
WY BH, Fig A DFEMIZRLAE 321700 CH OB TIESION A - CHBT 5 [11,53-55), -
T, RS X LB FRRGE0 / TIL 1700 CRLFIC OIS IS RIS 2 BB S 5,

H—¥ T4 A2 L1500 CRLFOMBERTARREFMT T THA NS, KFHOEELSICLE ORILFIETELR
IWEEIZHARTI/ 100~ 1 /1000 EXhTH o, EBEHERCRESTIESICa -7 « ¥ ¢ R AESHRET
x5,

3. 4—-ErFr2Y
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ATREXT » ¥ CHRFg. 5 IR THIROF -+ 1 2% 3D.C/CTHEHTAZ L EFHE LT 5B, 1300°C
PLEOREIRTRC/CEEME M —ORRESMEHH TS D [1-3], Mach 6 THRIIE WS BN ER S h
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Fig.d Mass loss rates, dW/di, of bare and SiC-coated C/C composites due to oxidation.
The solid and dashed lines represent numetrical results using diffusion model £10,t1]

under the assumption that the resultant gas by oxidation reaction is CO or CO,, respectively.
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Fig.5 A tip iurbine structure for the ATREX engine
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HATREX® v U VIR C/CHAMHBOBRARE CH D LT L2 [39]. ZORBERE T VYU F4 A0
MEGHE I 440 m/sE RBEL SR Th Y, BEORWC/CHAMB 2V TE Z0RORKIEHIE 350 MPalzE
T35, BOMTE O EEMECE USRI TRAOLOW, WEBRICHARIE BRIEHTHY 39,571,
HEESHE TSR LS {ETNETH 5. MAE, #HHARMEEEVINR40, 10, 5 %D =FZZ 3D-C/CEV-40%
OHFFNF - FHZIE, 800 MPalREEOMBEAEEIERTE S [31]. Mo TBhv s s Bl #—
VoF s A2 EHETAI LEFEECII NI A TS,

3. 2. EEEIERIEHER

F—Yr7 4 A0 eEHERE oL EONBEERGTT 5000, BAOC/CHAHBMNBRCELTAY Y
= A FRBRET o BHRERERO By, C/CHEMBICREGOBE S G 3 mEg 7 v 207
BHCHESISFEHS 2 52 0d -7, B 6 AW EAY Y- 2 PRBEBORELZTRLAELOT, &
BRI T 7 — 2 — UV CH X ARSI 100,000 pm. ThH 5. ZOREBIBCREESOEL AL
AT 2007 b A — 2 BRE SN TEY , & MR E TRIREST 5 720 IR & RS A ERAE0H
EFHDIRON TV S, NEERGFRICIREENR T -2 ) Ry FCHEE XN 5,

EldEERBR IR 2 KOtk & 3R OC/CF 1 A2 S vz, 2 k708IHICB L Tt - R E A 128
DRVAVADRED /) v FRIGEZLLOFMIEAR L, ZhoORBRICK D, FUMIEREC/H 6 25
TRV SRR C L 2 O F T TE A L UG LA [57], 74, TOBERMEBIGRIC LN, 3D
C/CEMONTHE - F 4 22 OGRS FRBLES T LAmEhi, ZOBIIHWATFL3DC/CF 4 A
2 FFig. TIZRT,

3D-C/CF 4+ A2 OMEEAB, Lo~y oYM s 02y — L OBBRE NIRRT
B, WHERORE AL L, T OMEOMERC OB OIRGBIRA, BERIEEE N ET 5 L0
HFERRCHA L [ 58, 59], BROBHEARMAPHE TS L, 74 2 20ORER 5 208 PR ig o)
MU [59], MO LYD, FL— FE/Y 299 FRAOBBIIL . 2nmBl Flofifieh s, -7, &
FEOFEMEI T L — F8A2 2o FREBEBAZ2108D, - FEBIBXHATHESS S, 3DC/CIC
HEhi- k5% 3 7aiild, 2DC/CIoiEm Ehan, Zhid, 3D-C/CARWRHEA AL TWAZ & &
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Al target plate [ Ol darmper
]
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C

Vacuum Chambetr

Fig.6 A schematic drawing of the spin burst tester and fracture detection set-up
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(a)Joined structure

100 mm
e

(c)Fly-out behavior

Fig.d Simplified models of a turbine disk made of 3 -dimensionally reinforced G/C composites.
{a) Joined structure composed of an outer ring, simplified fans, and inner disk,
{b) Monolithic structure, (¢} Peripheral surface of a ring specimen after inttiation of fiy-out
phenomenon, in which fiber bundles in the radial direction protrude,
(d) Ring specimen after spin-burst,

