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Review on the Preparation of Ultra-High Temperature

Ceramic Precursors

QIU Wenfeng, YE Li, HAN Weijian, ZHAO Tong
(Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China)

Abstract: Fiber reinforced ultra-high temperature ceramics matrix composites (CMCs) are potential candidates for ther-
mal protection system in hypersonic vehicles because of their excellent and unique combination of high melting points,
good thermal-shock resistance and superior ablation/oxidation resistance. Ceramic precursors, determining manufacture
cycles and performance of CMCs, are key raw materials. Preparation and characterization of ultra-high temperature ceramic
precursors were reviewed in this article. So far, the development of ultra-high temperature ceramics has extended from sol-
gel to polymer precursor method, from refractory metal oxides to carbides, borides and nitrides, from single phase to com-

posite ceramics. In future, oxygen-free ceramic precursors and composite ceramic precursors will be the main direction, in

addition, the characterization of the precursors and their derived ceramics should also be emphasized.
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Fig. 1 Route diagram of synthesis of Hf-containing polymer
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Fig. 2 Route diagram of synthesis of Zr-containing polymer
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Table 1 Summary of the structural characteristics of precursor-derived UHTCs ( Only selected references are listed)
Technique Information References
FTIR Structure evolution process [45, 47 -49]
MAS NMR Structure evolution process [45]
TG-MS Fragments released during pyrolysis process [13, 45]
Raman Carbon evolution process [7, 35, 47]
XRD Phase evolution process ( crystallization behavior) [7-8, 45, 47 -49]
Surface area analysis Pore structure evolution process [7, 50]
SEM (-EDX) Morphology and composition of ceramics [8, 35, 51]
TEM Phase composition and microstructure [7, 45]

3.1 FTIR, MAS NMR & TG-MS

FTIR I MAS NMR AJ BRI 45 Hh 248 7= 0 1) A2
Z5RfE ., TG-MS REZ i 241 BB /N0 F =W 15
B, 31X 3 FP AR T BOG T4 0 2 A ML R B A ALY
AR LM, JUT- WA SCHR B2 1 4 T 1 T A A
K (M MAS NMR, M =Ti, Zr, Hf, Ta %), ©4 M

JE PR 0L FT AR AR 197 Si MAS NMR 5" C MAS NMR i
I Si ml C A Ak 27 067 7% 28 Ak ok S g i 3R 1A 24 fige o) 7 o
WIZEF A8 AL, Yu 2517 SR H1” Si MAS NMR %%} SiHfCN
Ve e AT SRR ) 24 M ol R HEAT TR SE, A5 RERWY, R
Yy HE-N-Si Jz HE-C-Si @ i 15 Si J5i 1 i 2= % B R
i, Htk, 7E7Si MAS NMR t SiC,N, K& SiC, 45411k
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3.2 Raman

Raman St3i% %5 F T ARS8 A6 24 il R v B |l ik 19 45
P AR R . ATIRAA S AL B 2 9 Bl BRAE Raman D%
TR AE IR AT 2 B2 AE 1350 em ™ Al 1 580 em ™ ARAY D
MG, Hrp, D-BRME C TR mMELE, G-Ig
R IE C T sp2 Z AL T N AR IR 2o AT Y AR XS
SRIE . ROT KA B RN T Bk A PR . ik, &
FATLAF 2D B D + D7 ke SRAE Bk 190 25 1) A1 285 M 25 44 F1 K S
BhiaZEt . Ang %X} 200,/ C B AE AN IR R Ra-
man JGIEHATRIEIN g, AR 550 C T2 1400 C
i, Raman Yi%dr D/G {EM 0. 72 J1E 1. 24, {HE54 2D/
D+ D ERM, XA LA M 48 1A B, T2
HFEE I C 1 550 CRI L ER SR REETEEIL
JRIREE(INT S 2) BTk,
3.3 XRD

H TR e L P — A Hit, XRD 2
— PR A A R AR R 5 R SRR RS 8 5 1
SR Y SiC/ZrC 5 AH P 85 T B AR 7E AN () 28 i 1 2 B 1Y
XRD §¥ & A& 14 FrR ™ o i T35 45 25 2 ik
PR IGL SR BT 51 A 200, . m-ZrO, K ZrC [H] (1 &
BB AR A5 T S B T B 5 R AR RS i 28 1 A5 2 o

+ =
gnﬂﬂljll?’

