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CHAPTER 4

RESULTS AND DISCUSSION

41 Temperature inside crucible

Temperature inside crucible was measured in comparison with that of outside

rature at the conditions of heating rate

y measured values are shown in

as a function of time (min).

crucible, which was equal to the f
10 °C/min and holding tem
appendix Table B-1. Fi

Temperature inside furnace'w at of programmed temperature.

1800

1600

1400 -

Temperature (OC)
8

perature inside crucible

iR -

AMIAN TN INAE

Fig 4.1 Relationship between the temperature inside the furnace and inside the

crucible versus time

As shown in Fig 4.1, the delay of temperature inside Al,O, crucible was

observed. The temperatures inside crucible increased with slower rate than outside
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crucible about 25 min. However, both inside and outside temperatures of crucible

became the same after about 30 min, soaking.

42 Particle size distribution of powders

Two kinds of Si;N, mixed powders and four kinds of Si;N, packing powders,
which are powder A, powder B, SN-E10, SN-7, SN-KO5, and SN-F2 were investigated in
this study. Particle size distribution curves are shown in Appendix B-1. Particle size

distribution data and curve measure analysis are shown in Appendices B-2

and B-3. Table 4.1 shows averag : ' N, powders.

As in the appendi [ is - of AlL,O, packing powders,

which are AM-21 and Average diameters of A-11 and
AM-21 powder are 2. LLm, respective case of A-11, the size of
powder that measure [ fon-analys \\ naller than the specification. It is

supposed that the siz ' "-" ipplie \ not measured directly but

pe'of sarhple Average pamcle e(um)
e
Mix powder B 0.61
p 7 e
q SN-7 3.40
SN-KO5 1.68
SN-F2 21.71
AM-21 2.87
A-11 9.02
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43 Outlook observation of specimen and packing powder
4.3.1 - Mixed powder A

The features of packing powder, which are SN-E10, SN-7, SN-7 mixed with BN
and ALQ,, after sintering at temperatures in the range from 1550 to 1700 °C are shown

in appendix Table B-3.

Comparing C1 and C2 conditien nderstood that the agglomeration of Si,N,,
packing powder strongly deper ds n the kiy der. SN-7 strongly agglomerated
and made a lid stick to ALO. NéﬁN-Em did not show serious

agglomeration (C2). AI' owder, AM- poth C1 and C2 conditions
g | ble. Then, AM-21 and SN-7
powder were replaced 5 / \ ixed with - ). mass % of boron nitride (BN) in

the following conditions{C: A13) . - 209 sralion behavior.

Comparing the ag -7 mixed with BN powder,
agglomeration and lid stick ere less than that of SN-7. SN-7
mixed with BN powder. Howeve silyroxidized and formed B,0O, as a
glassy phase.42) As e}ys&ﬂ, s-f:;? m strong surface layer as

shown in Fig 4.2. On.tile contra 0 (C4,Cs, C8, C10, C12 and C13
conditions) weak agg@neration W erved. This@henomenon was probably
related to raw material gpreperties in Appgndix Table A-1 and Table 3.3. Weak

agglomeration ﬂs%ﬁ]é%ﬁ%&k%@%&] c’;}eﬂr@oz packing powder,

A-11 still agglomqérated but less than AM-21. As setain Table 3.4, %}1 is coarser than

AM-21QdWG}M ﬂ @ ml%%rﬁ] cﬁ}«%ﬁh’e}eﬂe%ﬂ is a better

material for using as a packing powder.

Fig 4.2a, 4.2b and 4.2c show surface layer (scale) of Si;N, packing powder.
Difference in thickness of top part when using different heating rate was observed.
When slow heating rate (5°/min) was performed, the thickness of oxide scale increased.
Thin oxide scale was observed when rapid heating rate (1 0°/min) was used. This oxide

scale at the top surface of small crucible implies that B,O, in the Si;N, packing powder
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reacted with oxygen in atmosphere and formed B,O, liquid layer as a glassy phase.
Theis glassy phase still remained when cooling. However, peak of B,O, was not

detected by X-ray diffraction because of the amorphous nature.

Moreover, thick oxide scale occurred at low temperature than at high
temperature. As mentioned in 2.4, reaction (2) occurs during sintering. Fig 1 in

Appendix C shows the relation between SiC (g) pressure and temperature. Py, (g)

became higher at high temperature. T SiO (g) diffused out from inside the
small crucible and distur th [ d Si;N, at high temperature.
Therefore thin oxide scale ' erature. In addition, phase

analysis by X-ray diffract ; d ( ikm-the reaction during sintering.

