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Fig. 13 TEM images of dense monolithic SiC/(Tij,s5Zrg,sHfy25Tag25)C: (a) bright field images; (Points b and ¢) are HRTEM images
of (TigssZrg5Hfy 25Nbg »5)C and B-SiC phase, respectively; (d) is the EDS mapping; (e) Isothermal oxidation curves of the
dense monoliths at temperatures from 1200 to 1500 C [+
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Fig. 15 (a) and (b) TEM; (c) Histogram of the particle sizes; (d) HRTEM; (e) SAED; (f) STEM and the corresponding EDS!
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Table 1 Typical properties of UHTCMCs fabricated by PIP
PIP Density/  Open Flexural  Elastic Ablation Temperature/ Ablation Heat flux/
Material cycles (grem®)  porosity/  Strength/  Modulus/ method C Time/s (MW-'m™) Ablation rate Reference
% MPa GPa
2D-C/C- / 2.21 16.2 / / Plasma 2200 300 / 1.77 mg/s [48]
ZrC-SiC torch 0.55 pm/s
3D-C/C- / 2.42 6.7 / / OAT 2150 60 / 0.44 mg/s/cm? [49]
ZrC-SiC 8+0.5 um/s
C/C-ZrC- / 3.10 7.38 225+17 24.4+1.7 / / / / / [50]
SiC
2D-C/C- 13 2.12 28.3 110.7+7.5 / OAT 2200 120 2.38 —0.016 mg/s [51]
ZrC —1.23 pm/s
2D-C/C- 13 2.12 28.3 110.7£7.5 / OAT 2500 120 4.18 —0.011 mg/s [51]
ZrC —6.59 um/s
3D-C/C- 12 2.06 19.4 146+9 17.6£2.3 OAT About 2450 60 4.18 15.0 pm/s [52]
ZxC
3D-C/C- 14-20 1.90 12.4 232423 51.4423 OAT 2468 60 4.18 8.7+0.2 mg/s [53]
ZrC 21.0 pm/s
3D-C/C- 6 1.95+0.01 39.5+4.5  116+24 19.1£2.8 OAT 2548 30 42 13.5mg/s [54]
ZrC 46 pm/s
3D-C/C- 6 2.43£0.05 9.4+0.8 281+48  41.4£10.6 OAT 2420 30 4.2 8.2 mg/s [54]
ZrC-SiC 443 pm/s
3D-C/C- 6 2.39+0.04 11.5+1.6 248+27 38.4+5.5 OAT 2436 30 4.2 8.3 mg/s [54]
ZrC-ZrC 39.7 um/s
3D-C/C- 6 2.36+0.01 11.8+1.4  290+21 43.5+7.7 OAT 2411 30 42 7.5 mg/s [54]
ZrC-ZrB, 24.7 um/s
2D-C/C- 11 1.96 14.90 130.33 / OAT 2427 120 4.2 —0.004 mg/s [55]
ZrC-SiC 1.02 pm/s
2.5D-C/C— 11 2.24 18.52 201+20 18+1 OAT 2400 120 4.18 0.019 mg/s [56]
ZrC-SiC 12 pm/s
C/C-ZrC- 10 1.91 9.6 / / Plasma 2300 60 / 0.078 mg/s [57]
SiC torch 14.20 pm/s
C/C-ZrC— 10 1.98 / / / Plasma 2615 180 / 0.017 mg/s [58]
SiC torch 0.194 um/s
2D-C/C- 8 2.09 / / / OAT 3000 120 42 0.348 mg/s/cm? [59]
SiC-ZrB, (Flame) 12.74 pm/s
3D-C/C-SiC- / 2.0 / / / Plasma 2300 120 / —0.13 mg/s [60]
ZrC-ZrB, torch 0.04 pm/s
C/C-ZrC— / 1.89 / / / OAT 3000 60 4.18 About 0.32 mg/s/cm2 [61]
ZrB, (Flame) About 9.6 um/s
2D-C/C- 13 2.01 / 132.1 / Plasma 2300 240 / 0.55 mg/s/cm® [62]
HfC torch 5.31 pm/s
2D-C/C- / 2.38 / / / OAT 2510 60 4.18 0.502 g/s/cm* [63]
SiC-HfC- 1.06 um/s
3D4d-C/C— / 2.48 12.8 386.2+50  52.3+4.6 OAT About 3000 60 / 0.51 mg/s/cm2 [64]
SiC-HfC (Flame) 6 pm/s
2D-C/C- 14 3.96 / / / Plasma 2200 300 / 0.0138 g/s [65]
SiC-HfC torch 1.54 pm/s
2D-C/C-SiC- 14 3.58 / / / Plasma 2200 300 / 0.0014 mg/s [65]
HfC-HfB, torch 0.40 pm/s
2.5D-C/C— 10 1.94-2.03 / 115.25 / OAT 2603 60 4.18 3.6 mg/s [66]
SiC-HfB, 22.9 im/s
2.5D-C/C— 10 1.94-2.03 / 115.25 / OAT 2466 60 2.38 2.1 mg/s [66]
SiC-HfB, 14.7 pm/s
C/C-SiC- / 2.38 11.07 / / OAT About 120 2.38 ~0.151 mg/s/cm’ [67]
ZrC-HfC 2400 0.225 pum/s

