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APPENDIX A

Table A-1 Properties of Si;N, (1

)

Chemical éemposition

Aut Inemdiiy

Type SN-7 SN-E10
Alpha —phase (%) 74 95
Chemical composition (%) Si=59 -
Fe =< 100 ppm
Al = trace
\\\\ Ca = trace
0=<20
\ =< 100 ppm
Specific surface I m ‘\}\‘ 9-13
U SN-F2
AR <1

|
- Free Si<0.5 (%)

§= 0.2 (%)

Al =04 (%)

'oamaﬁmwiﬁ‘?iﬁ%mw

CI <100 (ppm)
0=062 0=<20
Cl =< 100 ppm

Specific surface area (m2/g) 4.0~6.0 1
Size of crystal (LLm) * 29

) Analyzed oxygen content was 1.29 mass %
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Table A-3 Properties of Al,O, used as packing powders

Qualitative data / Grade AKP-30 | A-11 | AM-21
L.O.l (%) 0.01 | 005
8 Fe,0, (%) 0.01 | 0.01
K]
e}
g Si0, (%) 0.01 | 0.02
8 } "
3 a,0 (% 030 | 0.26
= = s -
2 - & 0.99 | 997 | 99.7
"‘:"EMN' 0.06 | 0.10
527/ NN+ ==
o she J ]
-g L
2 - 1.30
£
S = 0.70
3 63 4.0
w
£
& 150 .
0.30 =

ﬂuEI’JVIEWI‘i‘NEﬂﬂ‘i
awm\m‘imumwmaa
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Table A-4 Properties of Y,O, used as an additive

Properties | Details

Chemical composition (%) Y,0,=99.9

CaO = 0.0007
AlL,O, = 0.001
Fe, O, = 0.001

Si0, = 0.0087

——— "ff I,
gy 29.9

— 4.6
N

€ .ﬁ an additive

s BT na A

Particle size (pim) 0.4~0.6

Specific surface area (m2/ g) 4-6




APPENDIX B

Table B-1 The temperature inside and outside of the crucible

T |T,(Back){T,(Top){ T |T,(Back}|T,(Top)|{ T |T,(Back)|T, (Top)
cof v | mv || mv) | mv) |CO| mv) | (mV)
29 | 000 | 000 [1154 602 | 380 |1600| 10.93 | 10.90
106 | 010 | 000 |1208Y 10.93 | 10.90
156 | 010 | 0.00 _& ‘ 1093 | 10.90
204 | 010 | 0.00 igee - 10.93 | 10.90
251 | 026 | 0g : 1093 | 10.90
307 | 037 _. B‘}s;\ii 630 “fa600| 1093 | 1090
353 | 0.52 | 10.93 | 10.90
408 | 0.70 10.93 | 10.90
453 | 0.88 10.93 | 10.90
483 | 1.10 10.93 | 10.90
556 1.85 10.93 10.90
601 | 1.62 1093 | 10.90
656 | 1.95 10.34 | 10.90
703 | 223 8.84 | 10.80
754 | 2.56 791 | 10.40
805 | 298 d1 74 55 pvey s
853 | gsf | 160 |1600|¢ 1004 | 1070 |1212] €81 | 930
qo6™| V37! m hodo [ [ L) | o0
949 | 411 | 220 [1600| 10.94 | 10.80 |1109| 558 | 8.00
1003| 460 | 260 |1600| 1094 | 1080 |1067| 516 | 7.50
1056| 506 | 3.00 |1600| 10.93 | 10.80 |1023| 479 | 6.90
1108| 554 | 340 |1600| 1093 | 1090 | 986 | 443 | 6.40
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Cumulative oversize percentage (%)

percentage (%)

o '&?\ulative oversize

KRN TUNAIINYIN Y

100 —_— | . 0.1

\\\‘\h

—&— Powder B M’ {c !‘\l‘\\ t&“ —&—SN-7 —©—SN-F2

, powders

riglo- o :iéﬁ gé\ \

s 4\

S < 4

it

100 10 1 0

Particle size diameter (LLm)

