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Preparation of SiC/TiC composite ceramics by precursor conversion method and
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Abstract: To address the issues of volatile oxide scale and insufficient oxidation/ablation resistance of monolithic SiC ceramics in
extreme environments, this study employs polysiloxane as a ceramic precursor and titanium acetylacetonate (TiO(acac),) as a
modifier. SiC/TiC composite ceramics are prepared via a precursor conversion method combined with spark plasma sintering. The
cross-linking and curing mechanism of the precursor, as well as the high-temperature pyrolysis behavior, are systematically
investigated, and the influence mechanism of Ti doping on the oxidation/ablation resistance of the composite ceramics is elucidated.
The results show that Ti promotes precursor cross-linking through the formation of Si—O—Ti bonds, achieving a ceramic yield as
high as 79.18%. When the TiO(acac), mass content reaches 20%, the TiC mass content in the composite increases to 19%, and the
densification of the sintered ceramic is significantly improved. Oxy-propane ablation tests at 1600 °C demonstrate that the 20%

modified sample exhibits greatly enhanced ablation resistance, with linear and mass ablation rates of 0.017 um/s and —0.140 mg/s,
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respectively. This superior ablation resistance is attributed to the formation of a continuous composite oxide layer consisting of TiO,

and SiO,, which suppresses the volatilization of SiO, and further oxygen diffusion.
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Table | Ceramic mass fraction, lattice parameters, and grain size of PT1, PT2, and PT3 after heat treatment at 1600 °C

Mass fraction/%

Lattice parameter/nm

Average grain size/nm

Sample TiC SiC TiC SiC TiC SiC

PT1-1600 44 95.6 43156 0.4363 7.75 11.03
PT2-1600 9.7 90.3 4.3287 0.4376 18.66 20.14
PT3-1600 19 81 4.3042 0.4358 21.07 25.12
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Fig. 7 SEM images and EDS spectra of PT1 (a) , PT2(b) and
PT3 (c) after SPS at 1900 °C

PT3-1900 4 4 B % 1600 °C AN EEBeih 120 s R 5
B 7% W R R B XRD 3% . XRD 3% 57 e il
JE WA B YA BT Tio, F1 Si0,, Ui B 78
1600 °C Ay BEph i, 52 & B % v 9 38 4 TiC AH
SiC #H &4 T84k, A2 T TiO, Ml Si0,, Jf Hpi &
TiO(acac ), WS AYIE TN, TiO, [AAFAFAT 5T 0658
IR T S10, A4 RRAE AT St 04 B B U] 2
PRAH I 55 B e, B v 7 AN
ATiC(s) + 50,(g) = 4TiO,(s) +4CO(g) 5)
2SiC(s) +30,(g) = 28i04(s) +2CO(g) (6)
 10(a) iy PT1-1900., PT2-1900, PT3-1900 #¥
fn 7E 1600 °C 48 N e b il ol 72 v 1) 3 B AR b h 2k

Mass ablation rate/(mg-s™)

103
PT1-1900 PT2-1900 PT3-1900
Before
ablation
After
ablation
m 5"mm 5 mm

8 PT1-1900. PT2-1900. PT3-1900 Bt i f5 1472 WL AR -

Fig. 8 Macroscopic photos of PT1-1900, PT2-1900, and
PT3-1900 before and after ablation

0 Si0, aTiO, +TiC +SiC
N , PT3-1900
> t o Y Py k L *
D
5 '
= PT2-1900
£ N k n
L l PT1-1900
N J i
20 30 40 50 60 70 80
201(°)

K9 PT1-1900, PT2-1900. PT3-1900 Akt s XRD &%

Fig. 9 XRD patterns of PT1-1900, PT2-1900, and PT3-
1900 after ablation

ATLLE BT R i 1) 2% TG Y 7 J8 b A0 S0 A ik
BT, FEBeih 20 s A2 A iR BRIV, ARG AR E 7E
1600 °C., & 10(b) iy PT1-1900, PT2-1900, PT3-
1900 5 45 B %5 1 2k be ik 6 R0 5T it be il %, o] LUF
Bl ARG TIC B 5 L3S, BB E Rk
b AR Y B R kR (KT 0) FZbe il Fe (F4/h
T 0) #f L2 B IZ  RaAIC ) 34, 100 B o O 4
FIE 2D NI R SRR AT . e, PT3-1900 R R 1 5
DG Y o ek AR R R B ik R, 43 53] 2 —0.140 mg/s
F10.017 pr/s, X S BB BE A TiC & & 19 3 fn,

