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Abstract

This report describes the results of 3rd Research
Group on silicon nitride ceramics from April, 1992
to March, 1997.

Silicon nitride ceramics have been investigated as a
candidate for high temperature engineering materials.
However, the relation bhetween processings, mic-
rostructures and mechanical properties is not well
understood yet.

Present work has been carried out to control the
microstructures during sintering to optimize mechani-
cal properties and reliability of silicon nitride
ceramics. We have proposed an idea for the control
of bi-modal microstructures, i.e. in-situ composites.
The processing parameters were evaluated quantita-
tively by an image analysis of the microstructures.
The advantage of in-situ composites for the control
of mechanical properties is also shown in Chapter 2,

3 and 8.

The improvement of high temperature strength by
crystallizing refractory oxynitride phase will be
shown in Chapter 4. The effect of second particle on
the toughness of silicon carbide based comosites was
also investigated theoretically and experimentally.
The result is shown in Chapter 5.

The analysis of grain boundary phase in silicon
nitride ceramics has been one of the most important
topics. The determination of chemical composition in
1 nm scale was performed by 300 KV analytical
transmission electron microscope (Chapter 6).

The fracture behavior of non-oxide crystals have
been simulated using an atomic model. The effect of
vacancies on elastic and fracture behavior has been
predicted and shown in Chapter 7.

Present work performed in the past 5 years on
silicon nitride shows that mechanical properties of
ceramics can be controlled in relation to grain growth

theory and grain boundary chemistry.



RS R ETITEE E 5965

B2E RRKRICHET LR FOERILICET 20%E

2.1 BIVROBERRICEYT SMES

LT WRBERE AT B L BRI ICENR T
BY, HEEL Y Y2 Hul LT 5 BWE S~ DI H
HHEE L TV A, ZHIFEISEME TR 2R
B & B S ORER 2 N & o TRt o mERE L
BHREIC R o722 LI L B, BARMGICIE, M VRLT
DK E R T A5 L - idk s (B S AR (2
LORTFOESMAEIL, S Az
PR L2 S TH 5%, $IZ, UHFFERT CH
LT AERR S HARMICLCER L, HCEAL
FEINED CHROBEERILREEBEELICFS LT
Wh, INOLORRIIEE TR, FRICBEE &M,
DREVIZ L B D DT, FREPLHBEEREFICOVWTO
ST 7 FEEAASHE IR L 72 BRCTld v,

F T, BSOS EEEOM LA ERKT 5
I21E, BRI VIR RSN E L 25,
BRI E ST 2 T2 BT 2 LED» S, BEED
HER BN DS Th 725 BERE RO & Bl i
DOREAERNS,  T2H5 ) b S D ER
GHETHD LT EINTVEY, ZORKFRICED
&, MRROmE LR S, FEEERERN OB
BERESHELSNODOH 5™, T, HeHHFRITE
ERITCIEMB L - HOCRALoMETH ), FEMIEEE 3
BEBIOESETHENSL, ZOFEE, BEAETH
H L EAHEERB S TFETH L, CDHEE
XL LED S I21E, FRERICEETLIRTOER
IR ARU R E %2 By 22T, MY — %A
SIS LT, WESMEHEROREMET L, £
DAER, HER OLE L BrE T ETHRME L R
A RE L 2 A Z EHE LN E R 572D T, Mo
B EANOISHIZOWT IR L 72,

HWBEOERIIBWTIX, BHELERIEET 5,
I, RILDE L GMDKE B % RITT . KA
TR E /AT & AR & B CRFli§ 5 72912, fli
BRFDPOHDEBEED B 7203 e FEfEREH 5720
2, IR TAHY T LA LK, £LT, 208K
IR CHRIFL, MRS E LB L, MEOZEIL
&, ZHOKT % EEENT CHRETLE L, EEMICEF
filiL 7z,

2.2 8- H—%& BRTFORKREE)

ELT VWROBERE I, — BRI « BOBEWAGED
FHIN TS, 2L, BEEOZERP» L FEERE
R CTERT 5 L URIIZ a BHAE L R BT L &,
B OBEREAIES N Z LB THBY, £
AP, a EROBEETIL « — p OMER, BEEB IO
LR ASEREICHEAT L, ALRR S AR TR 3T
A= —hEETSH, #2C, EFRBEET LI LS
HELDNPER STV SR DIRED HRET L7,

BRSO SR OB % B 72012, 737
0 D By S # LA Ol C 38— 288 5% 43
L72W ORI L FERAAEIZ0E5I 710 U5 50.3
I7UVET Lz, 8612, EERZLIIZOHMHK
BEICE VOS5I 70 v Do ThlECcail L
Thb, _FHEDOHKRDSEMEE LK EHHw FNE

Fig.2.1 Starting powder of silicon nitride, (a) submicron 2

powder, and (b) fine 3 powder.
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Fig.2.3 Densification behavior during hot-pressing at a

heating rate of 307 /min.
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Fig.2.4 SEM micrograph of sintered silicon nitride from,

(a) submicron powder, and (b) fine powder.
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Fig.2.6 SEM micrograph of sintered silicon nitride

with nuclei.
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Fig.2.10 SEM micrograph of hot-pressed materials

from fine « powder.