—— A1 —E— AM-21

Fig B-2 Particle size distribution of Al,O, packing powders
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Table B-2 Particle size of SN-F2 packing powder measured by sieve analysis

Accumulate weight (%)

100

80

60

40

20

NO. of sieve | Particle size | Weight ratio | Accumulate weight
(mesh) (Hm) (%) (%)
#50 300 0.00 0.00
#100 150 0.15 0.32
#140 9.59
#200 34.20
#325 68.16
Pan 100.00

-

15

_ _ ‘ _
dbld NV
45

=

75

TINE

105

Particle size (um)

AU INENINGINg
RLNLM

./

ﬁ*

135

r

165

71

Fig B-3 Relationship between weight ratio and particle size of SN-F2 powder by sieve

analysis



Table B-3 Features of packing powder after sintering for mixed powder A

o ks Oxide surface o
S| - 'g Conglomerate Color  [Shrinkagg] Lid stick %
c | & 8 layer occur B
o | 2 Q o
= @ o) >
° o o) o o ie]
S8 5 | 2| B|E|e|8|8|5|8|5|2|8|28|2 |2z
o k3 S & SIFIF|o|&|S|C|5I3|1C (2|82 ]|5
C1 E SN-7 0 0 o} o
O
C2 | v | SN-E10 o} 0 0
o
w
© [ AM-21 0 ¢ 0
c SN-7
C3 | E 0 0 0
O L(10% BN)
o
C4 | v | SN-E10 0 0 0
(=]
w
w0 A-11 0 )
- SN-7
C5 E o} e} o
3 L(10% BN)
o
C6 | vl SN-E10 o} 0 0
o
O
©l A1 0 0
E SN-7
Cr| E 0 0 (¢
o(j (10% BN)
C8 | 2| SN-E10 ) 0 )
S g
S| A1 1+ 0
= SN -
Co| E o ;_J‘ ) 0
od (10% BN)
c1o| 2| sN-E10 ofle | o o 0 0 0
. [ ] w ] & I 4 -
g | Tt
© A-11 o}
s SNT | d = 7
Ci1| € [y ' o
O ok AU HANTN IS 2
c12| 2| sN-E10 o o o o o
S
s A-11 0 o 0
f= SN-7
S No data.
OB (10% BN)
C13| 2| SN-E10 ) ) ) 0 )
]
= A-11 o} 0 0 o
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Table B-4 Features of packing powder after sintering for mixed powder B
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APPENDIX C

Calculation of equilibrium Pg(g) as a function of temperature
In the previous work, it has been reported that the mass loss of Si;N, during

sintering comes from the reaction between Si;N, (s) and SiO, (l) according to reaction

(1.

(9) +2N,(9) an L

The equilibrium calculated from the equation

).

2 X a\ —

As the activity of a ' e activity of Si;N,, (@ ganae) @and
; .I

SiO,, (@ gopy)is 1. Then:

- 3)
]

of the ,O that is in equilibrium of

From equation l ), the partial"p ure

equation (1) is determined'bysequation (4):

ﬂuaqwsﬂ§W81ﬂi

= AG +RTInKg,

awwmmmumwmaa

T e other extreme occurs when the driving force for the reaction is zero, that is

(4)

AG =0then:

o
I

AG” + RT InK,,

InK, = ~(AG°/RT)
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~-AG®
| = R o
0g K 2.302RT
- AG°
gk = Z57eT ®)

As equation (6), AG’ is the free energy changes that calculate form the free

energy of each compound i (AGiO). All AG” of each compound, which is Si;N,, (s), Si (1),

- A .o(reactants) -——(6)

In this case, ass . e of \,.gas, P 2 1S approximate 0.8 atm,

i A4, 44
because air includes 80 ¢  Kecal.mol K is used. v

Partial pressure ' & o caleulate ake equation (3) into equation

—~AGY
767

£3
L e

I 45767

ﬂuaamﬂmiywanﬁ
ARIANTA uvtnfmmw]

log Pgig q)

o
27457_ AG +088T

Psio @ =
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The dependence of Py (g) upon the temperature describes by plot graph of the
P (g) calculation result versus temperature as show in Table 1. (This experimental was
investigated on temperature range1873 °C to 2023 OC.) in addition, The relationship

between temperature (O C) and P, (g) is shown in Fig 1.