OAT stands for oxygen acetylene torch;PIP stands for precursor impregnation pyrolysis.
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Fig. 18 Thermogravimetric analysis (a) and in-Situ gas chromatography-mass spectrometry (b—e) of polymer conversion to ceramics
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Fig. 20 TEM analysis of PDCs: (a)(c) bright field, (b) selected area electron diffraction image (SAED), (d) high-resolution image [’
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Fig. 21 (a) Oxidation parabola of SiHfBCN; (b) XRD pattern of SiHfBCN2 ceramic oxidation surface; (c) SEM image of

SiHfBCN2 ceramic oxidation surface ¥
5.3 gRimtRE

PUpe i I e A B ey i M B AR il 2 A F T
VE N IGE R 2 7y N ) e B M e 2 —, beihiEfE
I W R ] e T N B R e i R AT VR . R AW
F A e U M R A BB T T, B
HE 0kt vl P e RO AR G R BEAT 0T — D7 T AT
AN 22 T < Joss H 125 161 26 = J95 M B A 5N 58 — A
SEIUAN R BE BT i s 53— J7 I AT BAZ5 & PIP
T ZHil % UHTCMCs.

SiC i £ 4 95 3R S WAL % SIBCN 7E5 &

FRUHE R S R I A R B R A PR R, e T B
2200 C, WA 10s, HZpeimA A5 & ke 735
9 0.043 9 mm/s £ 0.019 1 mg/(mm?*-s). 7Ekihid 8
MIILE I B, A i 38 TH AR R, B2 A SiC
ZHYER] SIBCN FAAR )% AL, SiO, FIBIHERR 55 T%
8%, H SiO(g) Ml BoOs SR K AR KK o Bl FF Sl et
RIMREET . SOy MERARIAR, A HIE 5Tk
PHURE R, A AU RIS LR . 7Ebe i
B JE B B, A Si0, B 25 e iRt e 1
NI A3 it 2B T AL AR PR U R R, 76



. 2842 - CREFR Eh22 4D

J Chin Ceram Soc, 2024, 52(9): 2827-2846

2024 4

HATEMRIT, PR SO X R T e,
W 22 Fiso

Fu 2" 5d PIP T 214F C/C—(Hf—Ta—Zr)C &
ARRIEEAE B, SINT SIiC A, SiC B AA B
FHGINSAR BB, TR PR A R R A . TE
el FE A, — 77 SiC Ak P2 AR Si0, 28 kit

Rk ERE, BIRESMERIRE: 55—
JITHL, JEALH Si0, A B AL JZ R4 < FL55 bk
FETRIRE T o X Ph A N B T34 58 HE—Ta—Zr—O
2 AH B AP FEAR IR B 70, SR BE R I AR
P e b, R o B A 2 e s R ) A N
0.328 mg/s F1-0.067 um/s.

0,(g). COx(g), O(g)

SiO(g) B0x(g)

Bubbles \ | | | ||

Porous layer
SiO, layer

Ablation pit

%Oz flowing
e
A

Borosilicate (s)

High-viscosity
SiO, layer

B

K22 SiCySiBCN ket 2 &5
Fig. 22 SiCy/SiBCN ablation schematic diagram %

54 N1EFMERE

PDCs ()17 8 3= B g T B0 45 4 AN AR 41
R AT e A EUR M S R, i R A
BTt (SPS)), BT e (HP)® 4 pl R 5 AR 3ot 4
iR ) B R R AT SR . AW IR B T 52
W 5 (e A ek R v B 2 AL B 386 0, Si—H L C—H
WAL B, IS 2] T 21 Si—C #,
HCRERE . dE AR BT, T R R 4
A FE, FERSE E HE S AR A B IR A T AL
YR AL ORI R KR, RA WA B vk ) &
VR o P A T TR AR AR B 5 AR R K R AR
SEATLE, I SEILAK (A M % . BFFER
P, MR SRR ST RN R4 R} 72 R b 38 8 22
TER, 40kl DU 240 SRtk /e, SRRk
F1 5 P AN

Kodama 25 104F1] I 58w ik o o) 4% 7 B AL Bk )
%, ERLRST N 02~1.4um SEEA, M TR
RLIY) SiC PREE, %M AR % W I L 0k 3
5.1 MPa-m"?, 215 7 %) 70%. Colombo 2@ it #
JEReSEH % T SisNy/SiC Gk AP %, 51L 48 A
SisNy £ SiC AHEG, 9N K S AH M & ) 22 M e . 25
BTN 942K SiC W B ORI S SisNy oKL 5 2 1] 43
SR, SRR IR I R o e B e RS
FIP, He S04SR I 56 & Wi A Wi e 10:0° VA e ol 25
BB AL T ZeB,-SiC BAHME, H Vickers