Fig2.11 SEM micrograph of annealed fine-grained
« material at 1800C for 1h.
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Fig.2.12 Size distribution after superplastic deformation.

#9675

X726 (MOAR) A2 13TH 5, Hie ) HHERE
WTHBRETE S,

BERYT Iy 7 A, BICEHREM, Tl3MTa
ARNDPENWZ EPREER>TWE, BETET Iy
7 AEih & BaET HGAC, FRIEARIZ15+-20% 0
MG E R, Tz, IHEICIEZSA LS S
bo INSDHHTHEEDATIEITEBEDOE VDD
MENZVOT, REMLHALEL %L, ZOHEOM
FHIBWE 2720, YHIIATRERTH L, ZD72D,
FAXEY NTAZFMHLAHIRHELSFIH S b
B, WARIGICa R bEFIE BT A, BEEIIEME T
BRICBEERCRET 2 HE(=T Ay oA
THIE) 2 it 5 b 0T, SHOEM - HiTH5E
B s T b,

2. 4 2 EMEREROBE

YT 3y AEBEMEGICERT 5 121E, HEELED
FIE X DA SR & o T &2, Bhihk L TERIL
STV BT VREESEERE, SHENRE, BE
EEEEFRAL, RFOBEREE, TREL RSN
72b DT, MR T A MUICRFEY S 5, flik %
TFeT 3y 7 AOFBEEEILKT 5B 05% HH
PHIDbNT VDS, Fx K OB RITEE
AL DT PR THA I LIEB L, B
i R BERG R DM B D W TRRET L 72,
BRI ROFHRZEIT L 32700 THAEH, 2037
0 EFTCONTFEEOLVRESRERD, /288
Ry & LT, Fe:099wt%, Al:034wt%, Ca: 0.
32wt%, EhH b, BEEBH L L TEELOY0,L
Nd,O0. % Fivr7z, ZAUTEAEED BBy KD BER IZFH
L7z2b DT, MESCAHMY ORER = HEHE T &
o BERGMF S FEBRICHKEL, 10MPaD EHEET,
100—1900°C I 4 BRI & L 72,

-y

Fig.2.13 Hot-pressed materials (left) and superplastically

shaped specimens (right).
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Fig.2.17 SEM micrograph of

silicon carbide powder.

ultra-fine f3

Fig.2.18 SEM micrograph of

fine-grained silicon carbide.

hot-pressed

Table 2.1 Powder characteristics of ultra-fine silicon carbide as compared with those

of submicron powder.

Powder F 5
Average particle size (nm) 90 280
B content (wt. %) 98 97
Oxygen content (wt. %) 1.00 0.18
Free carbon (wt. %) 1.88 0.16

Table 2.2 Fabrication conditions and characteristics of sintered materials.

Powder F S

Hot-pressing

temperature (°C) 1750 1900

time (min) 15 30
Relative density (%) 7.2 99.0
Average grain size (nm)

Area base (d;) 110 510

Number base (d,) 70 200
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Fig.3.7 Starting powder for developing (a) matrix, and (b) abnormal grains, in in-situ

composites.

o HCHEA R OMBHIEICERI TH 5, KT O
BT A0y MIMS. 121275, T, BEER
RBHLF ORI $ 2R % (B % & 1) Th
%o 10ER% U LEOTMTIZER2SIZFNR, RT1
fE47- ) ORTFOBEIBA L2 L 2RT,
BT OREIX~ MY v 7 2T 55 QW E%
FLED) 12FED o NS B~ M) v o AT O K i E
BRI L D) RE W0, BB T/ S AT O
ERELRFNOHTUIHEITT 57, RAIIBITS
LB OB A VTR TS BT 5 AL Y72 ) ©
=,

dC
BY dx

] =~=D (3.1)
E%b, TIT, Dy, dx, dCIZZFNFNRFILEE
¥, ILEREEHE, AT AKT LRET AR OVEE
fREE, Thb, BILITVRIIBIT 2 BHEZITRA
TREND,

dC = AE, + AG + AG (3.2)
ZIT, ACITREEICLIEBEMEZ, ACKRRILK
ESORFCIRROBL LN OBEMREETH L, &
FERRIE T ARZ P4 ORAFERTH B, ERIRKLT
RT ARy A 4 L LK FOBEEEIIRE V. AC,
EFRUKE ED a & fORTF O EHEEICEITER
LEREETHD, BRIOKEDERE] & 2 % 5 #
FE DR RIS 1312 % 5 LHEE S NS, BRD
HRIRKLF LR IS RSB T 5 DT, 7TARY