28i MAS NMR spectra of SiHfCN-based ceramics pyrolyzed at 200 ~ 1 300 °C
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Fig. 14 XRD patterns of the ZSI1 sample at various heat treatment
temperatures: (a) 800 °C, (b) 1000 C, (c) 1200 C,

(d) 1400 °C, and (e)1 500 C
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Fig. 15 SEM micrographs of ZS-3 heat treated at various temperatures ;

(a, b) 900 C, (c, d) 1400 C, (e, f) 1600 C, and

(g, h) 1700 C
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Fig. 17 TEM images of SiHfCN: (a, b) 100 °C and (¢, d)1 300 C

LU R 34738 5 TR 2400 = i FLaE g iy ( £ 2
BYRSL), BFELRIEAL, fLEE . LA KRR
45 Ang ZTVHISER BN, 1250 CLULF, Z10,-C BElE %
TR I (A 24 = ) 1) LU 2R ARG G s 1 250 C LA
J& BT iAL g ik A BB ARIUR RS R, teRmiAR
TR, i 16,

300

+#Single—point

250
* BET

A
200
ALangmuir A

. g—1

150 A A

100} . .

Surface Area / m?
®

50

ol . ... ..

500 700 900 1100 1300 1500
Temperature Isotherm(°C)2h / Ar

K16 Zr0,-C BEBAEA A RLEE T 2405 i L R 1 AU 1L P

Fig. 16 ~ Change in surface areas from gas sorption of ZrO,-C gel after heat
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Fig. 18 TEM images of SiHfCN: (a, b)1 400 °C and (¢, d) 1700 C

7R i P T KA A R A P T S A 5 BRI
KEIEREEARL, i ZAFE KR, Hifil & T2 H Rk,
CRETERER DU RS, CAEMT=S LR A 21 0
T[] ARG SR, BT ADH ) A I | 5 g AR A
B GR35 ) A, AR T T TG A P T B4
22 U S A W) Y5 T SK AR A5 R TR v IR P T KA 1 T
FEA AT ARAG AN R RUBE 24 50 73 B 2 70 5 B T8 S i S A
T A R P RS R A R — B % SiCL HIC,
TaC, Y,0, %55 “4ITHIAXT 2 ZiC, HIC R Hi A
PEPERE /IR ROSE 30 ) e AR R RS RO B KA
HHE BT, DRI 2 T S A P R H e A R e i P T
AR EL T

VER—AB AR, e I P e A AR B R &
SRV AR S8, A R R i P RS K A 2 RS 45 H A
P T et AR AN ZH AR AE T THI k20 R G TE T3 o

el SR S W R IR AR BR T AT A B R A bR

SLASh, AT WS IR R . MR L BRI
R 70 0 T oy AR S T IO P IR, R R ATz 1 1

Dz

HIf 5% o
SECHE References

[1] Yan Chunlei (%% 7), Liu Rongjun(XI2E%), Cao Yingbin
(CHIR) |, et al. JBERFE L A MR & T 2058 ik
[J1. Aerospace Materials & Technology (FMiM ¥ 5 T.2),
2012 (4): 7-11.

[2] Colombo P, Mera G, Riedel R, et al. Polymer-Derived Ceram-
ics: 40 Years of Research and Innovation in Advanced Ceramics
[1]. Journal of the American Ceramic Society, 2010, 93 (7): 1
805 -1 837.

[3] Viadimir V S, Radovan P O. Electrical Conductivity of Sol-Gel
Derived Yttriar-Stablized Zirconia [ J]. Ceramics International,
2001, 27 (8): 89 - 101.

(4] Zhao Qing (4 %), Chang Aiming (3% [). BCiky -yl
il Ze0, 9Ky R RAZRI[J]. Journal of Materials Sci-
ences and Engineering (MBS TH2230) , 2003, 21(5)



760 rh b} S %34 &
683 - 686. acetato) Zirconium Dialkoxide [ J ]. Journal of Polymer Science
[5] Dollé M, Gosset D, Bogicevic C, et al. Synthesis of Nanosized Part A: Polymer Chemistry, 1992, 30 (11). 2295 -2 301.

