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Study on Sialon Ceramics

Abstract

This report summarized the results of Sialon Research Group during April,1997 to March
2002.. The research focused to the sintering and grain growth behavior in sialons and related
materials to optimize the microstructures.

In sialon research, the stability and sintering mechanism of « -sialon have been studied. The
importance of nucleation process for final composition and microstructure was shown by studying
grain growth mechanism and the synthesis of thermodynamically unstable Ce- ¢ -sialon. The
increase of high temperature strength and creep resistance was performed by crystallizing grain
boundary phase. Stable and new type of sialon based phosphors were also developed by
investigating the functional properties of « -sialons (Chapter 2)

In silicon nitride and silicon carbide, the effect of processing parameters on microstructure
development has been evaluated quantitatively. Toughening by optimization of microstructure has
been tried based on in-situ composite concept. The control of grain boundary chemistry was also
investigated to improve high temperature properties or realize superplasticity. (Chapter 3 & 4)

The results of other topics, like preparation of BN based nano-materials or computation of

mechanical properties of silicon nitride, have been also summarized. (Chapter 5-7)
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Fig.2.1.3 Change in crystalline composition in Y- « -sialon,

(b) as-sintered, (b) after annealing at 1450°C, and ( c) after

re-heating at 1750°C.
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Fig. 2.1.4 Change in microstructure in Y- « -sialon, (a) as-
sintered, (b) after annealing at 1450°C, and (c) after re-
heating at 1750°C.
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Fig. 2.3.3 HRTEM micrograph of defects in « -sialon grain.
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Fig. 3.1.8 TEM micrograph to show abnormal grain
growth of Si,N,O.

Fig. 3.1.9 HRTEM to show a glassy phase between

silicon nitride and silicon oxynitride grain.
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Fig.3.2.1 High temperature strength of SiiNs sintered in gas
pressure.
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Table 4.1.1 Amounts of additives.

Sample Additives(mass%)

No. ALC/B,C  ALG, B,C C
A01IB4 0 0.00 0.39 1.77
Al13B4 13 0.34 0.39 1.77
Al12B4 12 0.51 0.39 1.77
Al1B4 /1 1.02 0.39 1.77
A21B4 21 2.04 0.39 1.77
A31B4 3/1 3.06 0.39 1.77

Starting Powder Particle size:0.48um,
F-Carbonn:0.55mass% and O:0.18mass%,
6H:94% and15R:6%
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Figure 4.1.1 Density with temperature for SiC sample.
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Figure 4.1.2 Microstructure of sample A21B4 sintered at
2000°C.

Table 4.1.2 Contents of Polytypes
in sintered SiC Ceramics.

Sample  Sint. Polytype Content (%)
No. Temp. (°C) 4H 6H 15R
A01B4 1850 0 94 6
1900 0 94 6
1950 0 94 6
2000 0 94 6
A13B4 1850 1 93 6
1900 2 92 6
1950 3 92 5
2000 4 91 5
A12B4 1850 2 92 6
1900 2 92 6
1950 3 92 5
2000 4 91 e
All1B4 1850 2 92 6
1900 6 89 5
1950 7 89 4
2000 10 86 4
A21B4 1850 6 89 5
1900 10 86 4
1950 14 82 4
2000 18 77 5
Starting powder 0 94 6
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Table 4.1.3 Contents of additives and density.
Sample Sintering temperatures(°C)
No. additive (mass %) relative densities(%)

AlB, C 1800 1850 1900 2000 2150

SC-1 0.67 2.00 872 946 980 988 99.9
SC-2 1.34 200 907 960 972 989 979
SC-3 270 2.00 902 965 974 - 96.7
SC-4 540 2.00 793 802 81.8 - 86.1

Figure 4.1.3 Microstructure of sample SC-3a
sintered at 1975°C.

Table 4.1.4 Polytype contents in the starting SiC
powder and sintered SiC samples.

