%25 % 4531 £ b= o 5 2 H Vol.25 No.3
20114£6 4 CHINESE JOURNAL OF MATERIALS RESEARCH June 201 1

AR R LR EE S EIF&Si-Al-C-NiY
=ETEITA "
LR

L JER =R R AR R 5 TR ZERAE S IR E M E R LR E st 100191
2. BB SR RAF FERAAEL SR ERE G ERE  Jiar 102101

B E HMARSSRAREERAREAERASET T 1200 TR, FE 1400-1800 CRrAbRE, % LAk Si-Al-
C-N, RALIMERE, X FHEATH . DSCRERIEN T B MIRAERT IR IR A 454 . Si-AL-C-N b sRetk. B k%
ARZER, BRSE TR ar i, B R B RE X AR 5 Si-Al-C-N BribtkRemgm . 45RE9: HEARE S RIS Si-Al-
C-N 7 1400 CaHS75 R ARRIRD, (LR AAB MR E diik; 78 1500 CHBMAPKHE f-SisNg Ml a—SisNa Fik; 78
1600 C o-SizNy #45% B-SisNy, HHriifgit o-SiC i 2H-SiC/AIN By E#; & 1700 Ck [-SisNg 4b, B
okt 2H-SiC/AIN kg o/ B-SiC gk, $a it Si-Al-C-N f&fny 5-SizsNg 2%; 78 1800 T, A&
# B-SiC f1 2H-SiC/AIN FEsik ik, (HR%ETHAEAESIERE AIN fig SiC FHEkX, e Rrhig # T
PAH A G AR . 3RS STAICN 7 1500 CHF4AMT 48K 5, 18 1800 CAMFRJEHT i B S AT Ak i . B3t iR
SiAICN #y AT A, St —A E B d R bl .

KEEA KHARSIRBIEL, ERATRAT N, AR, A&, STAICN

HES TQLT4 XEHS 1005-3093(2011)03-0237-06

High—temperature Crystallization Behaviors of Amorphous
Si—Al-C—-N with Low Aluminum Content
LI Song™? ZHANG Yue!'**

1.Key Laboratory of Aerospace Materials and Performance, School of Materials Science and Engineering,
Beihang University, Beijing 100191
2.State Key Laboratory of Advanced Fibre Composites, Beijing Composite Materials Co., Ltd., Beijing 102101

* Supported by National Natural Science Foundation of China No.51072010, Specialized Research Fund

for the Doctoral Program of Higher Education from Chinese Ministry of Education No. 20091102110002,

The Cheung Kong Scholars and Innovative Research Team Program in University from Chinese Ministry of

Education No.IRT0805.

Manuscript received February 15, 2011; in revised form May 12, 2011.

** To whom correspondence should be addressed, Tel:(010)82316976, E-mail:zhangy@buaa.edu.cn

ABSTRACT Amorphous Si—Al-C—N ceramics with varied aluminum contents, which were derived from
polyaluminasilazanes at 1200 C, were heat—treated at 1400-1800 ‘C. The structures of precursors and
the crystallization behaviors, free—carbon and microstructure of Si—Al-C—N were characterized by Infra-
red spectrometry, X—ray diffraction, Raman spectra and transmission electron microscopy. The effects
of aluminum contents, crystallization temperatures and times on crystallization properties of amorphous
Si—Al-C-N were investigated. The results show that amorphous Si—Al-C—N ceramics are amorphous at
1400 C, but include free-carbon. Nano-scale 5-SisN4 and a=SisN4 nuclei are precipitated at 1500 C.
The a-SisN4 nucleus transforms into S-SigN,4 after treated at 1600 ‘C, at the same time, a minute
quantity of a—SiC and 2H-SiC/AIN solid solution nuclei precipitated. At 1700 ‘C a large number of
2H-SiC/AIN solid solution crystals and a few a/3-SiC crystals precipitated besides 5-SisNy4, and the -
SigNy phase in the Si—-Al-C-N ceramic with lowest aluminum content disappears. At 1800 ‘C only 5-SiC
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and 2H-SiC/AIN solid solution crystal are observed. But phase separation takes place at this temperature,
leading to the formation of AIN-rich and SiC-rich solid solution region, respectively. With increasing alu-
minum content, crystallization ability of amorphous Si—Al-C—N ceramics and quantities of grain increase.
Nano-scale crystals precipitate from the amorphous Si—Al-C—-N at 1500 ‘C, but even until 1800 ‘C the pre-
cipitated crystals are still nano—scale crystals. The high-temperature crystallization process of amorphous
Si—Al-C-N with high covalence is a process controlled by thermodynamics.
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Table 1 Synthesis ratios prepared for polyaluminasilazanes with different aluminum contents