T E N 17.54 GPa, Wit A 5.65 MPa-m'”. Feng
O ok I A W Al ik 4 A IR RS il 4% T ZiB,
BRI 58 SiZrCN &, BN 14.2 GPa. Wen 25
SR FH B S BRAR 5 B 1 302 1) SIC/HEC, N /C P 8¢
YK ZHAMIEL, HEC,N  BUKLAMZ Bk 2 7 o T A%
T BTG, A EA NSRRI TR,
KB RE L TR ASE 5 BT %5 5 B 43 il 4 (29+44) GPa.
(381+29) GPa #(320+25) MPa. It4h, ZtZ7eghk
I RC RSy <t E G i) = - Sy W S EER A
VERE . 7R % HH AR S 1 LR B R ATL B 1
FHEE G AR L 7 ) L

6 HEFRiE

TR i SR ) S SR A T o 5 e T A
TRBE R TR 45 7R R v P R 2T 4 S5 A
G, AEARACRKE AN IZ IR AT 5

RE WS IR B 5 0 TR AW e SR AR ) &
Jln B BRSO 5 A I 4% DL R RHES A SR REZ TRI
RHFEIRIR, LSS BRI i RS T AT AT 2 il 46
GV AH =l P S R S AR & S il
TZOls T EERE, MR E TR T HoAb
NGRS, IR, REES
PRV USAT 2 R o TR AW 5 BIR s Mg e U
FIRF TG ZE 583, W R AW SRR A 45 M RALE
45 e AR BV RE 70 5 A (N R AL 7 B ik — 2D Wt 7



5255 oM

LR 55

REDEAE = R b & L SR Uit .

2843 -

SRk, H AT A R i S A B R

AR, 2 RAERR IS JFUE RIS B 1 T P e ™
IR, LR, REUEZE, (G150 5k v il g o A
HEMEI PIP AL %, Ses i e B 54
BEANE: . DRI, 5 T 4l el P T S B A2 AR OK
HEMERITMZ—. BHRY], ZuEMERR
PR ARIER I LS (0 7 A R R . iR Ae e v
MR TERE, 2R Z MR 2R AR E
EFAL R AR R EE T . I, K
A DASEEIL 2 ol i AR M RS ) S B B 2 EL B
JETTAZ

SEH:

(1

(2]

B3]

(4]

(3]

(6]

(71

(8]

(9]

[10]

(1]

[12]

[13]

[14]

Mok, SEAWY, (AARAR, 4. BReT4ENY o SR M R R S SR
WAL, ThER RN, 2019, 38(9): 843-854.

CHEN Xiaowu, DONG Shaoming, NI Dewei, et al. Mater China, 2019,
38(9): 843-854.

IONESCU E, BERNARD S, LUCAS R, et al. Polymer-derived
ultra-high temperature ceramics (UHTCs) and related materials[J]. Adv
Eng Mater, 2019, 21(8): 190-202.

SQUIRE T H, MARSCHALL J. Material property requirements for
analysis and design of UHTC components in hypersonic
applications[J]. J Eur Ceram Soc, 2010, 30(11): 2239-2251.

PUEZE, B, Bk, 5. G IR & S0 M hE e R R[], A
R TFE, 2024, 52 (02): 1-15.

RAO N. Materials for gas turbines—An overview[J]. Advances in Gas
Turbine Technology, 2011, 23(6): 378-385.

REED R C. The superalloys: fundamentals and applications[M].
London: Cambridge University Press, 2006: 124-136.

SPEAR K, WUCHINA E, WACHSMAN E D. High temperature
materials[J]. Electrochem Soc Interface, 2006, 15(1): 48-51.
WUCHINA E, OPILA E, OPEKA M, et al. UHTCs: Ultra-high
temperature ceramic materials for extreme environment applications[J].
Electrochem Soc Interface, 2007, 16(4): 30-36.

OPEKA M M, TALMY I G, ZAYKOSKI J A. Oxidation-based
materials selection for 2000°C + hypersonic aerosurfaces: Theoretical
considerations and historical experience[J]. J Mater Sci, 2004, 39(19):
5887-5904.

AINGER F H J. The Preparation of Phosphorus-Nitrogen Compounds
as Non-Porous Solids[J]. Angewandte Chemie-International Edition,
1960, D-13187(71): 653-653.

FRITZ G, RAABE B. Bildung siliciumorganischer verbindungen. V.
die thermische zersetzung von Si(CHj3)s und Si(CyHs)4[J]. Zeitschrift
Anorg Allge Chemie, 1956, 286(3/4): 149-167.