kI D7 & AR S AU TRAR R 72 SRR R D BRE 712
b, ZOYEDORMEHEEIL,

dr _ 2707

_dr I
dt =~ RT DC, ( r r, ) X (3.3)
ZZT 7, Q,D, CRFRFRLATBHE T %V

F—, BHE (BT VE) 0 VER, REILBRH,
FHEEDBERETH D, rEr I ZTNEFNRKET S
BERTEYN) v 7 AT ORETH D, X ITHT
DFWFHETH D, ZOF A N7V FEEORIZEIN
&, BT AEE T IS 5 O TR KR EE
PHIRFTE 5, FREOHFIF 23R EETIE T A
AP FEAD=T ) F AN TEENLORER TR
N7 NS ORFPEFTH, ZOBFEIZE, Hrb
FRENDE L) ICBREZTIEDOTNEL 2B, &
NS, REBRKRTENEBRTFOVEETELHEHTD
e
RIFFEOMER, RERENTOR, 54, K&3E
BN EHERICE D EHIEHTRETH S Z LATRENT,
Z D 7= DR E e FEE R R A SRS T Tu—F
THLEVHAPNIZLEE RS, EBEOBEIOEL N
BHENS, M3, 140 L 5 L ZERESAOBETTRET
H 5 H IR0 —10wt% D TH 5 Z & H3550
B

IS EBRFEENSHEICRSEEB TSN TY
B a BRITBWT, KRB AT SRS St O flENIC
BELRWIENLHBPATE S, o« DERFBETIE,
B R ERL T ORI e RL R O AL 8 = i 2SI



LN

”

302
S AN
ANEL b
";.\"”:nc

AN Z

o &3
i
=

Fig.3.8 Microstructure of annealed materials with (a) 0%, (b) 0.1%, (c) 0.3%, (d) 1.0%,
(e) 3.0%, (f) 10.0%, and (g) 30.0% nuclei.



BT VHRICHET 0%

2 ~ =
3
£
=
) 2 100 F O
= ST D S . s 0 -
S| ? - - & i o o)
~ - - * o /
5 Abnormally grown grains " § 0T .
® - : 0 -
5 \ > &
5 \ 3 0F =
5 g g r L
2 £ s
Matrix grains s g ’_ )
o——8——6- E a
= ,
2 g
0 o Qetrteriir L PR NPTy R SRR | P 45’ 1+ ,qj
0 0.1 0.3 1 3 10 30 S P
S ol I ST | A IR | .
Amount of nuclei (wt%) e 0.1 0.3 1 3 10 30
Fig.3.9 The change of average diameter of matrix and ab- = Amount of nuclei (wt%)
normal grain with the amount of nuclei. Fig.3.12 The relation between the nuclei amount and the

volume fraction of abnormal grains.

7
723
B
Abnormally grown grains o i -
6 - B0 . K
) - - ;
S T = k
< | | M3 e---s 2 '
S B ... 9 '
- - 1 Al
5 ° . Q \
8 - i s N Ry
& ~ - — = .z o ' ~"‘fobePica
o 4r : el = s . {Decrease with increasé™-.. &ra,
g s m = *|in aspect ratio (up to 4) “v-. S
I 3 c . Tl
S - Matrix grains 5
< 3k . g o
<
=
o
Q
2 H P ] NEEwe | . s sl . I =)
=1
0 0.1 0.3 1 3 10 30 o
. =
Amount of nuclei (wt%) =
E
=3

Fig.3.10 The change of average aspect ratio of matrix and Grain size
abnormal grain with the amount of nuclei. Fig3.13 The effect of grain size and shape on

equilibrium concentration,

g 10'¢ .
— F Nucleus Effective space
L L i
g F 8 R
e
g 106 E é .
3 r ©
et { =} ‘e
[ . = o
o . = '
§ ) _ 8 s :
® 10°F Q- g
> Lo :é
é [ & .an . éx‘iicrostructural control regioni
£ L P > . H
S P =
= .
£ 10 Jol 5
. . =
5 , &
g A - ‘
E 103 sl A R | bl . 310 ;;‘—’ : Bimodal
. 0. 1 3 10 :
0.1 8 0 0.1 3 10
Amount of nuclei (wt%) Amounts of nuclei (wt%)
Fig.3.11 The relation between the nuclei amount and the Fig.3.14 The controllable region of in-situ com-
number of abnormal grains. posite microstructure.



A BEMTET I RS S R0 T

Ehv, ZORDREREANTOER A L HITHEE
Bedbobrsb, ZIT, afpRKr8EEdT 5 BIHEE
HIEZAT ) ICITERBEN R LV 0 Y RE LK%
WIS 527, BRCREMNE L TEERTOAY
K& L EOBETOERFURRWIIHE S5
WO DErLEohthh, TNTIEEWHCITERTE
L, BEREBHNFPKEL 2 DBREIERTT 5,
o T, MELHMMEIEIMILITERZWVWI LIRS,

3 3 2 BAREc—HaIT7O

a—H A7 L« BIELITCROEBERTH Y,
— MM, (Si, AD,(O, N),CREND, ZDOFILHF
EN&E(M ! Li, Ca, Mg, Y, LakCex < 7%
= NEB)MMETEICEARIEGL, RHEERO-D
IZSIDALTE O —EASAIZ, N EO—HA0TEH S
N7zZ L xBWRT 5, L2»L, ODEEBE=EIZHLTH»
T, EEBIIESI—NEE2AI-NEA CEB SN
bOTHAB, BERIETT V7 = FRDEE, Si,N,—n
(Ln,O,+9AIN), & 7% 5%, filr OMEIELSILN,A T O
BRIEE2ET Y, K3 150 X 912 o« HAHFEE L «
+ B =T A7 YOIAFBEEITRIN TV SHY, HF
MRS &, a+ =4 A 700 FHEEIIFFEA
L Tnb, HE» SRR LI, BEEED «
B HITAIN A ALOJE THIEHIT X 5,