Table 1 Calculation results of siliconoxide vapor pressures, P, (g) in equilibrium over

Si;N, at on temperature range1600 “Cto 1800 “C (1873 Kto 2073 K)

(o]
AG PSlo @

T(0) | T(K)
(Kcal/mole) | (MPa)

80.025 0.003
64.894 0.006
49.432 0.013

1600 | 1873

1650 | 1923

1700 | 1973

34.787 0.025
19.418 0.049

1750 | 2023

1800 | 2073

0.600 —

0.500 17

0.400 —

@ /
B ﬂawﬂw5Wﬂ/n§
OV ﬁﬂmMawmaa

0000 i

P(SIO) (9)

1850 1900 1950 2000 2050 2100

Temperature (K)

Fig 1 Relationship between partial pressure of SiO (g) and temperature (K)



APPENDIX

77

Table D-1 Mass change, Bulk density and relative density of powder A specimens.

Conditions Mass Bulk Relative
Sample
Code T Rate Soaking | Packing powders change | density | density
No.
Cc) | Ccimin) | () SiN, | ALO, (%) (%) (%)
SN-7 1 0.71 249 | 75.91
C1 | 1550 5 2 AM-21
BN 2 075 | 252 76.73
' 1 -0.43 2.41 73.47
C2 | 1550 5 2
2 027 | 239 | 7273
046 | 260 | 79.28
C3 | 1550 5
0.31 2.61 79.68
! >% 010 | 242 | 73.89
C4 | 1550 5
240 | 247 75.19
SN 061 | 276 | 84.28
cs5 | 1600 5 LA
BN 0.75 | 277 | 84.44
= 1 -0.99 | 281 85.56
c6 | 1600 5 2 & |J/ENeEd0 |-
—— 2 -0.38 | 276 84.15
SN-7 1| 020 | 271 | 8262
C7 | 1600 | 10
123 | 2.71 82.53
1 092 | 283 | 86.18
c8 [1600| 10 2 SN-E10 | A-11
‘a v 2 0.41 | 2.84 86.50
ﬂ Eer‘] E} j E _‘3.24 286 | 86.59
C9 | 1650 % 21
BN 2 048 | 274 83.54
AN I G N TR Yo | o
C10 | 165 10 1 11 |
2 -1.91 | 297 90.55
SN-7 1 0.31 2.84 86.59
C11 | 1700 | 10 1 A-11
BN 2 0.53 2.84 86.59
1 032 | 294 89.63
c12 [ 1700 | 10 1 SN-E10 | A-11
2 -1.09 | 296 90.24
1 012 | 2.9 90.24
Cc13 | 1700 | 10 2 SN-E10 | A-11
2 -0.68 | 3.02 92.07
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Table D-2 Mass change, Bulk density and relative density of powder B specimens.

Conditions Mass Bulk Relative
Lot
Code T Rate Soaking | Packing powders N change | density | density
0.
Cc) | Cciminy| () SiN, | ALO, (%) (%) (%)
1 | 020 | 310 | 95.09
E1 | 1650 | 10 2 | SN-KO5 | A-11
2 | 072 | 308 | 94.48
315 | 96.63
E2 | 1650 | 10
315 | 96.63
E3 |1700| 10 311 | 95.40
E4 | 1700 | 10 7% 312 | 95.71
E5 [1700| 10 ’z“& 312 | 95.71
g6 | 1700 | 10 /// \\\\ 316 | 96.93
Ph ” "
E7 | 1700 | 10 I Am,‘" \‘xk o 314 | 93.32
4 A LAY ' :
es (1700 10 |4 of J sl A ) 316 | 93.93
E9 | 1700 | 10 FSNoKO |\ 315 | 96.93
Jhe s AVESEIC
E10 | 1700 | 10 318 | 97.55

