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Abstract: Metastable Si-B-C-N ceramics and their matrix composites have promising
applications in the fields of thermal protective and high-temperature structural materials due to their
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low density, unique microstructures, excellent comprehensive properties and good machinability. In
this review, the research process in high-temperature crystallization of metastable Si-B-C-N system
ceramics developed by (in)organic processing routes were summarized. Firstly, the crystallization
process and mechanisms, at high temperatures and different pressures including atmospheric pressure
(1 atm), 80 MPa in hot-pressing, high pressures of 5 GPa, of amorphous Si-B-C-N powders by
mechanical alloying were systematically introduced. Secondly, the influence of chemical
compositions on crystallization of Si-B-C-N ceramics were summarized. Finally, the research focuses
on crystallization of Si-B-C-N materials in future were discussed.

Keywords: Si-B-C-N amorphous ceramic; Mechanical alloying; Hot pressing; Spark plasma
sintering; High pressure sintering; Polymer pyrolysis; Crystallization
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Figure 1 Isothermal section at 1400°C of the Si-B-C-N (14 at% boron) phase diagram. The chemical
composition of Si,BC;N ceramic studied here approximately located in the zone marked by the box **!
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Figure 2 TEM images of Si,BC;N powders prepared by mechanical alloying (MA) ['72%
(a) BF image and SAED pattern; (b) HRTEM image
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Figure 3 EFTEM images of amorphous Si,BC;N powders prepared by mechanical alloying!' ™"
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Figure 4 XRD patterns of Si,BC;N powders upon heating at 1000°C ~ 1700°C / 30 min / 1 atm N,**!
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B 5 AL A 41k S,BC3N 2E & 18 2 R 2 & I8 (1000°C ~ 1700°C / 30 min /1 atm N,) 4L 2 /5 ¢4 TEM F& 12
Figure 5 SAED patterns and HRTEM images of Si,BC;N powders upon heating at (a) 1200°C, (b) 1300°C,
(c) 1400°C, (d) 1500°C, (e) 1600°C, and (f) 1700°C for 30 min at 1 atm N,**
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Figure 6 (a) *’Si, (b) ''B, and (c) *C NMR spectra of Si,BC;N powders upon heating at 1000°C, 1400°C, and

1700°C / 30 min /1 atm N, respectively!*”
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Figure 8 XRD patterns of Si; (B ¢C43N, after annealing Figure 8 XRD patterns of hot pressed (1500°C ~
at 1700°C ~ 2100°C in Ar”) 1900°C / 80 MPa /N,) Si,BC5N monoliths?**"
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Figure 10 TEM BF images of hot pressed (1500°C ~ 1900°C / 80 MPa N,) Si,BC;N monoliths ***". The
top-right inset in figure (a) is FFT image of B-SiC; The top-right inset in figure (b) is HRTEM image of BN(C);
The bottom-left inset in figure (e) is HRTM image and SAED pattern of B-SiC with stacking faults
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Figure 11 TEM images of as-heat-treated Si-B-C-N ceramics developed by organic route %
(a) BF image; (b) HRTEM image
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Figure 13 Schematic of the microstructural development of Si,BC;N monoliths
during crystallization process at 1000°C ~ 1600°C / 5 GPa /30 min !
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Figure 14 XRD patterns of Si,BC;N powders and
ceramic monoliths sintered at 1000°C ~ 1600 °C /5
GPa/30 min B¢
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Figure 15 TEM BF images and SAED patterns (bottom-right insets) of Si,BC;N monoliths sintered
at 1000°C ~ 1400°C / 5 GPa / 30 min !
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Figure 16 A combination of HRTEM images of Si-B-C-N monoliths (high-pressure sintered at 1000°C ~ 1400°C
/5 GPa /30 min) showing the microstructural evolution during the nucleation process **: (a) HRTEM image for
the ceramic sintered at1000°C; (b) EDX spectrum for marked dark zone (A) and bright zone (B) in Figure 15(a);
(c) HRTEM images for ceramics sintered at 1050°C; (d) 1100°C (bottom-right inset is an I[FFT image for
marked area ‘D’, white arrows show atom agglomeration); () 1150°C (bottom-right inset is IFFT image for
marked area ‘E’, white arrows show crystal nucleus); (f) 1200°C, (g) and (j) 1250°C, (k) 1300°C, and (m) and (n)
1400°C; IFFT images for marked area (h) ‘H’ and (i) ‘I’ in (g), and (1) ‘T" in (k).
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4) AEKXH&: HIREZF R 1400°C, FHBEMER, TSR E RIFH SiC 1 BN(C)
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1 B4Co TR EFEH A&, BT FactSage Thermochemical #X 4 H1] Reaction-Web F R HE R B, AN
REALEF ST 3R LS IR (W1 BN, BCN. SisNy) HEATAHIEH8E7,

FR AR AE SRR AN [F FHR R 24 T THLER 4% Si,BCsN JES# KT DTA £ 15 21
Inw/T>) 5 UT. Z Itk ZBATIE AT LIS 3] SiL,BCN =S M SR FOAT TG BE N 2153
kJ/mol. FFEFRHME, BT EIEREWREIEFMRIT S, FRICE RIRGEE S, FitEie b
R4 Si-B—C—N Ak 5 e B 4 (M7 i A0 BE B2 UL & 4 1b JE 5 M ok Ak (i — D71,
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Figure 17 Standard Gibbs free energy changes of Figure 18 Enthalpies for B-SiC, 4-BN and graphite
possible reactions during crystallization of amorphous as a function of pressure

Si-B-C-N ceramics 7!
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Ja ZEJEHIE BN (LIR) A28 (FIR) A=k . Wik, &K (> 1GPa) {Ef K BN(C) #
b SiC RS Si-B-C—N ek i s g it & e se TIa gt it x5 1.3 HWprk hlik
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2 P=80 MPa litf, 881 %E <SiC MK Z <BN G2, XU Si-B-C-N M &3k Sk K 7E
Eped (thn <2000°C / 80 MPa) A2+, @At T A5 — SiC — BN, 1 1.2 TifFidE
B ML 1) 4% 1) Si,BC3N B &R A TLE 1500°C ~ 1900°C / 80 MPa / 30 min / 1 atm N, 24~ B-SiC ¢
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