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Comparative Study of C/C-HfC-SiC and C/C-HfC-ZrC-SiC
Composites Fabricated by Reactive Melt Infiltration

LIU Fuqun', TAN Jie', CHEN Yuntian®, SUN Wei*, XU Yonglong”, XIONG Xiang’
(1. China Academy of Launch Vehicle Technology, Beijing 100076, China)
(2. Powder Metallurgy Institute, Central South University, Changsha 410083, China)

Abstract: Carbon/carbon composites modified by HfC-SiC and HfC-ZrC-SiC were fabricated by reactive melt infiltration.
A comparative study of their microstructure, ablation behavior and infiltration mechanism was conducted by SEM, EDS and
XRD. Results indicated that the increase of Si content was beneficial to the infiltration effect, but excess Si reduced
composites’ ablation performance. When the silicon mass fraction of infiltration mixture reached 40% , fine grains of ZrHfC
solid solutions evenly distributed in the C/C-HfC-ZrC-SiC composites, which significantly improved its ablation resistance. A
dense and continuous oxide layer formed on the ablated surface of C/C-HfC-ZrC-SiC composites, while for the C/C-HfC-
SiC, the oxide scales were porous. C/C-HfC-ZrC-SiC exhibited better anti-ablation resistance, and the mass ablation rate
and linear ablation rate of the composite ( infiltrated with the mixture in which Hf, Zr and Si mass fraction ratio is 30 : 30 :
40) were 0.08 mg-cm™ +s™' and =3.30 um s, respectively. Compared with C/C-HfC-SiC (infiltrated with the mixture
in which Hf and Si mass fraction ratio is 60 : 40) , the mass ablation rate of C/C-HfC-ZrC-SiC decreased by 46. 7%.

Key words: C/C-HfC-ZrC-SiC composites; C/C-HfC-SiC composites; ablation resistance; reactive melt infiltration
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MR BB MR R Hop, HfC H A R 4
(3890 °C) . fiSEMPTLemhbERER R rfharfase b, H
AL HIO, A 42 1 55 (2900 °C) FIAH M KAY 25
JE, AEffEIR C/C Z A PPEHE 2000 °C LA L 188 = il 4
fRBFH > Wang 267 B0 2 (b 2F SMDUBUATE
C/CEAME I Hl 4 HIC W2, DIAEm Hpibebh ke,
Li 2 i U H 12 A HE A S 8Lk s m ¢/Cc &
ARERGIA HIC, Li % %A L3Rk HOCL, - 8H,0 %4
gkl 45 C/C-HIC Ea#EL, MLksl C/C B &R
LR Pe il R A T R R R T 55% 1 21% , Hfek
B h AR H TR AR T 33%.,

PRI, BA—(%) HIC D47 C/C AR RIMELLEE S HIO,
MRB B R | e IR R TAEREE F AR B E
e NS P o S N AN I NIV U
C/C-HfC bt btk fe, A KEMIEFK, A SiC 5
HIC 41 —JeiR Rl A 34w ¢/C EA MR P At
RV, HRph Y Sio, HA MR REE , A Be
AERYFLER, PR R R g R
&, BEEBSE— BT, AR A JE R RERR SR A A,
TEH P R BOE R AR T AE 4L Si0, H, Verdon %575 i
RESHIVURS & HIC, SiC RIZRMY ¢/ ZEHEL,
Tan %5 ™ 8 iR -24 L 6l % T C/C-HIC-SiC Ik T
Hyrheprkfe, 58— HIC Bidr ¢/C ML, %N Sic Jq,
MRHURe i RE B B4R R, B HE 2P, iE @R HIC+
ZxC+SiC =R AP BB C/C HAG T i T B 3145 1y
WU L 2 S o S O K R T LA v R 4% T HIC-
ZrC-SiC 2t c/Cc = A MR, SR, T HIC gtk ¢/C
SARRMARF IS B2, R B R AR S0 96 2400 F =t
RS ZIuIR R Z A B35 R LB A S, A A5
Xt C/C Z ARk L H B E R S