ID.C/COBERRE AT & ITRET 5 [ 40, 42], SHEROREERLIZET 258 Bald 25 XM 1 58]
TIFbRT S, ZORCTE, FRCTRESESOEEHICEL TdEif Eh T b,

4. BATiRER

4,1, ERET&BOE

BEREE T S, 40 mmELROATREX ™ ¥ ¥ ¥ Cexpandert 4 2 L& HHIN{FHFT 5 720121 10 m’ O EE
ATRA RIS [17,18], ZO&HIZKE LBEEREME TR 51018, MEEEAIRET 5 AR O
U2 CHABEER R J AL OB YA BTN TR L UCHRTY 5 0 S B, BUEREH OSR]I
RO E N E A R OEE 4 Fig. 8 (a) RO (b) 1R T, MBI T H 541 1500 T
2 BB I 5 DI BFRE TR L U CC/CHAMBORA 2RI LT3, C/CHAMBOBIZNLDH
B SO, BUERBOBMEE A VP CBRT 0 H S, BEHRBRORE I A Th HARFIRA 40
atm, IRHESAORAIE S 10 atmlSEF 5 L RIES bhTws, o, BEhifidmA 0 SUEICHA G 5 M
BTHHULENDS.
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Combustion chamber (C/C)
yd

Spiral tube (C/C)

(a) Insert type heat exchanger

Combustion chamber

E /Manifoid

l Eﬂ ! Adhesive joint

(b) Wall type heat exchanger

Manifold

Fig.8 Heat exchangers made of C/C composites under development. {a) Spiral heat exchanger to be set in
& combustion chamber, (b} Cylindrical heat exchanger utilizing the wall of a combustion chamber.

S MO RO -2, Fig QIR L ICRREOSE AT L OBRANS. ZOMEREL, rdz
D 3HENIRRIL E N 3DC/CHIV B NTE D, FlORFTIEHAOEESERIV =20%, V,_=20%,
V,=3%& L, w2730 FIZBBESEO AL ISR aE X, R/ A 5 Bus BB OMIRIZ A6 - 5
SEdbln, BARENA N AEBD T -~ AR OMT, Fig 9 (1) SRS 00 AOfHE 4
7 (HE 5 mm) AHiAEh, RBINIEZOFSIZAKEN 2 ORISR E NS, 3D-C/Chiifihd
HARIERF (SRERIBR T I%LT) SHA 340100, #7834 T2 BRI 3mmOEEE b, ks
AT B 00T, DT o IR clEMa s,

1Y ovgrya—74 v E N2y Frb RCEE0. 8mm?DCFRP (2 CR 7/ —Mkv Y o2 A

L7z) BagiEfiL ZhErhimomibits L,

2) T4 A M4 VT r SRR, RRICFRPEOHEIC 8 U7 g 4 Al

O, ZAOURIRS BN SR SN 650 C TR X T BILEC/CHAMEI L L, $nT, @ET v
R THIP {Hot isostatic press) BOEAED R, 88 1. 45 g/em®DC/CHAME 2. EE 1.45g/cm’id
BHOBHBEMETH0ENETES, LALEYNS, SEOBE TR, C/CHAMEEZERT 2 7/ 20 LE
BAELA BB, BTSIOFRAEERTEL T, SIGRIIEBAOIVEIETH S, RIE /4 F4TH
Bz RIS EOHREL, 2000°CTEUAME Lz~ 7+ - FEEE L,

BUATEY EOT 02 ETHET LTV S, RUZIEFg 9 (6) IIRISIgGHLELTEL TS, TOIH
3, B RBULERLTEL S H AORRARDRIIMAS 22 2 H-TITF> 0T, SBNRT 1600 CTH
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Fad 5. 90X h-SIETEE 3 D-C/CHOBIBURT A RIERAITH2 L, HRNORKERISL TSICEEKY 5.
Bl W b A BRI BRI T L A B R A RDISSICA A =T A YT EN, =T YT T 90k
R FBEDDH T ABOF —1—F 4 Y RREEND, AT VRERBLTO, o, RIFRIM
T A N R FREAREI RS [52].