(7]

(8]

(9]

[10]

[11]

[12]

[14]

[15]

[16]

[17]

[18]

Zirconium Carbide by a Sol-Gel Route[ J]. Journal of the Europe-
an Ceramic Society, 2007, 27 (4): 2 061 -2 067.

Preiss H, Schultze D, Klobes P. Formation of NbC and TaC from
Gel-Derived Precursors[ J]. Journal of the European Ceramic Soci-
ety, 1997, 17 (12): 1423 -1 435.

Ang C, Williams T, Seeber A, et al. Synthesis and Evolution of
Zirconium Carbide via Sol-Gel Route: Features of Nanoparticle Ox-
ide-Carbon Reactions[ J]. Journal of the American Ceramic Socie-
ty, 2013, 96 (4): 1099 -1 106.

Matovi¢ B, Babi¢ B, Bucevac D, et al. Synthesis and Charac-
terization of Hafnium Carbide Fine Powders[ J]. Ceramics Interna-
tional, 2013, 39 (1). 719 -723.

Yan Y, Huang Z, Dong S, et al. New Route to Synthesize Ultra-
Fine Zirconium Diboride Powders Using Inorganic - Organic Hy-
brid Precursors [ J]. Journal of the American Ceramic Society,
2006, 89 (11): 3585 -3 588.

Inzenhofer K, Schmalz T, Wrackmeyer B, et al. The Preparation
of HfC/C Ceramics Via Molecular Design[ J]. Dalton Transaction,
2011, 40. 4 741 -4 745.

Sahoo P K, Swain S K. Synthesis of Zirconocene-Acetylene and
Zirconocene-Diacetylene Polymer[ J]. Journal of Polymer Science
Part A: Polymer Chemistry, 1999, 37 (21): 3 899 -3 902.
Cai T, Qiu W F, Liu D, et al. Synthesis of Soluble Poly-Yne
Polymers Containing Zirconium and Silicon and Corresponding Con-
version to Nanosized ZrC/SiC Composite Ceramics [ J]. Dalton
Transaction, 2013, 42 (12) . 4 285 -4 290.

Wang H, Chen X, Gao B, et al. Synthesis and Characterization
of a Novel Precursor-Derived ZrC/ZrB, Ultra-High-Temperature
Ceramic Composite[ J]. Applied Organometallic Chemistry, 2013,
27 (2): 79 -84.

Paul P P, Schwab S T. Method for Making Ceramic Matrix Com-
posites Using Precursor Polymers to Refractory Metal Carbides and
Metal Borides: US, 6120840[ P]. 2000 -09 -19.

Schwab S T, Stewart C A, Dudeck K W, et al. Polymeric Pre-
cursors to Refractory Metal Borides[ J]. Journal of Materials Sci-
ence, 2004, 39 (19): 6 051 -6 055.

Hua Yongsheng (#£7k/%) , Chen Lai ([ 3k&), Li Xianfu (228
Ji§), et al. B SEERIR SRR IS A AL G IR S RAELT].
Acta Polymerica Sinica( #5453 F2£4R) , 2011 (6) : 596 —601.
Amorés P, Beltran D, Guillem C, et al. Synthesis and Charac-
terization of SiC/MC/C Ceramics (M = Ti, Zr, Hf) Starting from
Totally Non-Oxidic Precursors[ J]. Chemistry of Materials, 2002,
14 (4): 1585 -1 590.

Gunji T, Goto H, Kimata Y, et al. Studies on the Syntheses of
Polymetalloxanes and their Properties as a Precursor for Amorphous
Oxide. VII. Preparation and Properties of Polyzirconoxanes as a

Precursor for Zirconia Fibers by the Hydrolysis of Bis ( Ethyl Aceto-

[19]

[20]

[21]

[22]

(23]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Abe Y, Kimata Y, Gunji T, et al. Preparation of Polymetallox-
anes as a Precursor for Oxide Fibers from Metal Chelate Complex
[J]. Jowrnal of the Ceramic Society of Japan, 1989, 97 (1
125) ; 596 -597.

Abe Y, Kudo T, Tomioka H, et al. Preparation of Continuous
Zirconia Fibres from Polyzirconoxane Synthesized by the Facile
One-Pot Reaction [ J]. Journal of Materials Science, 1998, 33
(7): 1863 -1 870.