YAJIMA S, HASEGAWA Y, OKAMURA K, et al. Development of
high tensile strength silicon carbide fibre using an organosilicon
polymer precursor[J]. Nature, 1978, 273: 525-527.

WEN Q B, RIEDEL R, IONESCU E. Significant improvement of the
short-term high-temperature oxidation resistance of dense monolithic
HfC/SiC ceramic nanocomposites upon incorporation of Ta[J]. Corros
Sci, 2018, 145: 191-198.

ZHAO L Y, JIA D C, DUAN X M, et al. Oxidation of ZrC-30vol%

SiC composite in air from low to ultrahigh temperature[J]. J Eur Ceram

[15]

[16]

(17

[18

[19]

[20]

[21]

[22]

[23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

311

Soc, 2012, 32(4): 947-954.

PARTHASARATHY T A, RAPP R A, OPEKA M, et al. A model for
the oxidation of ZrB,, HfB2 and TiB,[J]. Acta Mater, 2007, 55(17):
5999-6010.

CARNEY C, PAUL A, VENUGOPAL S, et al. Qualitative analysis of
hafnium diboride based ultra high temperature ceramics under
oxyacetylene torch testing at temperatures above 2100°C[J]. J Eur
Ceram Soc, 2014, 34(5): 1045-1051.

R, (AEAE, TAW]. SRR AL IR M R R U R K
H[I). THF R, 2024: 1-20.

XERY, skFLE, Xk, 5. R ARG B R Bk AT 4
o v R R R BT ST R (D). M RE AR, 2023, 37(3 T12):
155-161.

LIU Yake, ZHANG Xueting, LIU Bin, et al. Mater Rep, 2023,
37(Suppl 2): 155-161.

g R AR R AL B AR ]. LR R B, 2022,
433 FI1): 310-324.

ZHANG Guojun. Adv Ceram, 2022, 43(Suppl 1): 310-324.

mEL, EHAL EANK, (T, Zr, HOBoBH IR I % KB, CE R,
o 05 B RS v L SR R S R (7], BUAREOR M B, 2023, 44(4):
342-351.

GAO Wei, WANG Xingang, WANG Xiaofei, et al. Adv Ceram, 2023,
44(4): 342-351.

BARRIOS E, ZHAI L. A review of the evolution of the nanostructure
of SiCN and SiOC polymer derived ceramics and the impact on
mechanical properties[J]. Mol Syst Des Eng, 2020, 5(10): 1606—1641.
COLOMBO P, MERA G, RIEDEL R, et al. Polymer-derived ceramics:
40 years of research and innovation in advanced ceramics[J]. J] Am
Ceram Soc, 2010, 93(7): 1805-1837.

ERSCEE, WA, R, A5 R R M R DR AR S ORI AT R (D).
E AR, 2015, 34(10): 751-761.

QIU Wenfeng, YE Li, HAN Weijian, et al. Mater China, 2015, 34(10):
751-761.

THORNE K, TING S J, CHU C J, et al. Synthesis of TiC via
polymeric titanates: The preparation of fibres and thin films[J]. J] Mater
Sci, 1992, 27(16): 4406-4414.

LIKJ, GUO L J, WANG Y, et al. Synthesis and thermal performance
of polymer precursor for ZrC ceramic[J]. Ceram Int, 2021, 47(20):
28806-28810.

AXYT,C,BWFAQ, et al. New route to synthesize preceramic
polymers for zirconium carbide[J]. Chin Chem Lett, 2012, 23(9):
1075-1078.

XIE Y L, SANDERS T H Jr, SPEYER R F. Solution-based synthesis
of submicrometer ZrB, and ZrB,-TaB;[J]. ] Am Ceram Soc, 2008,
91(5): 1469-1474.

KUROKAWA Y, ISHIZAKA T, SUZUKI M. Preparation of
refractory nitride fibers by thermal decomposition of transition metal
(Ti, Nb) alkoxide-cellulose precursor gel fibers in NH; atmosphere[J].
J Mater Sci, 2001, 36(2): 301-306.

LI F P, WANG W H, DANG W, et al. Microstructural features and
oxidation resistance of (Ti, Zr)C solid solution nanofibers fabricated
using polymeric precursors[J]. Ceram Int, 2019, 45(18): 24941-24945.
LANG H, SEYFERTH D. Pyrolysis of metallocene complexes
(MCSH4R):MR: An organometallic route to metal carbide (MC)
materials (M = Ti, Zr, Hf)[J]. Appl Org Chem, 1990, 4(6): 599-606.
SCHWAB S T, STEWART C A, DUDECK K W, et al. Polymeric
precursors to refractory metal borides[J]. J Mater Sci, 2004, 39(19):



.+ 2844 - CRERR R 2540 J Chin Ceram Soc, 2024, 52(9): 28272846 2024 4
6051-6055. iR T RERTF AU [T]. TEHUARL 2R, 2011, 26(8): 852-856.
[32] LI H, GOU Y Z, CHEN S G, et al. Synthesis and characterization of WU Haitang, WEI Xi, YU Shouquan, et al. J Inorg Mater, 2011, 26(8):

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

(48]

soluble and meltable Zr-containing polymers as the single-source

precursor for Zr(C, N) multinary ceramics[J]. J Mater Sci, 2018, 53(15):

10933-10945.