Shape and dimensi@ {2) Densification of carbon matrix by HIP method

Cu tubes
$ 5 %90
Temperature
<1273 K
(1) r-0-z 3D carbon fiber proform
with Cu tubes
T
I cu
(4) Heat treatment at 2273 K (7) Adnesion of manifold cap ring

Manifold cap ring

- ]
L, =k

LTy

{5) Machining (8) SiC anti-oxidation coating

7 & Flange SiC

02 O Coating
A j//

Combustion gas Combustion gas

Manifold

(8) Si impregnation for gas seal
He Gas

Hz Gas

Fig.9 Schematic drawings illustrating a fabrication process of a wall-type heat exchanger
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BRI O MA AR IIFE 8 (a) IR T L O ICHBOME CHRINTHA, C/CHAMHMTEZD XS
BB TR T2 TES N, FAORRENAZZ L AR TH 5. BIROHEFTCIEBES 3 mmH
GBI, S BRAMICRE R DA RmE L SRE SR E L HHEME L, ATREXOZEZ A0 (E8)
HATHHARIWNAD IR TH O, RS CH&BOMI+2E 23, MEISREC/CHAMHAMOEAT
b3,

4, 2, E#BESH

C/CHAFHMEZRBOMIEITE, Bl - ZhEREMImA GO OFERMOM AR E S, 20X
LHATE L L TC/CRAMBMORIEE AT, C/CHAMBIOMERLIEN SHMH, KUC/CRAMEHD I 2
EEAIEE A & d, BIP TR h e O IRGT OIS B X h T B R4 PEICENT 5.

4.2.1. B8 :

C/CHIAOMEM oSS, MALERMARAZHRBEONKIIY 2T+ - L FEEATA-DIILETHS
(Fig. 9 2. FBBEEECHH Ehs .0, BEPICY 1500 CREOHRENEREh D, ZORMEE
ZEEL, BEMRIIESICURREFE LR 27 -4, REEZITE 2000 CH LORBE4 | SICEZIZR
L,

ACROSS co. 0° /90° Cross-ply
Reinforcing fiber : Toray M40 (V =50%})

W'esin( 0.4mm)

resin curing  carbonization

Hot Pross 403K Heat treatment:873IK{60min)
Fime: 2 hour ~ 273K{60min}
Heating Rate:5Hnin n Arv

gelation
A73K 32min

Fig.10  An explanatory diagram of the resin-carbonization-bonding process

REHEE SFig 10 R3S FIETHE » 2 [60], C/CHAMBROES HE R HY D R ERBIFEERT 52
LIZE DRI 72, Fg 11 BB EC/CHAMERMO BEWIE L B ANTE 2 8B OB E L TURLES
DTHS, RRO &S, i & B ARRE RS i b L2 W Lo TERIZS H A OERBIL
B2IENHEN TR TEY [61], WEH AOHRIREANSBIERINIBLTHD [62,63].

SICHEFIL 20 ~ 30MPaDHERE L AL, 2E< L L 1500 CETRESRE N LET 22 LR XN T
Vid [ 64 ], SICHRERIE, DS &Nz ZH]HOC/CHAMBOROBIIZSI Y — b &84, 10MPadERT 1600°C
TR 5 C DK DR SN, BB SR T CSiE C/CHAMBHh OB L LY RIG X TSICATER L 7.
CORERTENAVETH S, BETCHENIEMI3ZILEHICTE A LETEL W, 22T, MTOENE
OTR» 6 4 3 (B RET L -

1) C/CBIAMR & IRFHERT 5.
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Fig.11 Temperature dependence of bonding strength between C/C composites using cabon
adhesive and interlaminar shear strength of the C/C composite.

2) REHERSIERTS.

BREESBIREr R BANTEL LD, BERBPAOSEREESTHD, 0Tt AREREEHAN
BRI T HHAER TH 5, SE LB LICBENLERT S M AR NBIING T M T
¥, FsBaic il T B v b,