Sintering Temps.(°C)  Polytype contents(%)
No. and Times(min) 4H 6H 15R
SC-1a 2000 30 4 92 4
SC-2a 2000 30 9 86
SC-3b 2150 30 30 67
SC-3¢ 1975 30 10 89
SC-3d 1975 0 7 93
SC-4c 1975 30 4 85
6H-starting powder 2 98
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Figure 4.1.4 TEM image and diffraction pattern
of grain in sample A11B4 sintered at 1900°C.
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Table 4.1.5 Grain sizes, aspect ratios,
and fracture toughnesses.

No. GS o Ki(MPam'™?)
SC-1a 17 1.6 36+03
SC-2a 25 19 3.9+02
SC-3b 6.1 26 43402
SC-3c 34 19 42403
SC-3d 31 1.8 41402
SC-4¢ 44 2.1

SC-B 13 1.7 3.0+0.2

GS: Mean grain sizes(um), ot aspect ratios,
SC-B: sintered SiC by B and C

Table 4.1.6 Fracture Toughness of Various Ceramics.

Temp. Fracture Toughness of the Samples (MPam ')

(°C)  A01B4 A13B4 Al12B4 Al1B4 A21B4
1850 3.9+0.2  4.3£0.1
1900 3.5¢0.1 3.540.1 3.6£02 4.2+0.3
1950 3.0£0.1 3.1£0.2 3.5+0.1  3.5£0.1
2000 +2.7+0.1 2.8+0.1 2.8+0.2 3.4+0.1  3.5+0.1
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Table4.1.7 Powder characteristics.

Powder Chemical analysis(mass%)

F-C F-SiO, Al Fe Ca P.S.(um)
A 083 033 0.0115 0.0216  0.0018 0.95
B 052 072 0.0080 0.0088  0.0011 0.76
C 045 1.05 0.0270  0.0260  0.0025 0.50
Powder Amounts of polytypes (%)

2H 3C 4H 6H 15R

A 0 3 4 89 4
B 0 2 1 91 6
© 0 2 6 85 7

(P.S.:particle size)
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Fig. 4.2.2. SEM micrograph of materials of as-sintered (a,b) and after annealing at 1900°C for 4h (c.d) without

pressure (a,c) and under pressure (b,d).
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Fig. 4.2.7 SEM micrograph of sintered SiC with

oxynitride additive.
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Material Processing conditions’ glem®
SC-Nd-Y (Powder B) PS: 2000°C/3 min + HT: 2000°C/5 h 3.20
SC-La-Y (Powder B) PS: 2000°C/3 min + HT: 2000°C/5 h 3.17
SC-La-Y (Powder A) PS: 2000°C/3 min + HT: 2000°C/5 h 3.20
SC-La-Y (Powder C) PS: 2000°C/3 min + HT: 2000°C/5 h 2.98
SC-La-Y (Powder D) PS:2000°C/3 min + HT: 2000°C/5 h 3.00

Table 4.2.1 Sintering and annealing conditions,
heat treatment,

sub-micrometer o« .

A, B, C and D indicates ultra-fine

and densities of sintered materials. PS: plasma sintering, HT:

B -1, ultra-fine B -2, sub-micrometer S and

Thermat properties

Electrical properties

Electrical Electrical
. Heat u\pauty Thermal diffusivity, Thermal u)nduulvny conducuvny o resistivity, py
Material C U K)™ o (em¥s) K, (WmK)™ ") (frem)” (§em)
SC-Nd-Y 0.66 0.66 150 1.8 X 1072 5.7 x 10!
(Powder B)
SC-La-Y 0.66 0.70 161 22 %1073 4.5 % 10*
(Powder B)
SC-La-Y 0.67 0.72 165 3.0x107! 3.4 x 107
(Powder A)
SC-La-Y 0.70 0.95 242 1.9 X 1072 5.3 % 10!
(Powder C)
SC-La-Y 0.67 0.67 163 37 %1077 2.7 X 10}
(Powder D)

Table 4.2.2. Measured thermal and electrical properties.
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Fig. 5.1.1.2 HR-TEM of the product particles obtained
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modulation.
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Fig.5.1.1.3 Electron energy loss spectra obtained from the
individual fine particles shown in Fig.2.