ARSCGE R . SRR RARILBRIR N N IE B
P2(RMI) , %3 4% HC-SiC W 7T P % #H Fl HIC-ZrC-SiC
—JCPEMSE: C/C EEGME, REMRPFERE &
R AEE F R TR S SR BRI B P R
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2.1 A&

i ] 2. 5D 4 TIEARES (T700 BN IEIE LR 48) 15 R
C/C A THIAR, LB BEE 1.25 g em™,
KA BAE R, DB, AANTRRAA,
VURURLE 7 1050 °C . IO 15 16 7 3R FHL GRS A A 47
Zr k3, HEOBYRISi by, MREEEHRT 9%, BiAhiizy
1675 wm ZEA7 . HESTBYAR A Ze-HE-ST B A 1o 08 155 1k 11
&, RGN 1 R, BREERK 12~24 h, WK

RIIK T, SRIGHTIEF T 40 CHE&H . ¥ C/C Tl
R SEA R E T A BN Th, ERIAP TS5~
20 °C/min FJHEZRTHE R 1900~2000 °C, £ 1~3 h; 4
JF LA 5~10 C/min FERBHIE 1500 C, IR E
BEIR, BRWAESIREERE C/CEAMEL, AFR
IRFATAE , CRER A HE R Si Bt ok 60 @ 40 HIIE B Al 45
) C/C-HIC-SiC & &M KHaEiA A HS4, KR HE, Zr F1 Si
Jtt R 30 1 30 1 40 MYKEB R AR il 45 1) C/ C-HEC-ZxC-SiC
SAAMEHE IR HZS4, FHARZSAL, SR FH B R FEHE K 1k
DU 2SR o ) FL B R RN B
£ 1 FAMSHELL
Table 1 Compositions of infiltration mixtures(w /%)

Powders Constituent ratio
Hf-Si 60 : 40 40 : 60 20 : 80
Hf-Zr-Si 30:30: 40 20 : 20 : 60 10 : 10 : 80
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K FH FEI Nova Nano 230 %437 % S 14 B+ & 4%
(SEM) #ATIES , THOWESH 4387, R EDAX TSL GEik
AR S o ARG I i 331X 114 5T 28 B4 RN A A L, R
HAHE: D/max2550 4> FH 20 (18 kW) 5 HE X S LAttt 73
BSOS RE S AT AR 238, FLUR 20 mA, HLE 35 kV, $
HiE R 0. 02°,
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4R 2 B R A (4% IR AR ME GIB323A—96
BEIE) MR FE 5 B Be ke BE , SR R M 50 0k
0.4 MPa 5 1.960 L - s, Z B8R J3 A1 & 4 9 ok
0.095 MPa 5 0.696 1.-s™", Bepltif[a] 4 60 s, A1 RbbERl
RO X 3R THD I RE 8 Ao 21 A1 I3 4 Sk I 45 2 R (2500 =
30) C, UL R R FIF MR R SEFAFFE
i BURE I bERE, TR AR (D) X (2) BR .
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T
- an 2)
Hor, ALCHRESVBEIR TG AR BEAE AL, Am SRR S BE Il
RJG AR AR AL, o beihista]; SR ARG EE N 0. 01 mm f
T JEEA S e 08 bt T I 8 ot PO A TR BE AR AL R RS
JE R 0. 1 mg (LT IOFFR AR SR AT 5 A E
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Table 2 Density and porosity of the composites

Samples Density/ (g -cm™) Porosity/ %
HS4 3.12 5.2
HS6 2.89 4.1
HS8 2.58 2.7
HZS4 3.04 6.3
HZS6 2.65 6.2
HZS8 2.47 5.5
3.2 MR

&1 SR HESi 22k 25 19 &6 B OBHE XRD AT
SR, EIFAT LA Y, HISE 4 eiobE i 2 Ak R 3 T
YIAHARAFAE HIC, SiC F1 C M1, HS4 MY IR A7 7E HISi,
AR N Y HE, Bl JFOR D Si &g e, HIC AT
WA 3 ) S IRAEG, T ELE HS8 tf HIfSi, 437 56 e 5 J3E i ok
T HfC, 7E HS6 1 HS8 " thEL T Si (UfiT i, ik Lfik