AL o BAHESINEZFEA B EOMBRIZEER L
720 SN B A EIRETE & O T I DML TIE B —SiN,
Ea—H A 70V (x=0. 30K OZH»LRLET
IV IAPELNA, (Ln,0,+9AIN) DEMEIZIG L
Ta—HAT7TaOEFEMT S, 20X %D
PHiZa+p—H 470y L 3ERNICELL, —F
LR OSBEIC T X, ZoMBEEE/tH o=
IZ& 5, THIZESEE/Y Va7 L& BUER
THY, BLZBoEE e —F A T7ar LIFATKY
BEW

YN:3AIN

Fig.3.15 Phase relation containing « -sialon at

SiyN, corner.
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Fig.3.18 Microstrucure of sintered material
from (a) ultrafine, and (b) submic-

ron powder.
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Fig.3.19 Microstructure of annealed material

from ultrafine powder for (a) 6h, and
(b) 12h.
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Fig.3.20 The change of grain size distribution
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Fig.3.22 Crack growth behavior in tough SiC.
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Fig.3.25 Lattice image of a boundary between 3C

and 6H structure.
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Table 4.1 X-ray powder diffraction data of
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B HATEITITSE I & 459675

S102

Yb2S1:0+
S12,0N- Yb,Si0s

YhaS1202N2

SiSNél szSisOaN/; szOB
(b)
Figd.1 Phase relationships in the system (a)Si,N,~Si0,~Y,0,” and (b)Si,N,-SiO,~Yb,0, at 1750C.

Table 4.2 X-ray powder difiraction data of

Yb,S,0,N,. Yb,Si,0.N,.
hkl dobs/nm deat/nm 1/ hkl dobs/nm deat/nm 1/l
020 0.5095 0.5150 1 110 0.5329 0.5340 5
200 0.4971 0.5033 2 001 0.4865 0.4874 18
120 0.4544 0.4584 4 200 0.3774 0.3777 7
210 0.4476 0.4522 19 111 0.3596 0.3600 10
it 0.4430 0.4478 1 210 0.3376 0.3378 22
< 201 0.2986 0.2985 21
0.3571 3599 2
220 3 g7 0 s - 211 0.2775 0.2776 100
112 0.34 0.350 220 0.2670 0.2670 4
012 0.3300 0.3316 2 300 0.2505 0.2518 4
130 0.3229 0.3249 2 002 0.2437 0.2437 15
310 0.3165 0.3190 21 310 0.2388 0.2388 19
122 0.3004 0.3020 100 221 0.2342 0.2342 1
022 0.2872 0.2896 19 102 0.2319 0.2319 2
112 0.2848 0.2884 13 301 0.2236 0.2237 1
730 0.2821 0.2836 34 112 0.2217 0.2217 2
320 0.2792 0.2811 68 311 0.2145 0.2145 8
040 0.2565 0.2575 12 202 0.2049 0.2048 4
400 0.2493 0.2516 17 212 0.1977 0.1976 26
02 0.2485 0.2486 8 321 0.1925 0.1925 1
203 02468 0.2465 17 o Prese osse !
232 0.2444 0.2447 3 : -
410 0.2422 0.2444 4 Tetragonal, P42,m, a = 0.7553 nm, and ¢ = 0.4874 nm.
113 0.2401 0.2400 4
321 0.2387 0.2383 1
332 0.2255 0.2253 6
422 0.2242 0.2239 6 y )
- FE A=) s B : &
T4 . 0.2119 3 {¥Marchand & DFREP L FIF—H T 2, Willsd D
241 0.2081 0.2085 <1 HYEHES AL, o clilE bHRESDMEE TS,
312 0.2034 0.2050 <1 _ . R o o
332 0.2016 0.2014 8 YbSIO,N, Yb,, (SiO,) NAH B Dy K & Hekt | 7- B
233 0.2003 0.2002 7 &, WERHSLN, Yb,SiO, YbSLONHK D I &
123 0.1965 0.1961 15 N i e _ _ -
723 0.1950 0.1952 3 Wb olz, LEDFERD?S, SiN,-Si0,-Yh,0,% D
342 01942 01950 2 ITS0CIZBI B HBIRIAIA 1(b) Dk DIk B T &8
304 0.1860 0.1864 14 .
341 0.1858 0.1860 15 MR S 7z,
oo ° N Jatg, ooz 47 LE A = g )~
Monoclinic, P2,/m, a = 1.0712 am, b = 1.0299 nm, ¢ = 0.7456 By N T VAR TR 2T A LRk

nm, and B = 110.56°.