ﬂUEJ’J‘V]EWIﬁWEJ’]ﬂ‘i
QW’WMﬂ‘EﬂJﬂJWT}mEﬂﬁH
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Table E-1 Alpha content (%) in packing powder of powder A experiment

Temperature

Alpha content (%)
SN-7+ 10 mass % BN

Alpha content (%)
SN-E10

c) Top
Top

Bubble

1600
(5°C/min)

1600
(10°C/min)

1650

87.7
(10°C/min)

1700, 1 h
(10°C/min)

1700, 2 h
(10°C/min)

No

Top

bubble

No
Top | Bottom

Layer

100

100 100 -

94.9 96.4 -

95.4

Table E-2 Alphyc‘?ntent (%) in packing powder of powder B experiment

A ANUNTNENAS
j ?ul SRR AR = A AL LS W S
emperature d i v
A W&RAT) SRR
A RETA Y
q B m (o] EO
1650
. 69.7 79.8 4.9 2.5
(10"°C/min)
1700, 1 h
) 733 78.1 5.7 2.8
(10°C/min)
1700, 2 h
. 73.3 75.8 3.5 2.3
(10°C/min)
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Table E-3 Crystal phase in SN-E10 and SN-7 packing powders after sintering

Raw | 5°C/min | 10°C/min | 10°C/min | 10°C/min | 10°C/min
Type 0 0 0 0 0
mat. 1600°C 1600 C 1650 C 1700°C 1700°C
- Top o+X, Ol+p+x,
w x
z| a (1'+')(1 a-}-g a+5
@ | Bottom o
P
Z - -
n
Glassy
phase
z
o
"
= Top OL+B+BN -
n
Bottom OL+B+BN =
A
Table E-4 Crysta-I phase ;r_n;gg_ gn ,-n packing powders after sintering
Y 10°C/min,
Typﬂ
1700°C, 2 h
[}
AL Brvan s B
=z
% Bx,
1 # )
1
g Vi
» | Bottom surface o+

Note: X,= Cristobalite
X,= Sinoite, Si,N,O



Table E-5 Alpha content (%) in specimens of powder A experiment

Alpha content (%) Alpha content (%)
Temperature
SN-7+ 10 mass % BN SN-E10
(OC) o o o] (o]
5 "C/min 10 "C/min 5 "C/min 10 "C/min
1650, 2 h 20.9 - 94.9 =
1550, 2 h - ’ - 78.3
1600, 2h | . 484 2.2 -
1600, 2 h / | 00— 71.8
1650, 2 h | | | 48.3
1700, 1 h £ f .1\ | 34.9
1700, 2 h [ \ 20.9
Table E-6 Alpha cont in ns of powder B experiment
- Ji“‘)
. ontent (%)
Tem
e , SN-F2
Lot 1 Lot 1 Lot 2
ﬂMEf’J wmw 9ijp)
; 34 30.5
1‘10 C/min)

PENTAINEN ) e AY

(10"C/min)

1700, 2 h
. 258 | 252 145 | 185
(10"C/min)
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Table E-7 Crystal phase in Mixed powder A specimens
5°C/min, | 5°C/min, | 10°C/min, | 10°C/min 10°C/min,
Powder packing | 1550°C, | 1600°C, | 1600°C, |, 1650°C, 1700°C
2 h. 2 h. 2 h. 2 h. 1 h. 2 h.
SN-E10
o ~ | Crucible
£ z
%’ SN-7 ] ] _
%)
Crucible
SN-E10
% z . ﬁ\\ \ atf | atP | atPrx
o Crucible // \\
5 Iy SN-7 ' o
— Z -
.E U) - a+ a+ -
= Crucible - \\ P p
B specimens
Sintering with
Temperature 'L,.H-n\vn--l-tﬂ KIRCH D¢ -LA-"A—E 2 paCklng DOWder
Cc) Vi R
gn @m Lot 2
10°C/min, ‘a Qs B
' J o+P+ X, + x
e P SPETDY] B YT WIE A PETs | @ P
10°C/min, F 4
e £ B+ Xy X3
SRSt ET"Tﬁ
10°C/min,
1700°C. 2h Bt X, + %, | atPr X, +x, otBt Xy + x, | atP+ X, + x