Polysilazane AlH3-NMes PASZ
Sample
/g /mmol /mL /mmol Mass/g Si/Al
S1 15.0 200.0 25.0 40.0 15.9 5/1
S2 15.0 200.0 17.9 28.6 15.7 7/1
S3 15.0 200.0 13.9 22.2 15.5 9/1
=N- H(in PSN) +H-Al= (in AlH; - NM63) —-=N-H=+H> 1 (1)

CH, = CH — (in PSN) + H — Al = (in AlH; - NMes) — CH3 — CH(Al=) — + = Al— CHy — CHy—  (2)
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Fig.3 XRD patterns of S1, S2 and S3 heat—treated
at 1400 C (a), 1500 C (b), 1600 ‘C (c),
1700 C (d), 1800 C (e) for 2 h

(Q HBIERE, R HRHEL T RAXFaE) IE I,
LM A B 1 o RO R

MG S1. S2 F1 S3 AT IR B Al AR
B-SisNy fki R 43518 16.3 nm, 13.6 nm Al
11.7 nm, BEEHMBSRIREE &t i Sy ST AOATT S G B

1 1
1000 1500 2000

Wavenumber / cm’

Bl 4 S1 7F 800 ‘CHll 1400 CA4bPEJERY Raman Yii%
Fig.4 Raman spectra of S1 pyrolyzed at 800 ‘C and
heat-treated at 1400 'C

e, LT AR o-SiC A1 2H-AIN/SIC [ %
BB, o-SigNy FRREIIE SR, AIRESEH T a-SisNy
AR B-SisNy 85 B B iRV AR SiC E; o
SiC gufkfy B, T REE A Kbt i 5% SisNy fhik
B BR IS AT H SiC Fy A irs 18191, fp

SisNy + 3C — 3SiC + 2N, 1

T ALEE IR S S| T 1700 C, S1, S2 F1 S3 g
AHIRADON, N ST B S2 ) -SisNy gaikny& it
B S 08/0, {H2 B-SisNy dhi ROT H1IZ ¥ s, 43
7 26.5 nm, 27.1 nm, A RLIEHF ST A i K204
XHAH/NE B-SisNy @ik, T S2 A1 A HECKH
B-SigNy Fhif, X W[HESE S1 Hrdh X2 5 rak. 1
S3 [ B-SisNy fuiAkiH e, WREZH T S3 dilr iy
SisNy fhiRJFEARE >, H X &35 Y. BRT
SisNy fmiRINEEH ofB-SiIC F1 2H- LFEE0 1 &
A%, A4 1700 CHY XRD IR 525 AR B AR X &5 12k
(% 2), S1 #| S3 {1y 2H- £F8E0 ARSI RS9 510
15.2 nm, 16.4 nm F1 18.5 nm, MBF, &k R SFEIRE
BTAK A FhE & A ST, TR E BRI
PR BT, KA d AR BT B ST T AR

2SI, S2 1 S3 £ 1700 CHI 1800 C LbIH 5 &t Py A X
Table 2 Relative contents of crystalline phases of S1, S2 and S3 treated at 1700 ‘C and 1800 ‘C

Sample S1 S2 S3
B—SizNy 38.8% 23.8% 0.0%
1700 C 2H-SiC/AIN 56.8% 64.8% 86.2%
a/pB-SiC 4.4% 11.4% 13.7%
2H-AIN 75.9% 69.1% 52.0%
1800 C
2H-SiC 24.1% 30.9% 48.0%




3# F WEREFE L RETEIER Si-AI-C-N MEEITEITA 241

A A pSIN, A aSipNy

< 2H-wurtzite-type compound

20 3‘0 4‘0 5;0 éO 7}) 80
20/ ()
Bl 5 S3% 1600 CH{ 1 h #1 2 h i XRD A%
Fig.5 XRD patterns of S3 heat-treated at 1600 C
for 1 hand 2 h