Yb,SLO;N, AL BL DR AR A N L6 F, 2o Il
PIEHWEEZHET A2 L1280, Yb,SLON,OE
RaRdiz& Zh, 1870C & 7> 724 Si,N,~Si0,~Yb,0,
AROLEW DRI EFL 3T L D72, Yb,SLON,DH
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Table 4.3 List of melting or decomposition
temperature of compounds in the
system Si;N,-Si0,-Yb,0,.

Compounds | Temperature / °C
SizNy ~1900
Si;N,O ~1900
Yb,S1;N,0; >1900
Yb4S1,07N, 1870
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Yb,S10; 1950
Yb,04 ~2250
Si0, 1720
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Fig4.2 Densification behavior of silicon nit-
ride with 4.7mol% Yb,0, or Y,0O, and
1.2mol% SiO, during hot-pressing.
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Fig4.4 Microstructure of silicon nitride with
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Table 4.4 Mechanical properties of silicon nit-
ride with 24mol% Yb,Si,O.N,.

Vickers hardness 15.7 GPa
Elastic Modulus 303 GPa
Fracture toughness | 5.9 MPam'?
Bending strength 977 £+ 67 MPa
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Figd.5 High temperature strength of silicon nitride with Yb,SL,ON,
and Yb,Si,0”. (a) Absolute value of strength and
(b) Relative strength for room temperature strengh.
Yb,S1,0,(3) and Yb,Si,0,(4) means strength data
from reference 3 and 4, respectively.
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Fig4.6 Load-displacement curves of bending test
at high temperature.

Figd.7 "Typical fractured surfaces of silicon nit-
ride with Yb,Si,O,N, after bending test
at (a)room temperature and (b)1500C.
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Fig4.8 Microstructures on fractured surfaces of silicon nitride with Yb,Si,O.N, after bending test at
(a) room temperature, (b)1200C, (c)1350C, and (d)1500C.
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TEM micrographs of multigrain junc-
tion of silicon nitride with Yb,Si,O,N,
(a)with a thin amorphous layer be-
tween Yb,Si,O.N, and SiN, and (b)

without an amorphous layer between YbS,ON,
and Si;N,.




A ER TR ZE

BRSPS RIE L, BRIt o OB E LB L L
Bhrol, BIRTOBMEDERTIIEM MO R TE)
WL R R E TAME ERBETH Y, Kk
BEWIEEE D2 Edbh ol BiLITWED
1500C TOREEHRE VL B w2ds, KFE Tk
48AMPa L B\ WME L B2 5 720 T D EWIT B IZRIF I

Fdm b L7- BRlT (1870T) OYbSLONIZ L B b D &
L2 5Nz, Yb,SLONDMEEILVESTH Y,
BHAEIE L R VSN~ Yh,SLON, R E A FEET 5 B
&, TOIEWINEEH, SiN, & LFEABAT 2
HEHREIND,

BIE, ST WEEHT A Y — 8 > D EELM~DME
HAME 2N TEB Y FHEEIL12008 5 \131350C
CHE RN TV A, BEIERO S0 5 I3RS ERIRE A
BWIEEEMTH B, KR/ RICLY, BT VE
B OFERRFIRESED S UL, ¥—¥YroEs
OB HBD L LI, ELIEILITVWEMHEOK
HHHESIAE B D LIS,

BEH

1) GE.Gazza, J.Am.Ceram.Soc. 56, 662 (1973).

2) MXK.Cinibulk, G.Thomas, and S.M.Johnson, J.Am.Ceram.Soc.
75, 2037 (1992).

3) M.K.Cinibulk, G.Thomas, and S.M.Johnson, J.Am.Ceram.Soc.
75, 2050 (1992).

4) MJ.Hoffmann, in Tailoring of Mechanical Properties of SN,
Ceramics, edited by MJ.Hoffmann and G.Petzow (Kluwer
Academic Publishers, The Netherlands, 1994, p.233.

#9675

5) M.H.Lewis, in Silicon Nitride Ceramics: Scientific and Tech-
nological Advances, edited I-W.Chen, P.F.Becher, M.
Mitomo, G.Petzow, and T-S, Yen (Mater. Res. Soc. Symp.
Proc. 287, Pittsburgh, PA, 1993), p.159.

6) J.T.Smith, C.L.Quackenbush, Am, Ceram, Soc. Bull.
537 (1980).

7) LJ.Gauckler, H.Hohnke, T.Y.Tien, J.Am.Ceram.Soc. 63, 35
(1980).

8) F.F.Lange, S.CSinghal, and R.C.Kuznicki, ].Am.Ceram.Soc.
60, 249 (1977).

9) R.R.Wills, RW.Stewart, ].A.Cunningham, and J.M.Wimmer,
JMat.Sci, 11, 749 (1976).

10) T.Nishimura and M.Mitomo, J.Mater Res., 10, 240 (1995).

11) M.Mitomo, F.Izumi, S.Horiuchi, and Y.Matsui, ].Mater.Sci.
17, 2359 (1982).

12) R.Marchand, AJayaweera, P.Verdier, and J.Lang, C.R.Acad.
Sci.Paris, Ser. C283, 675 (1976).