0.20 - 0.30 __
(b) 9:25Hm/s ] Mass ablation rate | () 25 T
015} [ Linear ablation rate {0.20 ¢
0.10 1015 =
1010 @
0.05+ 0.058 pm/s +=
1005 ©
0 0.017 pm/s 0 8
B | -0.05 £
0.05 010 3
01010 000 mgs 015 o
1-0.20 o
-0.15¢ -0.139mgls  -0.140mgls | ()25 S
. -

-0.20 : : ‘ =0.30

PT1-1900 PT2-1900 PT3-1900

K10 PT1-1900. PT2-1900. PT3-1900 [keimym B Ry g2k (a) Fgeih® (b)

1800
(a)
1600 f
© 1400} —— PT1-1900
[ —— PT2-1900
2 1200 — PT3-1900
[0}
% 1000 |
= 800}
600 |
0 20 40 60 80 100 120 140
Ablation time/s
Fig. 10

Ablation temperature response curves (a) and ablation rate (b) of PT1-1900, PT2-1900, and PT3-1900



104 o= MOB % W 5 46 %
TiC E AL E BT TiO, 15 5290 1840 C & Fhemh K, LI/ NRIE X070 T Sio, W, RAETE sk 42

T (294 1600 °C), REREATHLAE SiO, BEES A,
It 5 Si0, B U &2 & FAL)Z, IF H Tio, JE K
LR ARG Sio, MRS AIE % .

[ 11 & PT1-1900, PT2-1900. PT3-1900 & &
Ve 2 Be b 5 1 SEM IR v & EDS JG & 43 A1 ¥l 4
K 11(a) fif s, PT1-1900 2 5 2 i 77 16 K2
YR FLIR OV TE SR RS FLOR SF B, X R
Si0, f£ 1600 °C '~ nI LLJE B 20 %% 19 S Ak JE B 15
A, AFJEE R v R, — 7 i Sio, A ALY %
RHRIEK TR MERGR, 5— 7, 5 N A
SR CO . CO, ML M AL, HE TP L
HUAw, ) B e ik 2k 8%, I HL TiO, B B

B ARE5 L, DTS A 80m i Sio, my 5 & FnHkht
SR . AL Z T, B0 10% TiO(acac) 5 1)
PT2-1900 it Ji5 ZR i A <8k e i 820, RT
WV, FE TR, Sio, 2 BT 2L a2
FE R MR, XN REE Ti & i £, A=
A TiO, UKL K, FF UG TE 2R TR B 7% 22
1) TiO, B 42, SiO, 7 T a4 I & & A ik
JZo WM 20% TiO(acac ), B PT3-1900 Heii 5 2 i
JUTPIEH B S s b, RIEHBCAEUE, Tio, 2i%
SL ) o R 5 AR AR LR T, T A AR S Y o
il 3 BH 1E Si0, 5 &, M S B S B Bt e 1okt B
PRCR

Bl 11 bebh ey SEM FE K f EDS &%
Fig. 11 SEM micrographs and EDS spectra after ablation (a) PT1-1900; (b) PT2-1900; (c) PT3-1900

3 e

(1) DI sl A 2R £ 40 BE (PSO) il 2 T P4 i 8k
(TiO(acac), ) M JFBl, #E 25 KB N BBl &5 A3
) SiC/TiC Pa & PRl e gk ik, slad 5| A Ti JRIE
B Si—O— Ti # g R i T SR UR AR i 22 18k [ Ak, I
i P B 7 R A2 T 2 79.18%

(2)FEZ A R rh, Wy AH MR b 25 2 T i A
B-SiC 5 TiC 40K dh, Ti TG R 434 ¥ 51, A &AM
Tk K, 24 TiO(acac), BN INE K 20% AT, &
A W% TIC & 1 & 19%, Sk KSR R a8k