Abe Y, Tomioka H, Gunji T, et al. A One-Pot Synthesis of Po-
lyzirconoxane as a Precursor for Continuous Zirconia Fibres[]].
Journal of Materials Science Letters, 1994, 13 (13): 960 —962.
Liu Heyi (%#1 %), Liu Guishuang ( X%t %), Pei Shiguang
(HAE) , et al. RETEEPIRE 55 L 22 1L o5 AL B 4T 4 AR
[J]. Bulletin of the Chinese Ceramic Society ( FE R Eh# %),
2011, 30 (6): 1410 -1 424.

Gunji T, Yamamoto H, Hanaoka T, et al. Preparation of Polyzir-
conoxane from Zirconium Oxychloride Octahydrate and Ethylene
Glycol as a Precursor for Zirconia Ceramics[ J].

metallic Chemistry, 2000, 14 (2). 119 —126.

Applied Organo-

Panapoy M, Ksapabutr B. Fabrication of Zirconia Nanofibers U-
sing Zirconatrane Synthesized by Oxide One-Pot Process as Precur-
sor [ J]. Advanced Materials Research, 2008, 55. 605 - 608.
Preiss H, Schierthorn E, Brzezinka K W. Synthesis of Polymeric
Titanium and Zirconium Precursors and Preparation of Carbide Fi-
bres and Films [ J]. Journal of Materials Science, 1998, 33
(19): 4 697 -4 706.

Sacks M D, Wang C A, Yang Z, et al. Carbothermal Reduction
Synthesis of Nanocrystalline Zirconium Carbide and Hafnium Car-
bide Powders Using Solution-Derived Precursors [ J]. Journal of
Materials Science, 2004, 39 (19): 6 057 -6 066.

Xie Y, Sanders T H, Speyer R F. Solution-Based Synthesis of
Submicrometer ZrB, and ZrB,-TaB, [J]. Journal of the American
Ceramic Society, 2008, 91 (5): 1469 —1 474.

Tao Xueyu (FZ54E). Synthesis and Related Studies of Ultra-High
Temperature Ceramic Precursors ( {8 i iff i % T 3 < 19 i) 76 S AH
Kbt5E) [D].
ence, 2010.

Beijing: University of Chinese Academy of Sci-

Tao X, Qiu W, Li H, et al. Synthesis of Nanosized Zirconium
Carbide from Preceramic Polymers by the Facile One-Pot Reaction
[J]. Polymers for Advanced Technologies, 2010, 21 (4): 300
-304.

Li Yuntao (Z558%) . Nano-Size ZrB,-Based Ceramics and Proper-
vies (YHKEEIEMIYE il % B HAERERRSE) [D]. Beijing: Beijing
University of Chemical Technology, 2010.

Li Y, Han W, Li H, et al. Synthesis of Nano-Crystalline ZrB,/
71C/SiC Ceramics by Liquid Precursors [ J]. Materials Letters,
2012, 68 (0): 101 —103.



510 4

BRSCHEAF - i P T i KR 5 BT 7

761

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Tonescu E, Papendorf B, Kleebe H J, et al. Polymer-Derived
Silicon Oxycarbide/Hafnia Ceramic Nanocomposites. Part 1:
Phase and Microstructure Evolution During the Ceramization
Process| J]. Journal of the American Ceramic Society, 2010, 93
(6): 1774 -1 1776.

Liu Dan (X1 F}), Qiu Wenfeng (ER3CH ), Cai Tao (#E¥),
et al. ALEIBUAE W 2 i S04 1 1 28 S F R AL L]
Materials & Technology (FHibf kI T.7Z), 2014, (01): 79.

Ge Kaikai( E3151), Qiu Wenfeng( 53¢ 4), Han Weijian (#
Fld) , et al. ZrB,/SiC BTSRRI E & . RAE L ZURITHIT].
Chemical Journal of Chinese University (15 25254 #%4R) ,
2014, (09). 2050 -2 054.

LiuD, Qiu WF, Cai T, et al. Synthesis, Characterization, and

Aerospace

Microstructure of ZrC/SiC Composite Ceramics Via Liquid Precur-
sor Conversion Method[ J]. Journal of the American Ceramic Socie-
ty, 2014, 97 (4): 1242 -1 247.

Cai Tao (%% ¥%). Preparation and Related Studies of Ultra-High
Temperature Composite Ceramic Precursors (#2152 FH P& % iy 9K
TRIH#5 Je M 26158 ) [D]. Beijing: University of Chinese A-
cademy of Sciences, 2013.