J& AR B RRAE C/C B AR R PTRE I RE, B H
B RVVARS i TN

&l 2 SR A HEZeSi 10698 B & 19 2 6 MR XRD
TS . HZS4 B A MRS HZS8 &4 A kHI ZE 1w Y A
FZH ZeHIC, SiC A1 C 4k, Hh HZS4 Hhik v LI gs
B ZeSi, i1 g0, 45 G A 5 B BOR B (K 2b) WAL,
(111) &4 A ZeHFC AH i ZrC ( PDF-#65-4932) il HfC
( PDF-#65-0964 ) [E AT i o

P E SR ZeC . HIC, SiC RYATEFIEHE+432
B, BLABE Y ZeC . HIC . SiC 45 5 HIR I

TR AR B A3 A AN 5 1A 8 A TR B N 43 A7 A 5 T
[T E RIS A G A T B B s A 20 21 485 4 7 o 2
o, X C/CE AR P & A HEA T AR AR, P LATE
BRI A5 35 3 A8 114 Bl e AT AL

& 3 & C/C-HIC-SIiC & & M kHY B a4y, Hr A
3a~3c 2390 HS4 . HS6 Hl HS8 & & A1 KLY SEM 75 Ut
MR, B 3d~3f 20 BN K 3a~3c S0 X MK E, HS4
R, HEC 0k 51 Rl TE SiC BE A, K3k Sic 5
R & BT i BRI HIC AH (A& 3d B AR ),
A 2L 9 o P S AR R 25 R AH 25 MR 4. #E HS6 AT HS8 FF: i
IFEE A e 5L T AR i

+—C  o—SiCo—HfSi, I 8 Tl R T
#—HfC V—Hf v—Si BLI X,
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- T« . [l 4 Hy C/C-HIC-ZrC-SiC E AR B Mg, Hrp
2 0 ¥ VL TTUNORONN WO 00 0 S Kl da~dc 4331k HZS4. HZS6. HZS8 Hy SEM 75 1 & d
o
z )/L e, B Ad~4f R E da~ de 34 KRR, Zfgis
€ Hse v . o
s DL NPRPRR. NS, S (EDS) 5M7 (Pl dg Al 4h) W1, HZS4 B o 1554 05 A7
Zr, Hf 5 C, 4% XRD Z#rnf A28 HIC 5 ZrC 19 —JT[H
Hss /| W TR \ VAR, Hoh LR m R o HE & B TS AR Y
10 20 30 40 50 60 70 80 € Zr Hf,_,C 5 SiC AR R BUK (I M, T2 Ze A
20/(°) Si TR, 456 XRD Zp8ral Ik ZiSi, A, 7E HZS6 il
I C/C-HIC-SiC ZAMEHY XRD i HZS8 Ff it th R AE WL 3 2Bl HZS4 iy g, BURLAR 14 1
Fig. 1 XRD patterns of C/C-HfC-SiC composites f& Zr Hf,_C *ﬁl{%ﬁ'}ft F IR Sic ;HE'O
. +C &— HfC V- ZrHfC E (111)P|ane |E|
®— SiC  o— ZrSi, R v— Si
Hzsa X %o Ve .y s
[%2] [72]
g g
> s
2 HZS6 Al Bkttt s 2
= - e z
L= T AVE | TR B
10 20 30 40 50 60 70 80 326 328 330 332 334 336
26/() 26/(°)

B2 C/C-HIC-ZxC-SiC A HLA XRD Ei: (a) Bk XRD FI3E, (b) HZS4 1 (111) fHi ZeHIC F7 ST IEHCK A
Fig.2  XRD patterns of C/C-HfC-ZrC-SiC composites(a) , magnified XRD pattern of sample HZS4 in the 26 range of 32. 6°~33.6°(b)
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B3 C/C-HIC-SiC ZAMEHY SEM U A
Fig.3 SEM back-scattering images of C/C-HfC-SiC composites: (a, d) HS4, (b, e) HS6, (c, f) HS8

Hf 3000 Si
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Spot 2
2500+
2500 Spot 1 -
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0, - —_—
£ 20004 Element At% > Si 9.14
g =
g Zr C 41.73 z Zr 23.59
& 1500- Zr 28.20 g 1500 7 Hf 07.27
Hf 30.07 = _
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Hf
5004 Hf] Hf 500+
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K4 C/C-HIC-ZxC-SiC E A bR SEM 15 8UH BE A FIFERS (EDS) 24745 5
Fig. 4 SEM back-scattering images and EDS results of C/C-HfC-ZrC-SiC: (a, d) HZS4, (b, e) HZS6, (c, f) HZS8, (g, h) EDS
results for HZS4 in Fig. 4d
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3.4 KRimMERESRRIMIT AT