13) A.Tsuge, H.Kudo, and K.Komeya, J.Am.Ceram.Soc. 57, 269
(1974) .

14) S.Horiuchi and M.Mitomo, J.Mater.Sci. 14, 2543 (1979).

15) A Tsuge, K.Nishida, and M.Komatsu, J.Am.Ceram.Soc. 58,
323 (1975).

16) K.HJack, in Non-Oxide Technical and Engineering Ceramics,
edited by S.Hampshire (Elsvier Applied Science, London,
UK, 1986), P.1.

17) T.Nishimura, M.Mitomo, and H.Suematsu, ]Mater.Res., 12,
203 (1997).

18) ISR 1601 774 »£F 3y s A0 ST

19) G.R.Anstis, P.Chantikul, B.R.Lawn, and D.B.Marshall, ].Am.
Ceram.Soc. 64, 533 (1981).

20) EM.Levin, CR.Robbins, H.F McMurdie, Phase diagram for
Ceramists 1969 Supplement (The American Ceramic
Society, Westerville, OH, 1969), p.108.

21) R.WRice, KRMcKinney, C.Cm.Wu, S.W.Freiman, and W.J].
M.Donough, J.Mater.Sci. 20 1392 (1985).

22) RW.Rice, C.CmWu, and F.Borchelt, ] Am.Ceram.Soc. 77,
2359 (1994).

59, 529,



ST WEICET A9

H5H

5.1 #&s
FALT W (SIC) TR B E CHREETH
BN, BEEHEAN IR OMELL, BERROSEIRRE S
B EFEME L LTASBASNTE R, LL,
SICHEARE RIS IR VNS <, HERICHES 5
ZEMPRAT, LIFLE, ISHOBEIZRZ > Twah,
C O R IR B 72012, AR & TR
TE % [ LS & ARG TN T WA, SiChE
MEROBMAEE R, ot T 3 v 2 A LR, R
B, RFORH FARZ & ORI < BEL T
Wb, RN X S ARE S B R b EE 2T
METH D, T, EEICHOBERLTEIREZHIEL &
) ETAHHOT, MRS OREARN 7 04 A3
LABBLLNRETH S, TOLE, FERAGROK
e - h S - M, BEEBIRIORLE - S8R - T
Lot - BIABLR, BEASIRER O EE 2 AR T
Lk,
SICIREHOMABEZH->TBY, EFERIEI+FN
FNEERIMERYE DL, T2, LIWOLEGIRE
A HARAFT B, 1800C LU Tid 2 H, 1800—
2000C T4 H, 2000CLLETIE6 HEISREDEEM
DERHEREEEbND, LI L o TRALITWER
P (HAE S OBMIHEE RN RE (RE LT ik v,
L2 L, BETRVEIZIIEESOBME R 2R %
BIL, BEERCKEESER B X T ORIKIC 2
B2 Twh, SICOEIIC & » THEESEOMBIIZET
B BEEB X URIEERE &, SICOLIATHRE & b
HHEEHET A2 L CEELZRFTHE, INHNZ
ExRSEFEZTT TR OBMEIDLTOLEB N TH D,
(1)SiICOBERE CHBRICEE L5 2 5 LT OMARKM
SWITEZSE L, SIC-AINOERR & ML
A7 L7z (5. 2805) o
(2)SICHER A OB BT A RELH O
ERIZDWT, KF D5 ETRIT 2B HfE % 7]
EEEn LA OME N2 72 (5. 35) o
(3)&BIE 1t % S8 L /-SiCEERAEAME 2 &
B L720 &BIEDILIESICOZI b ik 8
5z, BRAEE (B EE) = m LS E 7,
(1) o#EREFE L TREICE ) ot
FRAT L7z RIFE, WFOK(7T AT ML) B &

ALV 2R PR DR & BRI TEE IS B9 5 W58

ORI 2 e L, R L 7 AR b Iehsis
s 5 BB MEEI MY 2 2 &2 B
720 (2) OWMEFE R % 5 U TS RO R 14
M ORI CB L CEE L7 (5. 48) .

(4)SICED YT I v 7 ADMEEIHEZ LM+ 2 HE
28R TdH 5K OBERE L) LR R ICR§
BFLVEFVBLUHEER IR, Rl -
RIFNF-REr EORBE £ L7255
i) o

5.2 XBREHFEICES SIC DSHHIHE
5. 2 1 SBOXEMREHRE-727ALES
KOEEEOIMIHE

SiICIZIZ50% B 2 5 LI HRE STV 555, SiCh
RKRBEMRICHN A EE R LTI 2H, 3C, 4H, 6
HEISRTH B, ZNb 5 HWOLTLOSHT LK X
EHFFEIC L > THEIATbNTWAS, HE D 5EE
LTwaWw, ZROGHZ2 L VBE LT 20
W, XU REITEC & o TREMIIC O 4 FiE%
BR%E L7,

[T X o BER

I =KI,|FMLPV, /V? (5.1)

Thb, KITEH, T XASXMEE, Fid#EEHR
F, MidZ®EE, L, Plao—-LryBIUREYHA
F, VEVIIESOBMETE L BAfakTch b7,
SICOZLEDBETOMBERLEKRTIET TIohsT
WBOTY, (5.1 X 5T, SICOEIFIHRE Y HE
L7ze ZDORERNERS1TH 5,

22T, BEIC2H, 3C, 4H, 6HEISRI KA
a, a, L RELVEINTWELET D, x, 24|
(1i=1~5)0 | FHOMRAEE LT L, HlE

ENBNEROAIFE -7 OWME, v, v, -+ -, v,
¥i = atax,tax, o Fagx
Vo = gt aX,taX,t 0 Taxe
Y, = Zax, (5.2)



IR TSI S

#9655

Table 5.1 Calculated diffraction intensities of 2H, 3C, 4H, 6H and 15R.