AL B, B AR AR S3 A SRR L dR iR
it XAWULHF] 1700 CHIHTaIEAZE R, JE
Bl D R

TE 1800 CAbFH A & 7740 U R & A R ik 2H-
L8R AL SiC/AIN ENERFI AN 5-SiC i,
FIRERE T ACRE S T B AR 0 )Y 330 B-SisNy 1H
&K, SRURARN G AT 2, M4 AE 1700 CAbHE
Br b B K BT AR X 40 /N 2H - £F8¢8 AL SiC/AIN
[ AR R HE— 20 R, JEHR: ST iR RS R
#] 32.1 nm, HAKKZE 21.2 nm 1 20.8 nm, |ij /-
SiC @ AR B R RS R 29.8 nm, 24.8 nm Al
21.3 nm, fh F-E RS NG & L A T R, DA
B RGTHREE W F AR R, 534, AN XRD i
HET AL AE 60° IR IESE 2H-SiC fil 2H-AIN Af
SY BT BB BT & AIN A& XCHNE SiC
B AR 202 B SRR B S AT A R
PEREME, W] WA S R — AN IR S R A T R
2.4 S LBFEIXHT S A R0

& 5 FHH, S3 #E 1600 CHRME 1 h #1 2 h J5 §h ik
T AR Ak, Pt Hsf [0 4 AT SF 08 o B A, i A
¥k 2 (AR 1 h S50 Eh RS 9.3 nm T
PRI 2 b PR SRR 11,7 nm, 5 R E
[EIAH L, i PR BE XA i (4 s e 5 B S, TR R A
FAAL R BRI A S S R il M 285 454, 7R EAR
A RE I XL UL, F TSRS A 1 B B
TRUATT it R B R AR AR
2.5 ML

B 6 iy i e DAY it AR X7 5 £ X 38R 3
X, FITEM o> B SisNy ShiR. JESARF G, AT
DIt B-SigNy dkr RSP 5100 18.2 nm, 13.6 nm
M 11.1 nm, S5HHE XRD 152 H 1y S R ~f A —
.

Bl 6 S1,S2 fi1 S3 #¢ 1600 CTHrik/ar) TEM K&
Fig.6 TEM images of S1 (a), S2 (b) and S3 (c) heat—
treated at 1600 C

3 & »

PFATHK i PASZ1400 CAbBR S, MR B /&E
s RS, AR AR A A AT IR B ok b3 B
FE#] 1500 CHFAEHT R DAk B-SisNy F
a-SigNy fh#% (5-6 nm),

TE 1600 CAbFEET, a-SisNy #7425k B-SisNy, H
S1, S2 FI S3 fj B-SizNy kiR 143514 16.3 nm,



242 R A 25%
13.6 nm A1 11.7 nm, {3 HIRPER o-SiC fil 2H- 10 K.J.L.Paciorek, J.H.Nakahara, L.A.Hoferkamp, C.George,

SiC/AIN [ RALERL, 7E 1700 C LB, BRATH
B-SisNy FaiRAh, AT KiE 2H-SiC/AIN [ A4
SRR RE ofB-SIiC, Mrimad FRIEALE R, N S1
F| S2 By [-SisNy ghiky & I B, dik RS
26-27 nm, 1fij S3 #y B-SisNy FhAIH R, S1 #] S3 1y
2H- £F8R0 B S IARRSE 4350 8 15.2 nm, 16.4nm Al
18.5 nm, 7E 1800 ‘CALBEfAT ity 4 H & A Kt 2H -
28R ALY SiC/AIN R AL 6-SiC @A, {H
RS EREEE, HHHBE AIN g SiC [#
VERIX.,

B R I A SRR, R AT
W AIN SRtk Z, H R s i A8 2 2 6
AR, SRR IR s ] SR A e AR R RS
B8, BT R AT (AT A R e B B L B Ak
PRI FHE 5] 1800 C, diehr ROTAT K Sk . wmdtfy
HrE iy SIAICN iR AT S 2, B R A4

2 F XMW

1 P.Greil, M.Seibold, Modelling of dimensional changes dur-
ing polymer-ceramic conversion for bulk component fabri-
cation, Journal of Materials Science, 27(9), 1053(1992)

2 Peter Greil, Near net shape manufacturing of polymer de-
rived ceramics, Journal of the European Ceramic Society,
18(13), 1905(1998)

3 G.Ziegler, H.J.kleebe, G.Motz, H.Miller, S.Traffl,
W.Weibelzahl, Synthesis, microstructure and properties of
SiCN ceramics prepared from tailored polymers, Materials
Chemistry and Physics, 61(1), 55(1999)

4 S.R.Shah, R.Raj, Mechanical properties of a fully dense
polymer derived ceramic made by a novel pressure casting
process, Acta Materialia, 50(16), 4093(2002)

