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Abstract: Due to the influence of infiltration kinetics, composites fabricated by conventional
reactive melt infiltration (RMI) method may have the disadvantages of bulky metal residuals and
fiber/interphase degradation, leading to poor properties of the composites. In recent years, a novel
RMI approach was developed by Shanghai Institute of Ceramics, Chinese Academy of Sciences
(SICCAS) to fabricate high performance ultra-high temperature ceramic matrix composites
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(C/UHTCs) based on sol-gel structure design of porous preforms. The internal relationships of the
preform pore structures on the matrix distribution, interphase erosion and composite properties were
revealed. It is indicated that Zr element tended to aggregate at eroded interphase of the
RMI-C{/UHTCs composites. For the first time, a hybrid interphase erosion mechanism of chemical
reaction and physical melting was proposed. A potential solution to mitigate fibers/interphase
degradation was developed by a quasi-continuous ZrC interphase protection design, leading to
substantially improved properties of the RMI-C¢/(ZrB,)-ZrC-SiC composites.

Keywords: UHTCs matrix composite; Reactive melt infiltration; Structure design of porous
preform; Interphase erosion
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Figure 1 RMI-C¢/ZrC combustion chamber prepared by US Ultramet and their thermal testing

[20]

BiRH RS R T RMI 4% HE Rl SRR EREEME . 5 Ze MG, HE BERMA 5
ot H % R, H AT E AT CYUHTCs 8 i P & 2 2 G AR I AL 2 B b T Ze R AW KL

WFFC R, A THA AR R 2 T AR IR 1B 1 AR T R 5 T AR IR TR AT R, BRI B IR L
YD IR A A AR 5, A0SR Ze-Si B Zr-B S 3L R B AR 4l Zr, AT AE R T 2R
IR 51N SiC. ZiB, 2644 . Tong %5 NUOILL ZrSigs &4 NIEURHE 1600°C ~ 1800°C KB HI% T
Co/C-ZrC SEE LR, SHB4E Zr MILLHI B THE 7L 300°C. Wang 5 NPERH SiggZros &
&4 1800°C & iBH| 4 | C/C-SiC—ZrC E &M KL, M B 58 m1A 205 MPa, Bl e 5 CyC—ZrC
HILL ATk 2 . Wang 25 NBRA ZreSi, B &5 614 1 C/ZrC-SiC &Mk T B RE
% 1850°C, ZF4EHifi ™, MR IRE N 95 MPa. 2B, Pi 2 APUE 1800°C F % ZrSi
G &M% 1) 2D-Cy/SiC~ZrB,~ZrC M AL 12 BES T 2 380 MPa, {H i TIEARZE A 2 5 80 K3k
BEERAR OF/SFLE 10.0%, % 2.23 glem’), 5 Wang 25 AAE 1850°C 4514 il & (MBI AH 2285
K PRI 4.6%, %E 3.36 glom’). AR 238 K HEARIE 5K Zr—Cu &4 7E 1000°C ~ 1400°C
AT HI% T C/ZrC FEEEMEPY, HIT4E Cu KBRS, MEEEMLGETH™HE, Hil
i &,

ZRPFBEN 1R AL, HA RMI L 26 ST AR, &R 45 ks RET AR B4 2 0 7
R A YR FLBRER TR BB, (E RIS IR N B R TR, S8R & MR 25 S A E AR
ST B FR, SRSEA G EMAY R, CEEmEAEMEER (B 2). Egk, TEE
S b R IR AR T T LT T IR P T A A LR £ ) T 1 e P i A R S
KBTI KIS SR E R S G MR A S e 2 R R o FEHE e S-S R S T 43
iR SR T HEES: ZrC SRR BB, BREMR T IR NI A Y S G, KIE ST
MR 2N A S B %7 T RORT AU AT T BT R4