BECHELANY M C, PROUST V, LALE A, et al. Nanocomposites
through the chemistry of single-source precursors: Understanding the
role of chemistry behind the design of monolith-type nanostructured
titanium nitride/silicon nitride[J]. Chemistry, 2017, 23(4): 832-845.
GAO Q, HAN C, WANG X Z, et al. Synthesis of a meltable
polyzirconosilane precursor for SiZrNC multinary ceramics[J]. J Eur
Ceram Soc, 2022, 42(6): 2577-2585.

ZHANG Q C, GOU Y Z, WANG J L, et al. Preparation and
characterization of polymer-derived Zr/Si/C multiphase ceramics and
microspheres with electromagnetic wave absorbing capabilities[J]. J
Eur Ceram Soc, 2017, 37(5): 1909-1916.

WANG H, GAO B, CHEN X B, et al. Synthesis and pyrolysis of a
PZMS from PMS to
high-temperature-resistant ZrC/SiC ceramic composite[J]. Appl Org
Chem, 2013, 27(3): 166-173.

GLEITER H. Nanostructured materials: State of the art and
perspectives[J]. Nanostruct Mater, 1995, 6(1/4): 3—14.

IONESCU E, KLEEBE H J, RIEDEL R. Silicon-containing
polymer-derived ceramic nanocomposites (PDC-NCs): Preparative
Chem Soc Rev, 2012, 41(15):

novel preceramic polymer fabricate

approaches
5032-5052.
YUAN J, HAPIS S, BREITZKE H, et al. Single-source-precursor

synthesis

and properties[J].

ceramic

53(19):

of hafnium-containing ultrahigh-temperature
nanocomposites (UHTC-NCs)[J]. 2014,
10443-10455.

WEN Q B, XU Y P, XU B B, et al. Single-source-precursor synthesis
SiC/HfCN; x-based  ultrahigh-temperature
nanocomposites[J]. Nanoscale, 2014, 6(22): 13678-13689.
WEN Q B, FENG Y, YU Z J, et al. Microwave absorption of
SiC/HfC\N;/C ceramic nanocomposites with HfCN; ,—carbon
core—shell particles[J]. ] Am Ceram Soc, 2016, 99(8): 2655-2663.
WEN Q B, YU Z J, XU Y P, et al. SiC/HfyTa;_,CxN;,/C ceramic
nanocomposites with HfyTa; yCyN;_x-carbon core—shell nanostructure
and the
properties[J]. ] Mater Chem C, 2018, 6(4): 855-864.

LU L, WEN T H, LI W, et al. Single-source-precursor synthesis of

dense monolithic SiC/(Tig25Zr25Hfy25Tag25)C ceramic nanocomposite

Inorg Chem,

of dense ceramic

influence of the carbon-shell thickness on electrical

with excellent high-temperature oxidation resistance[J]. J Eur Ceram
Soc, 2024, 44(2): 595-609.

YU Z J, YANG Y J, MAO K W, et al. Single-source-precursor
synthesis and phase evolution of SiC—TaC—C ceramic nanocomposites
containing core-shell structured TaC@C nanoparticles[J]. J Adv Ceram,
2020, 9(3): 320-328.

YEH J W. Recent progress in high-entropy alloys[J]. Ann Chim Sci
Mat, 2006, 31(6): 633-648.

DU B, LIU H H, CHU Y H. Fabrication and characterization of
polymer-derived high-entropy carbide ceramic powders[J]. J Am
Ceram Soc, 2020, 103(8): 4063—4068.

SUN Y N, YE L, ZHANG Y Q, et al. Synthesis of high entropy
carbide ceramics via polymer precursor route[J]. Ceram Int, 2022,
48(11): 15939-15945.

B, B4, TR, 55 BAEHUEMC/C-ZiC-SICE &M R

[49]

[50]

(511

[52]

[53]

[54]

[53]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

852-856.

YANCL,LIQ, SHI'Y A, et al. Ablation behavior of Cf/ZrC-SiC and
Cf/SiC composites produced by precursor infiltration and pyrolysis
combined with gaseous silicon infiltration[J]. Corros Sci, 2022, 209:
110717.

WU H T, ZHANG Q, ZHANG L. Effect of ZrC content on the
properties of biomorphic C-ZrC-SiC composites prepared using
hybrid precursors of novel organometallic zirconium polymer and
polycarbosilane[J]. J Eur Ceram Soc, 2019, 39(4): 890-897.