Corriu R J P, Gerbier P, Guerin C, et al. The Thermal Conver-
sion of Poly [ (Silylene)-Diacetylene ] Metal Oxide Composites: A
New Approach to 8-SiC-MC Ceramics[ J]. Angewandte Chemie-In-
ternational Edition in English, 1992, 31 (9): 1195 -1 197.
Corriu R, Gerbier P, Guerin C, et al. Poly[ ( Silylene) Diacety-
lene ] Metal-oxide Composites A New Appoach to SiC Metal
Nitride Ceramics [ J]. Advanced Materials, 1993, 5 (5): 380
-383.

Corriu R J P, Gerbier P, Guearin C, et al. Poly[ (Silylene) Di-

acetylene | /Fine Metal Oxide Powder Dispersions: Use as Precur-
sors to Silicon-Based Composite Ceramics[ J]. Journal of Materials
Chemistry, 2000, 10 (9): 2 173 -2 182.

Guron M M, Kim M J, Sneddon L G. A Simple Polymeric Pre-
cursor Strategy for the Syntheses of Complex Zirconium and Hafni-
um-Based Ultra High-Temperature Silicon-Carbide Composite Ce-
ramics[ J]. Journal of the American Ceramic Society, 2008, 91
(5): 1412 -1415.

Pizon D, Lucas R, Foucaud S, et al. ZrC-SiC Materials from the

Polymer-Derived Ceramics Route[ J]. Advanced Engineering Mate-

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

rials, 2011, 13 (7): 599 -603.
Pizon D, Lucas R, Chehaidi S, et al. From Trimethylvinylsilane
to ZrC-SiC Hybrid Materials[ J]. Journal of the European Ceramic
Society, 2011, 31 (14): 2 687 -2 690.
Zhao D, Zhang C, Hu H, et al. Preparation and Characterization
of Three-Dimensional Carbon Fiber Reinforced Zirconium Carbide
Composite by Precursor Infiltration and Pyrolysis Process[ J]. Ce-
ramics International, 2011, 37 (7). 2 089 -2 093.
Zhao Dan(#X F}). Preparation and Properties of Ulira High Tem-
perature Ceramic Precursors and Composites ( il #8125 i P& % 55 9K
WREZ SRR B & FIPEREDFSE) [D]. Changsha: Gradu-
ate School of National University of Defense Technology, 2011.
Wen Q, Xu Y, Xu B, et al. Single-Source-Precursor Synthesis of
Dense SiC/HfC(x) N(1 - x)-Based Ultrahigh-Temperature Ceram-
ic Nanocomposites[ J]. Nanoscale, 2014, 6 (22). 13 678 -
13 689.
Bahloul D, Pereiraa M, Gerardinb C. Pyrolysis Chemistry of Pol-
ysilazane Precursors to Silicon Carbonitride Part 1-Thermal Degra-
dation of the Polymers[ J]. Journal of Material Chemistry, 1997 , 7
(1):109 -116.
Yu Z, Zhan J, Zhou C, et al. Synthesis and Characterization of
SiC(Ti) Ceramics Derived from a Hybrid Precursor of Titanium-
Containing Polycarbosilane[ J]. Journal of Inorganic and Organo-
metallic Polymers and Materials, 2011, 21 (3): 412 -420.
Zhao D, Hu H, Zhang C, et al. A Simple Way to Prepare Pre-
cursors for Zirconium Carbide [ J]. Journal of Materials Science,
2010, 45 (23): 6 401 -6 405.
CaiT, Qiu WF, LiuD, et al. Synthesis, Characterization, and
Microstructure of Hafnium Boride-Based Composite Ceramics Via
Preceramic Method[ J]. Journal of the American Ceramic Society
2013, 96 (6): 1999 -2 004.
Preiss H, Schudize D, Klobes P. Formation of NbC and TaC from
Gel-Derived Precursors| J]. Journal of the European Ceramic Soci-
ety, 1997, 17. 1423 -1 435.
Ma M, Shen W, Zhang P, et al. Synthesis of TaC Nanopowders
by Liquid Precursor Route[ J]. Materials Letters, 2011, 65 (1)
96 -99.

(%% £ 7)