5 S.Sarkar, A.Chunder, W.Fei, L.An, L.Zhai,
drophobic mats of polymer-derived ceramic fibers, Journal
of the American Ceramic Society, 91(8), 2751(2008)

6 L.An, Y.Wang, L.Bharadwaj, L.Zhang, Y.Fan, D.Jiang,
Y.Sohn, V.H.Desai, J.Kapat, L.C.Chow, Silicoaluminum

carbonitride with anomalously high resistance to oxida-

Superhy-

tion and hot corrosion, Advanced Engineering Materials,
5(6), 337(2004)

7 Y.Wang, L.An, Oxidation of polymer-derived SiAICN ce-
ramics, Journal of the American Ceramic Society, 88(11),
3075(2005)

8 Y.Wang, W.Fei, L.An, Oxidation/corrosion of polymer-
derived SiAICN ceramics in water vapor, Journal of the
American Ceramic Society, 89(3), 1079(2006)

9 Y.Wang, Y.Fan, L.Zhang, W.Zhang, L.An, Polymer—
derived SiAICN ceramics resist oxidation at 1400 C,
Scripta Materialia, 55(4), 295(2006)

11

12

13

14

15

16

17

18

19

20

21

R.Gilardi, W.R.Schmidt,
tion of tris[bis(trimethylsilyl)amino]aluminum with am-

J.L.Flippen-Anderson, Reac-
monia and pyrolysis studies, Chemistry of Materials, 3(1),
82(1991)

G.Verdecia, K.L.O’Brien, W.R.Schmidt, T.M.Apple,
Aluminum—27 and silicon—29 solid—state nuclear magnetic
resonance study of silicon carbide/aluminum nitride sys-
tems: effect of silicon/aluminum ratio and pyrolysis tem-
perature, Chemistry of Materials, 10(4), 1003(1998)
H.Nakashima, S.Koyama, K.Kuroda, Y.Sugahara, Con-
version of a precursor derived from cage-type and cyclic
molecular building blocks into Al-Si-N—-C ceramic com-
posites, Journal of the American Ceramic Society, 85(1),
59(2002)

R.Toyoda, S.Kitaoka, Y.Sugahara, Modification of perhy-
dropolysilazane with aluminum hydride: preparation of
poly(aluminasilazane)s and their conversion into Si-Al-N-
C ceramics, Journal of the American Ceramic Society,
28(1), 271(2008)

F.Berger, M.Weinmann, F.Aldinger, K.Miiller, Solid-state
NMR studies of the preparation of Si-Al-C-N ceramics
from aluminum-modified polysilazanes and polysilylcar-
bodiimides, Chemistry of Materials, 16(5), 919(2004)
YANG Nanru, Test Methods of Inorganic Non-metallic
Materials (Wuhan,
Press, 2003) p.91
(raan, RALIES BAHH R % (R BB TR R
¥, 2003) p.91)

Y .Mori,
Si-N—C precursor prepared via hydrosilylation between
[Me(H)SiNH]4 and [HAIN(allyl)],, [HAIN(ethyl)],, Ap-
plied Organometallic Chemistry, 20(8), 527(2006)
A.Miiller, P.Gerstel, E.Butchereit, K.G.Nickel,
F.Aldinger, Si/B/C/N/Al precursor-derived

ics: synthesis, high temperature behaviour and oxidation

Wuhan University of Technology

Y.Sugahara, Pyrolytic conversion of an Al-

ceram-

resistance, Journal of the European Ceramic Society,
24(12), 3409(2004)

W.R.Schmidt, D.M.Narsavage-Heald, D.M.Jones,
P.S.Marchetti, D.Raker, G.E.Maciel, Poly(borosilazane)
precursors to ceramics nanocomposites,
Materials, 11(6), 1455(1999)

J.Liicke, J.Hacker, D.Suttor, G.Ziegler, Synthesis and

characterization of silazane-based polymers as precursors

Chemistry of

for ceramic matrix composites, Applied Organometallic
Chemistry, 11(2), 181(1997)

W.Rafaniello, K.Cho, A.V.Virkar, Fabrication and charac-
terization of SiC-AlIN alloys, Journal of Materials Science,
16(12), 3479(1981)

M.Miura, T.Yogo, S.Hirano, Phase separation and tough-
ening of SiC-AIN solid-solution ceramics, Journal of Ma-
terials Science, 28(14), 3859(1993)