2 £ THBR-BRTR B R EM BT E B REEE RS MRS T ik
SRNAFELREH, WS TS A SLBR G MR AU TR s LA K2 i vt i e 6 AR 1A



296 - RAEELE, KRB Cd(ZrB,)-ZrC-SiC #8 & 8. 16 & 5 & A 4 % 40 &

+'__ . { 4
resin carbon

<———holes 5T |
N7 20pm ; 2008
L BT O T S
B 2 RMI-CyZrC-SiC £ A M4 FH# (a) FHE/FEHRGE (b) 4 BARE
Figure 2 (a) Fibers/interphase erosion and (b) bulky metal residues in RMI-Cy/ZrC-SiC'®!
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Figure 3 Fabrication scheme of CYUHTCs composites based on preform microstructures design
via sol-gel processing
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Figure 6 Pore size distributions of 3 kinds of porous C¢/B,C-C preforms !
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Table 1 Pore parameters of 3 kinds of porous C¢/B4C—C preforms

Porosity / % Pore diameter / pm Density / g-cm™

Pre-1 23.7+0.1 50.54 £1.20 1.48 £0.03
Pre-2 259+0.1 58.01 £2.70 1.44 +0.02
Pre-3 29.2+0.0 63.68 +2.50 1.35+0.02
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Figure 7 XRD patterns of 3 kinds of porous C¢#/B4C-C preforms before and after RMI!*”)
(e: C; 0 SiC; V B4C; [1 ZrB,; o ZrC; A ZrSiy)
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Figure 8 SEM images of cross-sections of (a ~ ¢) the C/B4C-C preforms and (d ~ i) RMI-composites **/
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® Fiber fabric
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Figure 10 Basic unit cell and preparation process of fiber reinforced CMC™*”!
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Figure 11 SEM and TEM images of (PyC-SiC), interphase (a, ¢) before and (b, d) after RMI process'*”
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Figure 12 EDS analysis of the damaged (PyC-SiC), interphase: (a, b) typical morphology of eroded fiber bundles;
(c ~ ) EDS of the yellow line and spot in (b)\*”
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Figure 13 Microstructure and composition analysis of the damaged (PyC-SiC), interphase: (a ~d) TEM
bright-field images; (e, f) high-resolution images of D-1 marked in (b) and D-2 marked in (d); (e, f) elemental
analysis of EDS-1 and EDS-2*"]

W0 4 /! 7,“'.'_ _.

k2 Zr+C=ZrC RSB/ ¥ 548
Table 2 Thermodynamic data of reaction (Zr + C = ZrC)

T/°C AH / kJ-mol™ AS / J-mol K™ AG /kJ-mol™ Log (k)
1600 -197.936 -10.853 ~177.606 4.953
1700 -198.074 -10.925 -176.518 4.673
1800 -198.314 -11.043 ~175.420 4.420
1900 -219.921 -21.197 ~173.858 4.179
2000 -220.865 -21.621 -171.717 3.946

4.2 RERGIIRHH
Kt (PyC—SiC), FHiHi &S ORI R A HEAT FO AP T SE T (PyC—SiC), SHTHT 1 PyC 2 HIBA ML ER Ny
PyC + Zr = ZrC “4)

TEM i 45 R BoR, #45 (PyC—SiC), T AR AT REML 5 52 20 IR SiC 2 (B 13). BRI AT LAY,
SiC Bt FE T ge & — MELE AR . #O1EiHER B, PyC ERH M [ (4)] 2 —ARIZLT)
TR (3R 2), THFAERIA 198 kI/mol (%558 RMI i B 25444 1850°C). TR #iE Kirchhoff 77
TRV, SiC M 1850°C A2 2800°C (W3 ELIB A i) K AWVIFRIH AL 75 A28 51 kJ/mol, [R5
e (DI, SiC 584 AT AR AEPIEL Al . SiC R AV HTH Al , AL AR R AL,
B AERIBRR, X S8 Zr RERSIRIE 5 (PyC—SiC), AL BLIALF4E N . R rT LLINK, @
ik ze 554 PyC B R NS R B K ERE, SiC 2 RAEVEER .
BT AL T E, AT O HGRNAE R B A TR AR . R, B E
EEEFH R ANE Ze+C=ZrC [IBLFTF=AE O, T 20 ST P L 48 27 2 N 350 1A SR SRS o T3
BN AR o A B 14 B nT AR, A SiC 2 (WA TV) I K ELTE 2400°C ~ 2700°C,
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Figure 13Temperature distribution of (PyC-SiC), interphase calculated by considering heat released from in-situ
reactions: (a) calculation mode; (b) temperature distribution as a function of the distance to the fiber surface

BEAIC T SiC HIRHLA 5T 2800°C., FHFEFRHIE, THEEEPRAUEE T Zr + C = ZrC MR
B, FHsz F RMI R F AR SR (W1 3Zr + B4C = 2ZrB, + ZrC) MR B RN LT K15 % . B4,
Zr (R B N R4 2 5 C RS RERE, X — SETHE kA % e,
IE ST SIC 2 [ S BRif B2 Rz T 2400°C ~ 2700°C.