(a)PT1-1900; (b)PT2-1900; (c)PT3-1900

9, LT RIFWMHORES a5 . BEE AR &
TiC S HMHIN, & A Va0 D&

(3)TiC W51 A L EHE & T 2 A W& i bubaih
PEfE, 3 HFE#E TiO(acac), FR N pysEhn, &4
B pe iR 5 T be iR I 2 N R, Ho,
TN 20% FRE S IR A, L4 B ok 30 1 I 2 e
P54 0.017 pm/s F1-0.140 mg/s. HALH Y
LA HLTITE T TiO, 5 SiO, 1 Ji i 2L BU%
) TiO,-Si0, & A A2, AT A RCHRA <L 1 il
FFRH IR SiO, M5 &, M S B SE 4 178 83 b,
PN RS R el U e



%59 41 SRR £ SiC/TIC B A Mg K 1600 °C AP Hibe i1 105
’%%Ifﬁk [11]LvJS, LiW, Guo L X, et al. Functionally graded multi-

[1] Sciti D, Zili L, Reimer T, et al. A systematic approach for
horizontal and vertical scale up of sintered ultra-high tem-
perature ceramic matrix composites for aerospace-
advances and perspectives[J]. Composites Part B, 2022,
234:109709.

[2] Feng G H, Zhang R X, Yao X Y, et al. A sol-gel strategy
of constructing nanosized HfsTa,0;; encapsulated
graphite flakes and its enhancement on the ablation prop-
erty of carbon/carbon composites[J]. Journal of Materi-
als Science & Technology, 2025, 204: 292-301.

(3] SREIE, APHT, ATETRI, S5 GORAE L2 RER B

C/C &4 FHRHMIF I BUR 15 e B2 (0] it =5 b1 27 i,
2021, 41(3): 11-24.
Zhang Y L, Fu Y Q, Fu Q G, et al. Research status and
prospect on nanotube/nanowire multi-scale-reinforced
C/C composites[J]. Journal of Aeronautical Materials,
2021, 41(3): 11-24.

[4] Wen Q B, Yu Z J, Riedel R. The fate and role of in situ
formed carbon in polymer-derived ceramics[J]. Progress
in Materials Science, 2020, 109: 100623.

[5] Liu G W, Zhang X Z, Yang J, et al. Recent advances in
joining of SiC-based materials (monolithic SiC and
SiCy/SiC composites) : joining processes, joint strength,
and interfacial behavior[J]. Journal of Advanced Ceram-
ics, 2019, 8(1): 19-38.

(6] EEHE, A, XX, 5% SiC/SiC b & & p

P B DA T 12 L] s ARk, 2025, 45(2):
91-101.
Wang HR, Hao Z Q, Liu L, et al. In-plane shear mechan-
ical properties of SiC/SiC ceramic matrix composites
study of test methods[J]. Journal of Aeronautical Materi-
als, 2025, 45(2): 91-101.

[7] Zheng G B, Sano H, Uchiyama Y. A carbon nanotube-
enhanced SiC coating for the oxidation protection of C/C
composite materials[J]. Composites Part B, 2011,
42(8):2158-2162.

[8] Dang X L, Zhao D L, Guo T, et al. Oxidation behaviors
of carbon fiber reinforced multilayer SiC-SizN, matrix
composites[J]. Journal of Advanced Ceramics, 2022,
11(2):354-364.

[9] Chen G H, Zhang Y L, Zhang P F, et al. Improvement of
SiC/PyC coating on mechanical and anti-oxidation prop-
erties through biomimetic laminated structure design[J].
Corrosion Science, 2022, 209: 110721.

[10] Chen R C, Zhang J, Hou J Q, et al. Residual mechanical
properties of bio-inspired carbon-based composites with
multilayer toughened shell-pearl structure[J]. Compos-
ites Part A, 2025, 196: 108977.

component boride-SiC coating: a strategy for enhancing
long-term ablation resistance above 2200 °C [J]. Journal
of Materials Science & Technology, 2026, 261: 274-282.

[ 12 ] Katz-Demyanetz A, Popov V V J, Kovalevsky A, et al.
Powder-bed additive manufacturing for aerospace appli-
cation: techniques, metallic and metal/ceramic composite
materials and trends[J]. Manufacturing Review, 2019,
6:5.