Fig.5.1.1.4 HR-TEM of a hollow nanoparticle of amorphous



boron coated with crystalline BN on both the interior and

exterior surfaces, obtained with the synchronization of the laser

pulses with the plasma modulation.

Fig.5.1.1.5 Electron energy loss spectra obtained from the

individual fine particles shown in Fig.2.

Fig.5.1.1.6 High resolution transmission electron micrograph
of (a) a hollow-cored BN nanoparticle of polyhedral shape. (b)

the enlargement.

Fig.5.1.1.7 High resolution transmission electron micrograph of
(a) a large hollow particle of BN. (b) the enlargement. (c) the
electron diffraction pattern.

5-12 sp’ f&AtE SH-BN ; BNEFWHEO 77 X~7T
VAT FCVDIC X A Mz >

—RRIZ, sp3 FEEMERE RIS o T A D REE
LT 2BYOBHENDDL D, 2HER
(polytypism) & LCTHILNDfERAMOT 7 J o —
T a UNERETH B, ¢ BN T LR ELN 3,
WBNTIE2 THBN, Z2TIEFF X<CVDIE
IZBW KA RS ERACET 2 FEICED, 5
@R D sp® f5APE SH-BN ORISR THIHT
R LTz, MR x BRAENT TR O 7= A RO EEK
i% a=2528 A, c=10.408 A TH o7 (Table 5.12.1),
AptERmIOERERER RN E KB LT, a0
B A PR T (Fig.512.1),



d
hkl d(A) (observed) error (%) comment
00 3 3.4690 3.469 0.01 very strong
006 1.7345 1.757 -1.30 weak, broad
101 21425 2.143 0.00 medium
111 1.2548 1.244 0.87 medium weak
weak, broad,
observed only
0089 1.1563 1.1512 0.44 after smoothing
and back ground
reduction
202 1.0712 1.0708 0.04 weak

Table 5.1.2.1 The analysis of the x-ray diffraction pattern in
terms of sp3-bonded 5H structure of BN in which the lattice
parameters a and ¢ are 2.528 and 10.407 A, respectively.

Fig.5.1.2.1 SEM of the surface of a film sample.

513 75 X< CVDDEBHP ersi0smisn
226 VD ¥ ¥EL ROCVDIZHBWT (11 1)
HlZ -CH3WEZ bbT Ty ERTEA A
YA MO SN2 Bk

CVDH¥A¥YEUF (111) BWIZBTDA
FLIEOEENS TMEIZL VRSN TS, —
5. 77X CVDBRBETICEBWTiX, F1¥ES
R 1Z anionic vacant site (B A AHEVA F) 23
1.5eV BEDORELTRNLF—THERENDZ &M
SFIEEICEIVEFRIZEIYV RNEERTW3, =
TR, BlEShE CH3 WEE LT UL
REAA A YA FEO SN2 s %5y FiETE
XV RWE L, BEtL7,

Fig5.1.3.1 A model reaction (5b), C22H27- + C2H6 ->
C22H27-CH3 + CHS3-, was employed to study an SN2 type
surface reaction, C(s)- + C2H6 -> C(s)-CH3 + CH3-.
The reaction coordinate (RC) was the distance between
Ca(ethane) and the surface anionic carbon, C(s)-. The solid and
mesh surfaces represent the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO),
respectively. The polarity of the lobes is distinguishable by the
two colors. The Ca-Cb axis of ethane was set perpendicular to
the diamond surface in this reaction model. The MO
calculations were carried out at RHF/PM3 in this model

reaction.