4. 2.2, THER4EME

Bt 6 RREC/CHAMBAORIRIL T —7 4 Y7 IZBL T, SICEREDMIRE D LS EHa -7 1 ¥ o3
—F A VSIS g OB TCE SR L [65,66], 2—7 4 v &L, »BHRBILMCY
BEO—F 4 v T 2 TESZ LEBCRIS AT [65-67], FELOERE, “EHOI -7«
VAR ABRAEIU T ORETILOT, PEl i —RBEIARRERELEFTLEO0L LTS, SiIC/CO
I IDEIEBRIITAZILICEDAI—F 4 vy 2B ERCRTI LA TES [65], Fg 127,
EOEASICEBWERE TS, MRC/CORBHHMEIIMNOBBIRGHAREL T2 2D (F-F 4 V27
g I OBREEFBESICTH2DE) @ THSL, o (@ & b)) T3, 2hEhBiBOREI ZEREILDNHEL
VA ELSH-THE70, @ TCRTI—F 4 &2 7920, (b) CREET S, R MM 5 2550
OC/CHAME T, BIROBERFREANETESL DI, SIC/CEEI—7 4 »V TRSICHES £ 0.2 pm
PFE@mD UM IZLAT TSN, JhTEBASOSRERECHEARS 20, BEREIALDRE
VSi N /BNEEO -5 4 vy 4REIRTh 5. BAAIC, SN OBRFEE] (ol EERBMESITHS,
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(b) 0 = 38°

Fig.12 Cross-sectional views of SiC/C multi-layered coatings applied on unidirectionally reinforced G/C
substrates inclined the fiber direction in order to change thermal expansion in the horizontal
direction. Coating cracks appeared in a 36 -inclined substrate but not in a 38° -inclined substrate.
This result demonstrates that crackless coating can be obtained by reducing the thermal mismatch

strain between the coating and the substrate.

4.2.3. HADEA

Fig. 13 (a) OEZREC/CHAMHOME TEIZH]
mERBS LD, C/CHAMRHRIDIARZ DAY
ARG Eh TW 3, T, C/CHN A
HAREGERT S, —F, ATREXOEARRETH,
Ty vEREHT s EA» o B 2 (H,) &
HMEE 3B FITHZ a0 an v H
AEELN TS [17-19). 38, C/CHAMHMOH
AWREEIL, Fig. 4 IR LB k->TAE
B BH, EETRTINEAL AAIZETEVE
BT, A AOREENINT 2201, Zo0FkEE
BE LA, BINIRALOE, C/CHAMBMOZILR
BAISEEAERTHHETHD [68-73]. AR
M 1600 CTifbh, FRENESHIFg 13 (b)
AT EIBERELRBLTSCE B ->TWE, T4
b o RILRRAG ZOBBTY —~ L EhkM, Tig 1
3 (b) ICEZE A& D ICH TV ARRNSIS R
MBOGHAECHA UL, B2 EEC/CHEAMI T,
Fig 15154 k512 [ 74,75] SORBTHIA—4
—HMEE AKX ES 2 EATE, 3mmDFEE T
ATREXOE B EBE X BRI LM TEL, 0
FHEREHAHREB A v+ T 5HLETHS. HR
D&, ZOHEIFRBTH A, 800 ~900°CH
LR TIEEORBESAFEL, ZhMTORE
THHEFETS S,

PR =

(b) Si impregnated C/C (0°/907)

Fig.13 Cross sections of C/C with cross ply
famination before {a} and after Si
infiltration {b).
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Fig.l4 Nitrogen gas leak rates of various bare C/Cs as a function of gas pressure. 0/90; bare cross-ply
laminate, 3D-HIP2; 3D-C/C with 2cycles of HiP-treatment, 3D-HIP5; 3D-C/C with 5 cycles of HIP-
treatment, 1D-1; unidirectionally reinforced C/C in the fiber axis direction, 1D-L; unidirectionally
reinforced C/C in the transverse direction.
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Fig.k5 Nitrogen gas leak rates of various cross-ply taminated-C/Cs (2D-C/Cs) as a function of gas
pressure. Bare 2D-C/C; bare cross-ply laminate, Bare + Ni plating; Ni plated on 2D-C/C by electro-
process, Bare + electroless Ni; Ni plated on 2D-C/C by electroless-process, Si impregnated; 2D-
C/C with Si impregnation treatment, Si impregnated + Ni plating; 2D-C/C with Si impregnation
treatment apllied Ni eleclro-plating, Si impregnated + electroless Ni; 2D-C/C with Si impregnation
treatment apllied Ni electroless-plating
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Strut

Fig.16 A schematic drawing of the plug nozzle
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Reinforcing

Fig.17 A schematic drawing illustrating the reinforceing pattern of the struts. Thick short lines represent
thin rods for the reinforcement in the thickness direction. The rods are made of carbon fiber

reinforced phenolic resin matrix composite.
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Fig.18 Comparison of experimental results and predictions on load bearing capabilities of 3-dimensionally
reinforced dove-tall joints with various shoulder angles. The predictions are based on average
stress criterion calculated from the fracture load divided by the load sustaining area.
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