LI K Z, XIE J, LI H J, et al. Ablative and mechanical properties of
C/C-ZrC composites prepared byPrecursor infiltration and pyrolysis
process[J]. J Mater Sci Technol, 2015, 31(1): 77-82.

LI 'Y, MENG X J, JIA Y, et al. Properties of C/C—ZrC composites
prepared by precursor infiltration and pyrolysis with a meltable
precursor[J]. Mater Res Express, 2019, 6(8): 085632.

LI'Y, CHEN S A, MA X, et al. Influence of preparation temperature on
the properties of C/ZrC composites[J]. J Alloys Compd, 2017, 690:
206-211.

JIA'Y, L1 Y, CHENG H F, et al. Microstructure and properties of
C/C—ZrC composites with matrix modification by slurry infiltration[J].
Ceram Int, 2023, 49(8): 13074-13080.

LI K Z, XIE J, FU Q G, et al. Effects of porous C/C density on the
ablation property of C/C-ZrC-SiC
composites[J]. Carbon, 2013, 57: 161-168.

FENG B, LI H J, ZHANG Y L, et al. Effect of SiC/ZrC ratio on the
mechanical and ablation properties of C/C—SiC—ZrC composites[J].
Corros Sci, 2014, 82: 27-35.

WU X W, SU Z A, HUANG Q Z, et al. Effect of ZrC particle

distribution on the ablation resistance of C/C-SiC-ZrC composites

densification behavior and

fabricated using precursor infiltration pyrolysis[J]. Ceram Int, 2020,
46(10): 16062—16067.

WANG S L, LI H, REN M S, et al. Microstructure and ablation
mechanism of C/C—ZrC-SiC composites in a plasma flame[J]. Ceram
Int, 2017, 43(14): 10661-10667.

LIHJ, YAO XY, ZHANG Y L, et al. Effect of heat flux on ablation
behaviour and mechanism of C/C-ZrB,-SiC composite under
oxyacetylene torch flame[J]. Corros Sci, 2013, 74: 265-270.

YANG X, SU Z A, HUANG Q Z, et al. Effects of oxidizing species on
ablation behavior of C/C—ZrB,~ZrC-SiC composites prepared by
precursor infiltration and pyrolysis[J]. Ceram Int, 2016, 42(16):
19195-19205.

LIU L, LI H J, FENG W, et al. Ablation in different heat fluxes of C/C
composites modified by ZrB,~ZrC and ZrB,~ZrC-SiC particles[J].
Corros Sci, 2013, 74: 159-167.

XUE L, SUZ A, YANG X, et al. Microstructure and ablation behavior
of C/C-HfC composites prepared by precursor infiltration and
pyrolysis[J]. Corros Sci, 2015, 94: 165-170.

LI K Z, DUAN T, ZHANG J P, et al. Ablation mechanism of
carbon/carbon composites modified by HfC-SiC in two conditions
under oxyacetylene torch[J]. ] Mater Sci Technol, 2017, 33(1): 71-78.
YAN C L, LIU R J, ZHA B L, et al. Fabrication and properties of
3-dimensional 4-directional C{/HfC-SiC composites by precursor
impregnation and pyrolysis process[J]. J Alloys Compd, 2018, 739:
955-960.

B, S, SN HB-HC-SiCHBUC/C R & R R il



5255 oM

LR 55

REDEAE = R b & L SR Uit .

2845 -

[66]

[67]

[68]

[69]

[70]

(711

(721

(73]

[74]

(73]

[76]

(771

(78]

[79]

FetiPkERERT FE[T]. B F IR AL, 2016, 13(3): 12-17.

WEI Xi, LI Jiewen, ZHANG Weigang. Equip Environ Eng, 2016,
13(3): 12-17.

ZHANG J P, QU J L, FU Q G. Ablation behavior of nose-shaped
HfB,-SiC  modified
oxyacetylene torch[J]. Corros Sci, 2019, 151: 87-96.

LU J H, HAO K, LIU L, et al. Ablation resistance of SiC-HfC-ZrC
multiphase modified carbon/carbon composites[J]. Corros Sci, 2016,
103: 1-9.

LI Q G, DONG S M, WANG Z, et al. Microstructures and mechanical
properties of 3D 4-directional, Cf/ZrC-SiC composites using ZrC
precursor and polycarbosilane[J]. Mater Sci Eng B, 2013, 178(18):
1186-1190.

ZHANG MY, LIK Z, SHI X H, et al. Effects of SiC interphase on the
mechanical and ablation properties of C/C—ZrC—ZrB,—SiC composites

carbon/carbon  composites  exposed  to

prepared by precursor infiltration and pyrolysis[J]. Mater Des, 2017,
122:322-329.

QIAN Y B, ZHANG W G, GE M, et al. Frictional response of a novel
C/C-ZrB,~ZrC-SiC composite under simulated braking[J]. J Adv
Ceram, 2013, 2(2): 157-161.