RItE, 7E ZeSip B2 H, (PyC-SiC), S MHAHLE ] LU 458 Zr 5 PyC Z45 A 4K ZeC
A, IR N RIZLTBARN  Z IR 2 S SiC B R ARG RN, 1X sk AR KL
BT Ze WAL HE AT A AN . Ze SA4ETH C 45, EROREA/N ZeC Bk,
Bl (PyC—SiC), F I (45 ML ER Ay S Si— 2 st o

5% F ZrC-C £ MR R A B ClZrC-SiC &AM H

B IR FLIE AL S TR TR AR FLRR 5 M e — S NAR B Rl 26 T i, 8 I VA IR 75 2 1A 2 7
IR FLBR S, T SIS AR VS el M B AR s PR R RO AL . R, £ 4/ i 454
FEARRRERE LRI 7 E A REREfar it — PR . BRI, BCrHPUG IS 1 5t i/ S i fR 3 5 2
BE— PG S SIS e T M B R A MR RE A RO& AT . BT FURCIL, RIS TR A4 ) 24 B B
IR BT ZeC—C W R 1T LIRS K 2 AL Cy/ZeC—C TS AR, [R] I 72 A7 4 2 T W R 28
ZrC FHH ORI G5 o B 15 FTon il 26 () CyZrC—C 2 AL IR A B as #IIE , [ b LA N ZeCo
MEHTT S, 4R NA IR R ZeC HIESE, HEBRRTE C 4RIV REEZE, —Jrmn]
DATE S 8 i ol A v A 8B L e T A £ 4 2 S i R v, 53— D7 AT DAFE B v i s IR
MRIT, XPEFYER SRS, SRTHAPRHITR P R RE . SF4ESR 8] 91 NI ZrC-C 240K 2 fLAfH, X2
HI T BRI S AR AR T OREAR, LRI T T REMAORILER . C/ZrC-C Z LT ik
TR 2 FLEG ) UL S ARRORE ZrC—C B (AR B 2 N B A T I AR N 2 AL C 5 il i AR 1
PR A, et SIS B 1A TR AT 0 G DR S ST A T A CRIDRL (1 3R T 7 1T 3 B
S LA B BRE RN FE, DR R B E AR R O 7 S fR PR BB IR BRI B S
CyZrC-C Z AL ZeC &2, <[ALZRN.

EIRAKRZ AL CYZeC-C FUSRARIFRLSHE G I3RS Co/ZrC-SiC MR R G #EL, LR
A1 EDS 7 Hras R anlEl 16 Fizn. K11 C/ZrC—SiC EAMBIEEMBUE, %A B RAIFLBR, ARE:4
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FEHAGIUR., AAERMK AR =M K. EDS 4R K, AMPuREER 2iC, HEOEHIR
FLARN ZrSiy, REPURIER A SIC. 1538 T C/ZrC—C % FLI R IEAR T 355 70 A I 90K 22 FLES ¥ ) 41

HER I ZeC AR Z, MR A R R BB 210 Si/C HR B FNAF 2/ S 42 b o £0IR ZrSi, K EEAE 10 pm
KA, KREWES~10 20,
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Figure 15 Microstructures of the nano-porous Cy/ZrC-C preform B!
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Figure 16 (a, b) Microstructures and (c ~ ) EDS analysis of RMI-C/ZrC-SiC composites >
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Figure 17 (a, b) TEM analysis and (c) thermodynamic calculation of needle-shaped ZrSi,