3 MRS 4T 60 s R LA BE IS R bR 5
R BT, C/C-HIC-SiC B A b kb
TG B — e B ) AL 2 R S s B AR S
THRAIG N, BRI BEARB W T, C/C-HfC-ZrC-
SiC =AMk il 5 2 1 4R Ak 2 W00 22 30— o R B T o
%, MERES T SIS AN, AR S 00 B B ik R A
LT, RFEI A, MHFESMG T, C/C-HIC-Z(C-SiC &
MRHPTEE i BEDE T €/ C-HIC-SiC & A 41K,

&5 S HS4 il HZS4 &G M Rkbe il 5 1 2 18 18 A
Hop US4 WEALE B v wiks, (A5IRES G e, &
A A 50 EA 2 RV IS Sobe i, HZS4 i
Refmfl, HAZBUREE, HAS4E8%,

®3 HROZEMENRSEME
Table 3 The linear and mass ablation rates of the composites af-
ter ablation for 60 s at 2500 C

Samples R/ (pm -s™") R,/(mg-cem™ ™)
Hs4 1.67 0.15
HS6 3.75 0.20
HS8 7.17 0.14
HZs4 -3.30 0.08
HZS6 -1.78 0.13
HZS8 -1.37 0.14

5 C/C-HIC-SIiC 5 C/C-HIC-ZxC-SiC & A RHpeils A
Fig. 5 Photographs of C/C-HfC-SiC and C/C-HfC-ZrC-SiC compos-
ites after 60s ablation; (a) HS4, (b) HZS4
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XRD #3]  fk P (] 6b) R, HZS4 i ZeHIC
TERe it AR A A i ZeHIO, , 1 Zr0, ( PDF-#80-0966 )
F1 HfO,( PDF-#78-0050) [ I .,

& 7 Jpkeih)s HS4 Fl HZSA A4 .0 X R 1 Y SEM
W, Bl 7a 1 7b 2 HS4 Hail )5 E 4L 2 SEM & F |

(2] b
«-Zr0,/HfO, (111) Plane
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L]
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= ° (7]
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= ° ko)
= S
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°0f o 0) 0o %00 © ©
N - l WL
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26/(°)
El 6 HS4 I HZS4 ket 5 2 A9 XRD E3E

(a) #&{K XRD E3%,

26/(°)
(b) HZS4 1 (111) T ZeHFO, AT 5 AR ]

Fig. 6 XRD patterns of HS4 and HZS4 surface after ablation (a), magnified XRD pattern of sample HZS4 in the 26 range of 27. 0°~29.5°(b)
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7 C/C-HIC-SIC 5 C/ C-HIC-ZrC-SiC B ARPRIBEIIUS I SEM i
Fig. 7 SEM images at the center surface of samples after 60 s ablation:
(a, b) HS4, (c, d) HZS4
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8 HS4(a) il HZS4(b) e~ A
Fig. 8 Schematic of ablation model for the composites; (a) HS4 and (b) HZS4
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(1) BB s £ 1 C/C-HIC-SiC 5 C/C-HfC-ZrC-
SiC & A MR 25 B AL BR R B I 5 b Si 5 it i1
Zm e, St R EINA B TR EEBECR, it
Si HAFF AR BURE R RE

(2) SiC ZEHE Il 1 mT LAJE S ARORS B2 A A VoA
{EB d rb s SDRE bR s AR L, ZeHFO, D) 3] 55 45 o5 i vl
HIEACBAER, RS BB e 2 3508

(3)Si S RAMIEI, C/C-HIC-ZrC-SiC & A R H
C/C-HfC-SiC HATEIL P be v ge., 78 L ket
60 s i, PUbeimtERE i AF A FE A HZS4 ()& B kLD HE, Zr
FISi B EEA 30 30 & 40) AY 5 RS Bl R LR Bk R 4y
Bk 0. 08 mg cemes™! -3, 30 m sy
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