FUY Q, ZHANG Y L, LI T, et al. Effect of SiC on the anti-ablation
resistance and flexural strength of (Hf-Ta—Zr)C—C/C composites[J]. J
Eur Ceram Soc, 2024, 44(1): 107-118.

LYU Y, CHENG Y, ZHAO G D, et al. Modification of SiBCN by Zr
its effect on ablative resistance of Cf/SiBCN(Zr)
composites[J]. Compos Part B Eng, 2023, 253: 110511.

KB, HOEN, S, . SIBNZBIRMRMEAAT N R A ta e
SYHTT). BUAREIAR A, 2023, 44(1): 43-49.

atom and

GUAN Xingyu, QIU Haipeng, MA Xin, et al. Adv Ceram, 2023, 44(1):

43-49.

WEN Q B, XU Y P, XU B B, et al. Single-source-precursor synthesis
SiC/HfCN,_x-based  ultrahigh-temperature
nanocomposites[J]. Nanoscale, 2014, 6(22): 13678-13689.
CHENG J, DONG Z J, ZHU H, et al. Synthesis and ceramisation of
organometallic precursors for TasHfCs and TaHfC, ultra-fine powders
through a facile one-pot reaction[J]. J Alloys Compd, 2022, 898:
162989.

FENG B, PETER J, FASEL C, et al. High-temperature phase and
microstructure evolution of polymer-derived SiZrCN and SiZrBCN
ceramic nanocomposites[J]. J Am Ceram Soc, 2020, 103(12): 7001-7013.
EHB, B750%, M. SIAICNZIPDCH % M Uk (1], Bk
BRFG#E, 2022, 43(3): 173-186.

CUI Xiuqi, YANG Fangxing, TENG Yadi. Adv Ceram, 2022, 43(3):
173-186.

WEN Q B, YU Z J, RIEDEL R. The fate and role of in situ formed
carbon in polymer-derived ceramics[J]. Prog Mater Sci, 2020, 109:
100623.

WEN Q B, XU Y P, XU B B, et al. Single-source-precursor synthesis
SiC/HfCN; x-based  ultrahigh-temperature
nanocomposites[J]. Nanoscale, 2014, 6(22): 13678-13689.

of  dense ceramic

of dense ceramic

(80]

(81]

(82]

[83]

[84]

[85]

(86]

(87]

(88]

[89]

[90]

(o1

[92]

[93]

[94]

[93]

[96]

WANG Y G, FAN Y, ZHANG L G, et al. Polymer-derived SiAICN
ceramics resist oxidation at 1400 ‘C [J]. Scr Mater, 2006, 55(4):
295-297.

RAJ R. Fundamental research in structural ceramics for service near
2000°C[J]. J Am Ceram Soc, 1993, 76(9): 2147-2174.

RIEDEL R, KIENZLE A, DRESSLER W, et al. A silicoboron
carbonitride ceramic stable to 2 000°C[J]. Nature, 1996, 382: 796-798.
MERA G, RIEDEL R, POLI F, et al. Carbon-rich SiCN ceramics
derived from phenyl-containing poly(silylcarbodiimides)[J]. J Eur
Ceram Soc, 2009, 29(13): 2873-2883.

WANG Z C, ALDINGER F, RIEDEL R.
silicon—boron—carbon—nitrogen materials thermally
2200°C[J]. J Am Ceram Soc, 2001, 84(10): 2179-2183.
RIEDEL R, KLEEBE H J, SCHONFELDER H, et al. A covalent
micro/nano-composite resistant to high-temperature oxidation[J].
Nature, 1995, 374(6522): 526-528.

RAJ R, AN L N, SHAH S, et al. Oxidation kinetics of an amorphous
silicon carbonitride ceramic[J]. J Am Ceram Soc, 2001, 84(8):
1803-1810.

YUAN J, GALETZ M, LUAN X G, et al. High-temperature oxidation
behavior of polymer-derived SiHfBCN ceramic nanocomposites[J]. J
Eur Ceram Soc, 2016, 36(12): 3021-3028.

WANG J Y, DUAN X M, YANG Z H, et al. Ablation mechanism and
properties of SiCf/SiBCN ceramic composites under an oxyacetylene
torch environment[J]. Corros Sci, 2014, 82: 101-107.

COLOMBO P, MERA G, RIEDEL R, et al. Polymer-derived ceramics:
40 years of research and innovation in advanced ceramics[J]. J] Am
Ceram Soc, 2010, 93(7): 1805-1837.