N T HRICRPES F ZeSiy BT RGERE, KA TEM #3F— 54041 T Cy/ZrC-SiC & &R B ss
¥, ZRWE 17 (a)s (b) Fiax. M TEM A& R T LG 1, HIRYIA 98 ZeSiy, K 0% B
3N SICo R EER [’ 17 (¢)] £, ZrC + 3Si = ZrSi, + SiC SN KI5 A i 5 dAE7E 1875 K
AR R AE. 1500°C B4k K BRI FEd, MRBERRPAIED & Si b, FRRMRIZIRA:, TEREr
WK ZreSipe [FB, FBIEREF, 40K ZeC FIURLTE BRAT 5 N PRI J 2 FEURA RN SR T R AR d R SRR K K
MR o ZeSip AHTEFEAR R 258 M 04T, A X BT IR, $2FF Co/ZrC-SiC E&MER )54
HE o

3 FTN N TV B R AL A B — S LA B 1] 4% 1) Col(ZrBo)—ZrC-SiC E & MR ) F MRk 5 3¢
RRTRE B AT B o M AR AT DU HY , A D791 4 1) CyZiBo-ZrC-SiC &AM RIS KT 2.5 g/lem’,
ERILRBET 5%. BT Com-1 MESFLFEM Com-3 5 R Lr4k/ FmiagG, =4HrEsh
Com-2 JJ%:1hfe e ML S, LM E N 231 MPa, 4N Com-1 Al Com-3 [f] 14 f%. 5
RMI-C¢/ZrB,-ZrC-SiC E & EHEE, RMI-CyZrC-SiC E &M RIS K, SILEIET 4%, CZ-1
EEMRIFLBRRARE 1.98%. C/ZrC—-C ZFLHURTAR I FLER S5 % RMI-Cy/ZrC—SiC & &k 7
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SRR E K. MILLT CZ-1, CZ-2 fl CZ-3 BIFFSALEB AN, RMEME CyZrC-C ZFLTK
RIS FLBRIE D, RS R E AN TS AL A 9 38 FLIE 50 o0 36 2, AR A e 4 MBHT
12 RERE CyZrC—C 2 FLTI B AARFLIR AR I I 2 268 K5, CZ-2 FEf J12E e Re i . 2T
A IR~ I LT W T — S N 5 1) 46 1) RMI-C/ZrC—SiC E AP RH S0, To W] 8 27 4/ S #45 ,
B EMEBI AR R EEDIR ZeSi, oA, RMI-CyZrC-SiC E &M B JE et =, SisaE T
385 MPa, CZ-2 FfihPras onE =il 530 MPa, 2 T SCHRHROE (1) [ NI VE I i b B 2 A v kL

% 3 RMI-Cy/(Z1B,)-ZrC-SiC & & 4t #H el 7/ S 1 6
Table 3 Mechanical properties of RMI-Cy/(ZrB,)-ZrC-SiC composites

Material Density / g-cm™  Porosity / % o/ MPa E/GPa
Com-1 2.53+£0.06 9.1+0.3 167 +11 247+ 1.4
(ggf;}fésfgfws(ﬁ) Com-2 2.74+0.09 6.5+0.4 231+ 17 202+0.8
Com-3 2.96 +0.05 57+0.7 163+ 9 254+0.7
CZ-1 2.40 +0.02 1.98 475 +27 38+4.0
(Thecg rzersgl'lfivfork) Ccz-2 2.40 £ 0.01 4.62 530 +28 43+88
Cz-3 2.64+0.02 3.49 385+ 6 31£32
Cy/ZrC-SiC (RMI) 3.36 4.64 95 21
C¢/ZrC-SiC (PIP+RMI) " 2.94 53 101 35
Cy/ZrC (CVI+RMI) ¥ - - 172 -
C¢/ZrC (PIP+RMI) 14 - 55 98 43
Cy/C-ZrC(CVIH+RMI) ¥ 2.46 5.0 240 -
Cy/C-ZrC-SiC(CVI+RMI) ¥ 2.35 - 205 -

 Before ablation 1800°C & 6ls () 1900°C & 60s 2000°C & 60s

~.Ablati

§=0.31cm?