Relative Energy (kcal/mol)

Reaction Coordinate (A)

Fig.5.1.32 Potential energy surface corresponding to Fig.1
obtained by RHF/PM3 approximation. Relative energy of the
system is plotted as a function of the reaction coordinate. The
structures were fully optimized except for the reaction

coordinate.
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Fig5.1.3.5 The Ca-Cb bond length of ethane plotted as a

function of the reaction coordinate. TS means the transition

Fig.5.1.3.3 The vibrational mode of the transition state with a state.
unique imaginary frequency of 736 cm-1. Open circles and
shaded ones represent hydrogen and carbon atoms,

respectively.
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Fig5.1.3.6  Energy hypersurface for the reaction (5b),
C22H27- + C2H6 ->» C22H27-CH3 + CH3-, obtained
by a series of ab initio MO calculations at RHF/3-21G* level.

Reaction Coordinate (A )

Fig.5.1.3.4  Mulliken charges allocated to the anionic vacant The reaction coordinate (RC) was the distance between

site C(s)-, Ca and Cb atoms of an ethane molecule. They are Ca(ethane) and the surface amionic carbon, C(s)-. Selected

plotted as a function of the reaction coordinate. TS means the molecular configurations (a)-(e) are also shown, where RC's are
transition state. (a) 3.6725A, (b) 3.5982A, (c) 2.5783A, (d) 2.5054 A, (c)

1.5583 A,



Fig.5.1.3.7 The fully associated configuration of the reactants
in the reaction (5b), C22H27- + C2H6 -> C22H27-CH3 +
CH3-, obtained by ab initio MO calculations at RHF/3-21G*
level, where the RC was 3.8087 A. Space-filling and tube
models are shown in the (a) and (b), respectively. The HOMO
and LUMO are also depicted by solid and mesh surfaces in the

(c), respectively.
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Fig.1 XRD pattern of the resultants nitridized at several temperatures and the SiBg

HBL, RbhVicBRor—s MERlIsh T, &
EBEITLTWB Z & BRER S he,

Fig. 11Z 1350°C, 1500°C. 1630°C. 2000°C TZ
LB 21T > 723880 XRD BIEDE RS . FEE
D SiBe IZX % b D & —FHIZR L7z, 1350°C TAL
BLEABO XRD TIRAFHEBE TR
(h-BN) @ (002) EHic L5 —27 B
BODNDIN, EEFREDOE—I M SiBg 12X 5
bDTHD, 1500°CTITISVNTHER L 7= 30BHZ A
TiL. b-BN OE—7 BREIZKEL Lo T S
B, ERELT SiBg Ik A —27 BBELTW
Do 1630°C T L7-3KHTiL, SiBe Dt — 27 i3
Ronie<720, h-BN RUa-SisNs & 8- SisN, .
S5 Si HEDO U — 27 OFEERRD b,
2000°C TALHE L7230 TIE. Si BAED v°— 2 B35k
RL. h-BN LIICERSER L, SN, DE—
ZEITDR VB LTS,

T D DORB OGN AR AR R OIS IZ D\ T
ETEME (TEM) IC X388 %77, 1350C
KO 1500°CTRIR L7235 Tl SiBgRIFDE Y
R T E S 234K 10nm o h-BN BRI S h 7,
1630°C TALER L 72 30k CHLE & 7= s BB 20
FOBETHEMETEOFRIK & HB &% Fig,
2 a), b) IZZThENRLIZ, Fig 2 a0 EHEIZE
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200 nm

Fig.2 TEM bright a) and dark b) field images of a particle
formed in N, at 1630°C.
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Fig. 6.2 Cracks with different values of K.

Tablc 6.1. Elastic constants of & and 8-SigNy

a-SigNy | B-SizNj
C11(GPa) 593 591
C12(GPa) 179 182
C13(GPa) | 165 162
C33(GPa) | 579 690
C44(GPa) 174 189
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Table 6.2. Fracture toughness of single crystal SigNy

a-SigNy B-SizNy
Prism planc (1010) | 1.4 MPa y/m | 1.7 MPa v/m
Basal planc (0001) | 1.3 MPa /m | 1.5 MPa /m
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