WEN Q B, YU Z J, LIU X M, et al. Mechanical properties and
electromagnetic shielding performance of single-source-precursor
synthesized SiC/HfCN;-/C
nanocomposites[J]. J Mater Chem C, 2019, 7(34): 10683-10693.
STABLER C, SCHLIEPHAKE D, HEILMAIER M, et al. Influence of

SiC/silica and carbon/silica interfaces on the high-temperature creep of

Novel

stable up to

dense monolithic ceramic

silicon oxycarbide-based glass ceramics: A case study[J]. Adv Eng
Mater, 2019, 21(6): 180-196.

MORAES K V, INTERRANTE L V. Processing, fracture toughness,
and vickers hardness of allylhydridopolycarbosilane-derived silicon
carbide[J]. ] Am Ceram Soc, 2003, 86(2): 342-346.

NIHARA K. New design concept of structural ceramics[J]. J Ceram
Soc Japan, 1991, 99(1154): 974-982.

HE J B, CAO Y J, ZHANG Y X, et al. Mechanical properties of
ZrB,—SiC ceramics prepared by polymeric precursor route[J]. Ceram
Int, 2018, 44(6): 6520-6526.

HE J B, GAO Y, WANG Y G, et al. Synthesis of ZrB 2-SiC
nanocomposite powder via polymeric precursor route[J]. Ceram Int,
2017, 43(1): 1602-1607.

FENG B, FETZER A K, ULRICH A S, et al. Monolithic ZrB,-based
UHTCs using polymer-derived Si(Zr, B)CN as sintering aid[J]. ] Am
Ceram Soc, 2022, 105(1): 99-110.



.+ 2846 - CRERR R 2540 J Chin Ceram Soc, 2024, 52(9): 28272846 2024 4

Research Progress in Polymer Derived Ceramics Conversion Ultra-High Temperature
Ceramics and Composite Materials

JIANG Tianxing', ZHOU Tianci', WEN Qingbo', YU Zhaoju**, XIONG Xiang'
(1. State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410000, China; 2. Key Laboratory of
High-Performance Ceramic Fiber, Ministry of Education, Xiamen University, Xiamen 361005, Fujian, China; 3. College Materials,
Xiamen University, Xiamen Key Laboratory of Electronic Ceramic Materials and Components, Xiamen 361005, Fujian, China)

Extended Abstract

Ultra-high temperature ceramics are a new type of heat-resistant materials that could withstand extreme service environments
such as long periods of ultra-high sound speeds, atmospheric flight, and re-entry. It usually refers to advanced ceramics with a melting
point above 3 000 ‘C and the ability to resist ablation in an oxidizing atmosphere above 2 000 “C, mainly including carbides,
nitrides, and borides of transition metals in the IVB and VB groups. As thermal protection materials used in extreme environments,
single-phase ultra-high temperature ceramics exhibit extremely poor antioxidant performance in extreme environments. In this paper,
the development of ultra-high temperature ceramics is moved towards diversification and multiphase, and ultra-high temperature
ceramic matrix composites are formed by compounding with fibers and other materials.

Polymer conversion methods mainly include two types: the first type is metal hybrid polymer method, which use alcohol oxides
(such as alcohol organic compounds, acetate, acetylacetone, salicylic acid, etc.) to modify and obtain polymer precursors with M (Ti,
Zr, Hf, Ta, Nb, etc.) and O acted as the main chains; The second type is the metal organic polymer method, which choose alkyl,
alkenyl, alkynyl or aryl ligands to realize the chemically modified organic metal compounds (such as metallocene compounds,
methylamine metal compounds, €tC.) to obtain polymer precursors containing M and C or B bonds. With the diversification and
multiphase development of ultra-high temperature ceramics, the multi-component nanocomposite ceramics obtained by reacting metal
with polycarbosilane, polysilazane, polyborosilicate, efC. were significantly better than those obtained by traditional ultra-high
temperature ceramics. The polymer conversion ultra-high temperature ceramic technology could realize the control of the
composition, microstructure, properties, €tC., which could exhibit a revolutionary significance in the preparation of structure function
integrated ceramics.

Summary and prospects The preparing process of ceramics and composites via PDCs becomes more and more sophisticated. The
oxygen-containing system requires a carbon thermal reduction process to obtain ultra-high temperature ceramics, resulting in a lower
yield of ultra-high temperature ceramics with more pores and cracks, which leads to excessive PIP times, long densification time, and
poor mechanical properties. Therefore, the development of oxygen free ultra-high temperature ceramic precursors is one of the
important direction for the future development. Moreover, compared to single-phase ultra-high temperature ceramics, diversified and
multiphase ultra-high temperature ceramics exhibite superior performance. Therefore, the development of precursors that could
achieve a diversified ultra-high temperature multiphase ceramics was also an important direction to develop in the future. Polymer
precursors can also be used in new application fields such as preparing ultra-high temperature thermal protective coatings, ultra-high
temperature binders, and ultra-high temperature ceramic fibers. Polymer precursors would have extremely wide applications in the
future.

Keywords polymer precursor ceramics; ultra-high temperature ceramics; composite materials; oxidative erosion; thermal protection