Table B-4 in appendices anc show the result of SN-KO5, SN-F2 and A-11
o i, 7 P S
packing powders afte smteriagﬁ(é%p 35 1650.t0 1700 ° C for 1 and 2 h.

650 °C for 2 h, thick oxide
scale with crack on the top and weak agglomera’uon of bottom part were observed. This

was opposite ﬁﬂz&bﬁ?%%ﬁj th&:] éTﬂl?qde scale, consisted

with glass bubblg and strong agglomeratlon at the top surface. Base on the data in

Table particle size
dlametS: maeasngemmjeﬁfm ’Ta ﬂvas related to

tap density and specific surface area as shown in Table 3.3. Since SN-F2 had high

specific surface area and high tap density, high agglomeration occurred.

Under conditions of E3 to E10, which were sintered at 1700 °C for 1 and 2 h,
most of SN-KO5, and SN-F2 demonstrated similar result as E1 and E2 conditions.

However, thick oxide layer was observed when soaking time was increased from 1 to
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2 h. as shown in Fig 4.2c and 4.2e, respectively. In this case, sintering time was affected
with oxidation reaction between Si;N, and oxygen as that of powders A experiment.
Taking long sintering time, much amount of oxygen could react with Si;N, and create

thick oxide scale.

Fig 4.2 Aspects of B 2
sintered at 1550 oC Q ; b) -at 1600 °C, 2 h, 5 °C/min.

c) SN-7+BN sintered a 1600 °Cc, 2 h, 10 C/mm d) SN-F2 sintered at 1700 °C, 1 h,

e i) ETTWW"?WW n7
AR AINIUNRIINYIAY
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4.4 Deterioration of Al,O, crucible

The whole inside wall of Al,O, crucible changed color to gray after several times
of sintering. Furthermore, small amount of powder stuck to the wall of AL,O, crucible with
weak bonds and made thin layer. Phase analysis by X-ray diffraction exhibited three
types of materials, Si;N,, corundum, and Aluminum Silicon Oxide Nitride (Si;,Al,;O55Ng)

as shown in Appendix E.

The sample powder was gz <l / hing the inner surface of crucible.
Therefore, Si,N, came frof sking rundum from ALO, crucible.

Aluminum Silicon Oxid sposed {0 Gome: from either of the following

reactions.

8Si0, (1) + 2Si3N, w5 (5) (M
12Si0 (g) + 9AL0, (s) 2)
On the surface of Al,O, crucit s not so much SiO, (I). And it must be

difficult thinking the reg cti
and N, are both ‘;ﬁ hen, reac
cracked after using E/eal times
Si; Al gO4N, (s) and AlLLOgmay cause those cragks.

ﬂumwﬂmwmn‘s
ammmmumawmaﬂ

d (A1,0,). On the contrary, SiO
dfel possible. ALLO, crucible

it .
e of ithermal expansion between
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45 Mass change
451 Mixed powder A

Original detail was shown in Appendix Table D-1. The relationship between

mass change and temperature is shown in Fig 4.3.

3.0
©
. 20 | e
&
s W
o) —
5 00
] 2
@ -1.0 |- By
20 g \\ N N
-3.0 £ ‘\\\
1700 1750
¢ Sintered in SN-E10, / PGl “\_ ered in SN-7 mixed with BN, A-11
@ Sintered in SN-E10, red in SN-7, AM-21

lsl i Mass Chan ;l_lll.l_}._.lll voer A specimens - sinta ! i |n eaCh packing poWder

as a function of tempe 1 e

]
!

The terﬂn%gtﬁ? FH@% %’w E}’q ﬁp ature as 1550 °C and

1600 C on thalcontrary there was 9 mass loss at hugh temperature as 1650 °C and
Q“W’g'i LA )

Si;N, (s) +30, () = 3Si0, )+ 2N, (@) -~ (A)

On the contrary, mass loss (minus value) is presumed to be the following

. 18-22)
reaction:

Si;N, (s) +3Si0, (I) —>6 S0 (g) + 2N, (g) - (B)
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4.5.2 Mixed powder B

Fig 4.4 shows mass change of mixed powder B. Original data is in Appendix
Table D-2. Both sintered specimens in SN-KO5 and SN-F2 as packing powders
exhibited mass loss. The mass loss values are same as those of powder A experiment in

E-10 packing powder.

0.0 ] T T T
o
9 b [y / <see 8
: L
g’ 10 o e - ‘/ - ©
2 e ——
O 15 |y |- &
]
©
= 20 .
-2.5
1640 ‘ ). e 580 1690 1700 1710
W
‘ ey SN-KI tered in SN-F2
Fig 4.4 Mass change.of mixed powder | o cimens sinterediin/each packing powder

Y

| | D
In the ﬂyﬁﬁ@ﬂﬂnﬂ %’ wmﬁ dsoxygen. Then Si,N, is

oxidized by the fgaction A, and when reaction A occurs, mass gain.