[13]Qi Y S, XulJF, Fei Y H, et al. Preparation and friction
properties of SiC-Al,03/2A50 co-continuous compo-
sites[J]. Ceramics International, 2024, 50(22) : 45189-
45199.

[14] Zhou L, Fu Q G, Hu D, et al. A dense ZrB,-SiC-Si/SiC-
Si coating to protect carbon/carbon composites against
oxidation at 1773 K and 1973 K[J]. Corrosion Science,
2021, 183: 109331.

[15] Li W, LvJ S, LiJ T, et al. Superior ablation resistance of
C/C-HfC SiC composite sharp leading edges above 2500 °C
prepared by precursor infiltration and pyrolysis [J]. Jour-
nal of Materiomics, 2025, 11(2): 100879.

[16] Fan Q Q, Fu Y Q, Zhou F, et al. Tailoring the
Hf/(Ti+Ta) ratio to achieve synergistic oxide-induced
ablation resistance in C/C-(Hf, Ti, Ta) C-SiC compos-
ites[J]. Journal of the European Ceramic Society, 2026,
46(8): 118145.

[17] HuD,FuQG, Liu TY, et al. Structural design and abla-
tion performance of ZrB,/MoSi, laminated coating for
SiC coated carbon/carbon composites[J]. Journal of the
European Ceramic Society, 2020, 40(2):212-219.

[ 18 ] Baux A, Nouvian L, Arnaud K, et al. Synthesis and prop-
erties of multiscale porosity TiC-SiC ceramics[J]. Jour-
nal of the European Ceramic Society, 2019, 39(8): 2601-
2616.

[19] /bW, BfehE g 2B prR il & Xt At ).
P74, 2021, 42(6): 1018-1025.

Li S F. Preparation and antioxidant behavior of silicon
carbide ceramic composites[J]. Journal of Ceramics,
2021, 42(6): 1018-1025.

[20] SR, B SCoe, TRARME, 55, TiC & B0 T RG4S

SiC-TiC W & & e MR A5 A AN RE A9 2 0 [ HLBR T
FibAEkL, 2022, 46(10): 34-38.
Han L F, Zhao Y L, Zhang C P, et al. Effect of TiC con-
tent on structure and properties of SiC-TiC ceramic com-
posites by pressureless liquid phase sintering[J]. Materi-
als for Mechanical Engineering, 2022, 46(10):34-38.

[21 ] Ahmoye D, Bucevac D, Krstic V D. Mechanical proper-
ties of reaction sintered SiC-TiC composite[J]. Ceramics
International, 2018, 44(12): 14401-14407.

[22] Li X, Zhang Y L, Fu Y Q, et al. From molecular precur-


https://doi.org/10.1016/j.compositesb.2022.109709
https://doi.org/10.1016/j.jmst.2024.02.090
https://doi.org/10.1016/j.jmst.2024.02.090
https://doi.org/10.1016/j.jmst.2024.02.090
https://doi.org/10.11868/j.issn.1005-5053.2021.000071
https://doi.org/10.11868/j.issn.1005-5053.2021.000071
https://doi.org/10.1016/j.pmatsci.2019.100623
https://doi.org/10.1016/j.pmatsci.2019.100623
https://doi.org/10.1007/s40145-018-0297-x
https://doi.org/10.1007/s40145-018-0297-x
https://doi.org/10.1007/s40145-018-0297-x
https://doi.org/10.11868/j.issn.1005-5053.2024.000159
https://doi.org/10.11868/j.issn.1005-5053.2024.000159
https://doi.org/10.11868/j.issn.1005-5053.2024.000159
https://doi.org/10.11868/j.issn.1005-5053.2024.000159
https://doi.org/10.1016/j.compositesb.2011.05.012
https://doi.org/10.1007/s40145-021-0539-1
https://doi.org/10.1016/j.corsci.2022.110721
https://doi.org/10.1016/j.compositesa.2025.108977
https://doi.org/10.1016/j.compositesa.2025.108977
https://doi.org/10.1016/j.jmst.2025.09.074
https://doi.org/10.1016/j.jmst.2025.09.074
https://doi.org/10.1051/mfreview/2019003
https://doi.org/10.1016/j.ceramint.2024.08.358
https://doi.org/10.1016/j.corsci.2021.109331
https://doi.org/10.1016/j.jmat.2024.04.005
https://doi.org/10.1016/j.jmat.2024.04.005
https://doi.org/10.1016/j.jeurceramsoc.2026.118145
https://doi.org/10.1016/j.jeurceramsoc.2019.09.046
https://doi.org/10.1016/j.jeurceramsoc.2019.09.046
https://doi.org/10.1016/j.jeurceramsoc.2019.02.031
https://doi.org/10.1016/j.jeurceramsoc.2019.02.031
https://doi.org/10.13957/j.cnki.tcxb.2021.06.015
https://doi.org/10.13957/j.cnki.tcxb.2021.06.015
https://doi.org/10.11973/jxgccl202210006
https://doi.org/10.11973/jxgccl202210006
https://doi.org/10.11973/jxgccl202210006
https://doi.org/10.11973/jxgccl202210006
https://doi.org/10.1016/j.ceramint.2018.05.050
https://doi.org/10.1016/j.ceramint.2018.05.050