Peak d  CuKa29 Intensity(LP-M-E/V?)(10 nm™)

(am)  (de®) 2H 3C 4H 6H 15R
1 0267 335 14.565 3.641
2 0264 336 5.282
30262 341 8.066
4 0257 348 14358
5 025 349 9.574
6 0251 357 9.174 36.690  9.175 22.939 13.577
7 0239 375 6.448
8 0236 381 16697 12523  7.423
9 0232 387 4342
10 0217 414 5.488 2744 0.878
1 0211 429 1.493
120209 433 2.175
13 0.199 453 1.179
14 0196 462 0.609
15 0190 479 0.186
16  0.183 498 4.841 1211
17 0177 517 0.211
18 0171 53.7 0.808
19 0.168 547 1.670
200 016l 573 3.484
21 0159 578 0.241
22 0154 600 8.135 16264 8132 12197  9.433

kb,

FHEL O K XA 5 n KO R Y — 7 %l
ETHE, FNHLOBEIFXGC.2) N TERELL B
BEEEX SRS T A5, 5 DD KA IR LT n
(a<n)DRIFBEOLNL, ThSDRX TR L B RN
T 5 RN L ERMBECHET LI ENTE D,
ZEEREENER(EET Y — 2 OEEy) ORED
EHFMERNNCT BHAER (EROEE Ea) & 1D
55D THbD, LZERIFONTIIHEHEEFEE LT
LIFLIdELNL TS, =V FIarEa—5—T
BCIHADBIF 7075 ADHEICHATE Y,
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Table 5.2 Contents of polytypes in sintered SiC materials.»

Sample Sintering Polytype
Temperature (%)
°C) 2H 3C 4H 6H 15R
SiC raw powder --- 2 98 0 0 0
SiC(+B.C) 1950 2 97 0 0 1
" 2150 3 4 37 56
" 2250 3 0 35 57

BEWE ZOFETHN Lz, TORRIEES. 2L
5,10 % 9127 o7z, 3C—SICHFRITBERIZ L - TR
FATHE L BICLVEER6HEIBRICER LS
R DB FEThro 72,

3C-SiC Powder

2
)
5 e
= SiC Sintered at 2250°C

) L ! L ) ! ] I\ ! TR

40 50 60
CuKa26(deg.)
Figh.1 Xray diffraction profiles of 3C-powder and

sintered SiC. Peaks from NIST standard Si and
WC from milling materials appeared in the dif-
fraction profiles. They were subtracted when in-
tensities of SiC peaks were calculated.
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Fig.5.2 Microstructure of

sintered 6H-SiC-AIN.
50%SiC-50%SiC and (e)30%SiC-70%AIN.

(b) 70%SiC-30%AIN, (d)

(a) 100%SiC,
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Fig.5.3 Microstructure of sintered 3C-SiC-AIN.

(b) 70%SiC-30%AIN,
(d) 50%SiC-50%SiC and (e) 30%SiC-70%AIN. White, gray and dark areas in-
dicate AIN, SiC-AIN solid solution and SiC.

(a) 100%SiC,

Table 5.3 Phase analysis of SiC particles in sintered SiC-AIN.

Specimen Sintering condition

1'850°C for 0.5h 1950°C for 0.5h
A-S 6H""" 4H",15R" 6H**",15R",4H"
A-S7TA3 GH™**4H"15R" 2Hss 6H*"",4H" 2Hss
A-S5AS 6H* " 15R"",2Hss 6H™ ", 4H",15R",2Hss
A-S3A7 G6H***,15R""",2Hss 6H**",4H",15R",2Hss
B-§ 3CT", LSRR, 6H" 4H* LH> 61, 30"
B-S7A3 3C™"",6H""",15R",2Hss 6H™, 3C™ 4 H" 15R", 2Hss
B-S5A5 GH™ . 3€*" ;4 H*,2Hss 6H™™ g€ AH", 15R". 2055
B-S3A7 GH*", 15R™",3C*,2Hss 6H"™, 3C", 15R" 2Hs%

A-;6H-SiC, B-;3C-SiC,

S7A3;70%SiC and 30%AIN, S5A5; 50%SiC and 50%AIN,

S5A5; 50%SiC and 50%AIN
*; very small(<20%),
k% almost single phase

> >
s e 5

ARFORDOEE (R X =% =), uku,
R FFIERTOBRMAOZE L ZORKME, did5]
ERTVRI o T LHFATH L, FTHREESS 0,
THEDTITONT VB LT B L, FOEEENILT =
p o T, pldBEREHTHL, t HNEEMAODIKN
220, BIESMEEL NS5,