10 mm . : 10 mm i

(€)  20100°C & 60s : 5 : (h)  2400°C & 605

Ahlat'gj Zone ;

18 RMI-CyZrB,~ZrC-SiC # #H et R d A% B A (S Rkt X i )1
Figure 18 Optical images of RMI-C¢/ZrB,-ZrC-SiC ablation surfaces (S represents the surface area of ablation
zone marked by dashed circles) 2!
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Figure 19 Morphologies of RMI-Cy/ZrB,-ZrC-SiC composites ablated at various temperatures for 60 s
(a, b) 1800°C; (c, d)2000°C; (e, f) 2200°C; (g, h) 2400°C

[28]

6. RMI-Ci/ZrB,—ZrC-SiC & 4 4 #H #3658 b 1 B

Bl 17 A7 RMI-Cy/ZrB,—ZrC-SiC B &M BHEA ARt 2% 4F T (1800°C ~ 2400°C / 60 s) el
REMOCFR A, nTUUES], Beih R DR TR Bt o E BRRAE . 1€ S8 A AR 7R 55 55 A AR L il
VEFR Iy Joe i 55 DU Ji) 52 TR IR 5 o Bl A5 B il 2 B9 92 (1800°C ~ 2400°C),  Joe it BiF (14 Th AR AN IR B2
ST by N

SEM 4t (Bl 19) KB, BRRmINE S 7 — 23 EN)ZE . 4B Raman 355047 (B 20) #TLA
A F AL 2 B B ZrO,. SiO, Al B,0s. 28 1800°C /60 s Beitm, MHBIRIIm I 17 80 E 1k
= K19 (). (b)]o TMIZ 2000°C / 60 s pette, FAEREHII R B 19 (¢). (d)], XF
B EAMAH BLOs F Si0, 7E i FHERFTEL. ket B B2 2200°C B, B,O; A1 SiO, A AH
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Figure 20 Raman spectra of RMI-C¢ZrB,-ZrC-SiC
ablated at various temperatures®”
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BIRIR, FAE G2 ERIR, 454 23R
[ 18 (g)+ (h)], ket FE 4k L2 ) AL N S AT
AR 0 AR 28544 2 M o] LA HY ARk
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B 20 Bz M BHFE DR T Raman 1, 7]
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LT 2000°C WFAE HI. BEEFRORFE TS, ZrO, EZWT Ry Raman 5% 306, T SiO, Ml
B, O X N U 5 28 MU 55 o 7E 3 3 OB iR FE R, Si0, Al B0 R ZUE K, S8 E HF Si0, #1 B,0;
(&8 B K. BRIl DA E, 7E 1800°C ~ 2000°C IRiREeiil B, Akl R AL EEEI N
B,0; Fl SiO, 3L I RERS £ IR, 1M 7E 2000°C ~ 2400°C, [ B,0; Al Si0, EALH A W% K
PR T A AR 2 B2 B ZeO, F4

Bl 21 7R T ZrOy WAL JZ Fdfr th I #8 o 78T R IGRY B, ZrO, 2R AIFEIRIR [ 21 (a)],
M B B HE TS T AR B A et AT , Si0, RIZIHE K, BV A ZE H Si02/ZrO, L7 s k47,
ZrO, & R i i M RDIRES , Rtk ZeO, BURCK AT [ 21 (b)]. BEE SiO, KEFEK, Ml
ZrO, WK Z TR 4, KAWL (K 20 (o)), RETEEREMHIE, Bi%E B,0s; fil Si0,
(R4 R AT AE 2 5 B B L 2 i DR T B A B e vt 5, SR AERe O X, TS
(IR BN 5K ZrOy KAEFSARRAENE R, HETEM BE R B =0 A B0 A=

MBHR B ROWALEE P LAEBh T 18] 22 R4 TEmiR s RS FHIEM T, ZrB,-ZrC-SiC K4
JEIZVEA B, EA R R A B B,05—Si0, AR . AR RE I8 A B L 2 SR SR AR
HRHHL, AT HIH e R £ A . EARIR BT B (1800°C ~ 2000°C), 4k} 3= 2 Kt e tbL
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Element At.%
z . .01
Spot 2 e . =
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Figure 21 (a ~ ¢) SEM images of RMI-Cy/ZrB,-ZrC-SiCablated at 2400°C and (d ~ f) EDS analysis of spots
selected from oxide scale 1%
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Figure 22 Schematic diagram of ablation mechanism for the RMI-C¢/ZrB,-ZrC-SiC composites
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