106 oz

L7 S S

5 46 3

sors to ultra-high temperature ceramics: a novel synthesis
of hafnium carbonitride nanoceramics[J]. Journal of
Materials Science & Technology, 2025, 223: 11-21.

[23] Zhang Y Y, Sun J, Guo L X, et al. Ablation resistant ZrC
coating modified by polymer-derived SiC/TiC nanocom-
posites for ultra-high temperature application[J]. Journal
of the European Ceramic Society, 2022, 42(1): 18-29.

[24] Lu L, Wen Q B, Hu J R, et al. Single-source-precursor
synthesis and air-plasma ablation behavior of (Ti, Zr,
Hf) C/SiC ceramic nanocomposites at 2200 °C [J]. Jour-
nal of Advanced Ceramics, 2024, 13(7): 1043-1059.

[25] Zeng G, Xu P, Zeng C, et al. Synthesis and pyrolysis of
single-source precursor for HfC,N;_-SiC ceramic with
different SiC contents[J]. Ceramics International, 2022,
48(16):22967-22974.

[ 26 ] Hojamberdiev M, Prasad R M, Fasel C, et al. Single-
source-precursor synthesis of soft magnetic Fe;Si- and
FesSis-containing SiOC  ceramic nanocomposites [J].
Journal of the European Ceramic Society, 2013,
33(13/14):2465-2472.

AR H 392 2026-03-31; 5 H : 2026-04-29

FEWH: E4E A0 &1 (2021YFA0715803) ; 4 H
IRBFE TS (52402113, 52293373 ) 5 T BG4 BHL IF & 1) ¢
A 34 (235200810072)

WIRAEH : Sk I (1980—), 3, i+, %4z, W58y il A/
A A AR AL /b iy, T 2R kL - B VS 2 PG e T AR IX A
TH VG J% PG b Tl 24 A Ve XA B2 B (710072 ), E-mail:
zhangyulei@nwpu.edu.cn

(ALrsm: &k %)


https://doi.org/10.1016/j.jmst.2024.10.021
https://doi.org/10.1016/j.jmst.2024.10.021
https://doi.org/10.1016/j.jeurceramsoc.2021.09.057
https://doi.org/10.1016/j.jeurceramsoc.2021.09.057
https://doi.org/10.26599/JAC.2024.9220918
https://doi.org/10.26599/JAC.2024.9220918
https://doi.org/10.1016/j.ceramint.2022.04.263
https://doi.org/10.1016/j.jeurceramsoc.2013.04.005
mailto:zhangyulei@nwpu.edu.cn

	1 实验材料与方法
	1.1 材料制备
	1.2 材料微观结构表征与抗烧蚀性能测试

	2 结果与分析
	2.1 先驱体的合成
	2.2 先驱体的高温裂解行为
	2.3 物相和微观结构表征
	2.3.1 相组成与演变
	2.3.2 SiC/TiC复合陶瓷的微观形貌与元素分布

	2.4 SiC/TiC复合陶瓷的抗烧蚀性能

	3 结论
	参考文献