Note: X,= Si,N,O

X,= Unknown
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APPENDIX F

Table F-1 Results of fracture toughness (K,.) and Vickers hardness (Hv) of sintered

specimens at 1700 o (Crack length was measured by SEM)

Conditions Sample No. c A K HV
(Soaking time) (Piece) Lm (Um) | (MPa m'?) | (GPa)
1 1.45 4.90 17.16

5.18 16.22

1h - 128.50 bl 4.33 18.18

| 4.40 18.18

4.50 17.16

Average ' /1T = L 4.66 17.38
1 ".7 5.05 15.35

s b | 5.15 15.35

2h ASTI0, 5 5.01 16.24

‘ 05, 9 4.87 16.24

| 407 4.91 16.24

Average e : $.00 15.88
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Table F-2 Results of fracture toughness (K,.) and Vickers hardness (Hv) of sintered

specimens at 1700 b (Crack length was measured by Optical microscope, OM)

Conditions Sample No. c a K HV
(Soaking time) |  (Piece) (Um) | (um) | (MPa.m"?) | (GPa)
1 93.20 51.40 5.29 17.21
2 53.50 5.13 15.88

1h 5.05 17.21
5.40 16.62
4.99 16.88
Average 517 16.56
5.47 15.14
4.90 15.42
2h 5.07 15.82
5.24 16.25
5.01 16.06
Average 5.13 15.74

Note: Scale 1

ﬂﬂﬂ?‘i’lﬁl‘ﬂiﬂﬂ’]ﬂi
Qﬁ?ﬂﬁﬂﬁmﬂﬁﬂﬂﬂﬂﬁﬂ



Table F-3 Calculation results of flexural strength, S.

Lot of Sample No. | Diameter, ¢ | Thickness, d P B
powder B (Piece) (mm) (mm) (N) (MPa)
1 2.71 1.48 762.00 | 487.26
2 211 1.48 715.80 | 457.72
3 2.7 1.48 791.40 | 506.06
Lot 3 4 577.20 | 369.09
5 542.60 | 346.97
6™ 678.80 | 434.06
y4 608.10 | 388.85
Average | 427.14
621.20 | 397.23
740.20 | 473.32
582.90 | 372.74
Lot 4 391.00 | 250.03
730.50 | 467.12
684.00 | 437.38
530.60 | 339.29
Average 414.51
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_ Appendix G
Properties of TOSHIBA’s specimen (standard bars)

1. Chemical composition

Composition ( mass %)

Si,N, Y,0, ALO, TiO,

89.5 1.0

2. Estimated real density’
3.31 g/cm3
The calculation was f Sl3 is oxygen. Then, the

contents of Si;N, and

AL,O,, TiO, and Si,N,

ectively. Densities of SiO,, Y,0,,

3 .
, respective.

3. Bulk density and relative d suty
Measured bulk density was 3,18 g/cr ,L ] slative density is 96.4 %
2207 T

4. Vickers’ Hardness

_ X

16.0 GPa 4 )
| ﬂ [
) Z::E}J‘MH g IleJ mﬁnus&lpe ﬂ ‘\15 calculated by two
equatlﬁ w ’] ~

Median crack 5.0
Palmqvist crack 5.9
K, =0.026 (E"P"(arc)®? for Median cracks

K,c=0.018 H(a1/2)(E/H°'4){(c/a)-1}'1’2 for Median cracks
Young’'s Modulus, E = 280 GPa.
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