**; small(20-50%),

**%: main(50-80%)

5. 3. 2 WFDKRZZE, WIKEBRYIEE"
BEFAOICHEST, HESKLIIALF 3B
MmO JRESTRELOOND, J 2MEARDOBIEL
ANVF—, J 25| ERIPHELEDENLET R L,
BRI & Z LT OBRY S 57,



LT WEICET A%

<——3intering Temperature ——>

1950°C 1850°C 1850°C 1950°C
a-SiC
6H<— B6H <— 6H;94% —> 6H —> 6H
(4H) 4H 15R; 6% (4H) 44
2Hss  2Hss
B-SiC

6H<— 3C <— 3C;96% —>3C —>3C

(3C) 6H 2H; 4% 6H 6H
4H (4H) 2Hss (4H)
2Hss

Monolithic SiC Composite with AIN
Fig5.4 Transformation of 6H and 3C-SiC in
sintered SiC-AIN.

u“

T

= > e

2u | Bridging grain
—

(a)
1
2d
| 1
Bridging grains
(b) L1

Fig.5.5 Grain bridging model for increasing

fracture toughness.

(a) The Ixlx al rectangular grains are
spaced at a distance of 2d and bridge
the crack opening at the tip. u and u,
are pull out length and its maximum
which yield frictional strength 7.

) Spacing of bridging grains at a
distance of 2d.
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K= Ti+2E [P (u)du (5.4)
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6 H-SiCH =it L7z, HEME T DOSICH 13 BEfE
WX o TREFALL, B8, WNBEL L7z, £o/RTE
RIZERE IO D 5 TR L T TELL

(¢) SiC-TiB,, 2150"C

7o WELRIT 2 KIEEEBI L, RTAHIAILL
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ZAL L 2o 72,

BT b % 558 L 72 SiCRER R DSICHO LT & #
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5. 4 4 BEAMFOEMER?

2150C £ CTHER L 2B AM B OBz %2 VL 2 T
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BECTRILRIKE LR WA, Y rRIFILRE &
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(d) SIC-ZrB.. 2150°C

Fig.5.6 Microstructure of metal boride particulate SiC composites.
(a) SiC monolithic material sintered at 2050°C. (b) SiC monolithic material sintered
at 2150C. The exaggerated growth occurred after densification. (¢) 15vol% TiB,
particulate SiC sintered at 2150C. (d) 15vol% ZrB, particulate SiC sintered at 2150°C.
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K = 4K,G,(1-P) / (4G +3PK,) (Kerner) (5.8)
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Fig5.7 SiC polytypes which appeared in the
composites after sintering. The “e.g.
g.” shows the temperature at which
large-scale exaggerate grain growth
took place.
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Fig5.8 Metal solution into SiC grain. EDS analysis

shows very small amount of metal in SiC grain

in the SiC-TaB, composite.

Fig5.9 Elastic moduli of metal boride particu-
late SiC composites. (a) Poisson's ratios
and (b) Young’s moduli are normalized
by the values at zero porosity and

plotted against porosity.
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Figh5.12 Two-sphere model for (a) initial-stage
sintering and (b) grain growth model.
Two grains 1 and 2 with different radii

are in contact at the grain boundary.
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Fig5.15 Mass flow in the volume V. The term

of diffusion path (a/A) is given
by harmonic average of mean dif-
fusion area devided by diffusion

length which small volume dv has.
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0.1to 1, and (b) R, was held constant
at 0.5 and 2« was varied from O to
1.
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Fig.5.17 Grain growth rate as a function of con-
tacting parameter X,. (a) 2 @ was held
constant at 0.5 and R, was varied from
01 to 1, and (b) R, was held constant
at 0.5 and 2a was varied from 0 to
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Fig6.1 The microstructures of silicon nitride ceramics containing 1mol% (SN1) (a) and
10mol% (SN10) (b) of equi-molar Y,0, and Nd,0, additives.
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Fig.6.2 High resolution electron micrographs of

the two-grain boundaries for the samples SN1(a)

and SN (b). The thickness of the amorphous thin films are about 1 nm in (a) and (b).
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Fig6.3 An EDS spectrum obtained from the
amorphous thin film of about 1 nm
thick as shown in Fig6.2(b). The

minor elements of Y and Nd atoms are

clearly detected in the spectrum
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Fig6.4 An electron micrograph of the triple
point for the sample SNI0.
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Fig.6.5 EDS spectra obtained from the inner
(a) and the outer part(b) of the triple
point, which are marked as a and b in

Fig.6.4, respectively.
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Fig6.6 A schematic illustration of the grain

boundary structure. The amorphous

grain boundary compositions are not the
same, where the additive of Y,0,-Nd,O,
are highly enriched at the center of the
triple point as indicated (Y+Nd-rich),
while those are poor at the two grain
boundary as (Y+Nd-poor) (II).
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EDS spectra, obtained from the area b (b) and ¢ (c), respectively.
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