VRS DI INRIA .

and temperature is shown in Appendix C, Fig 1. When sintering temperature is high,

as a function of température

SiO (g) pressure becomes high. So the reaction B progresses to right side. The SiO, is
consumed and mass losses. On the contrary, when temperature is low, SiO (g) pressure
is low. Then reaction B does not progress so much. Therefore, once the mass gained

occurs, it dose not decrease.
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At high temperatures (1650 °C and 1700 °C), the mass change was positive for
SN-7 mixed with BN packing powder, on the other hand it was negative for SN-E10. As
seen in Fig 4.2, a hard agglomeration generated on the surface of SN-7 mixed with BN
packing powder. On the other hand, almost no such surface layer was observed for
SN-E10. When SN-7 mixed with BN was used as packing powder, the SiO (g) of the
reaction B could not flow out from the crucible because it was stopped by the surface

layer. Then, reaction B did not progress so much. As a result, mass loss was not

4.5.3 Influence of particle ~2 packing powder

Powder size distributior i ‘\'
e '\\\k <45 lim) were used as packing

i

dix Fig B-3. The powder was

Table 4.2 Mass change ! acking po \- "after sintering at 1650 ‘e

Mass change (%)

Fine

-0.96

-0.94

e M ANEN TN T v

coarse powder. The reason has nof’ yet been clasified. But the difference is small.
Theror VA0 e cpde ot Jzekriing Bohe Hoes o afec
q

the mass loss seriously.
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46. Bulk density and relative density
4.6.1 Mixed powder A

Fig 4.5 shows the relation between the temperature and bulk density. The bulk
densities of specimens sintered and packed with SN-E10 powder were higher than
those with SN-7 at over 1600 °C. This relation is the same as mass loss, which is shown
in Table D-1. That is, specimens with much amount of mass loss (SN-E10) are higher in

bulk density compared to the oth - ixed with BN) at the same sintering

temperature.
32 -
“£ 30 | . /e . Nl S
o 3 SO
g 28 i ,- : )
'é; . b g 7 X - 3 \h """"""""""
© 264 4 : .
ke ; \
é & v - _‘ \
@ 24 |- WS ‘ S s o
22

ed wi

Augdnsningnns.

e/

RN INANIANIRY, o

specimen is high, mass loss is high. The true density of specimen depends on the
composition as calculated in 3.3.2d). The true density of mixed powder A and B were
estimated in Table 3.7. As seen in Table 3.7 the density decreases when SiO, content
increases. Therefore, the specimen packed with SN-E10 powder showed higher density

because much amount of SiO, evaporated.



4.6.2 Mixed powder B
Bulk densities of specimens sintered at 1650-1700 °C with SN-KO5 and SN-F2
packing powder are shown in Fig 4.6. According to bulk density data in Appendix Table

D-2, powder B specimens reached to almost full density.

3.20

3.16
3.12 |l ..... P o

3.08 |- =, 1 & I

Bulk density (g/cm 3)

3.04

3r A specimens

1]

Comparing the builk density of sp interedlat 1650 °C for 2 h with SN-F2

and SN-KO5 packing powides, specimens in $N+F2 showed higher density. The cause is

oo B8 V1T INENT
RIANTUNNINAE
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4.6.3 Influence of particle size diameters of SN-F2 packing powder.
Bulk density and relative density of mix powder B specimens, which were

sintered in coarse and fine SN-F2 packing powder, are shown in Table 4.3.

Table 4.3 Bulk densities and Relative densities of mixed powder B, with fine and coarse

particle of SN-F2 packing powder at 1650 °C

Packing Relative density (%)

Powder f"f-—___,i‘. 7 . Soiree .
- o
SN-F2 Jﬁﬁﬁx?ﬁ, HEE 97.8
AR NN e | e
' Y \\ "

The bulk densiii€s afd gelative” densitie 5. of spe ns, which were sintered in
coarse powder, were [0 ar. Comparing the results with the
amount of mass loss showa'in T2 Sle 4 th higher mass loss show higher
density. This is the same tende S ' on Between Fig 4.3, Fig 4.4, Fig 4.5,

and Fig 4.6.

~

AULININTNEINS
RINNTIUNRINYIAE
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47 Phase content in raw materials, packing powders and specimens

4.7.1 Raw material

O-Phase content of raw material is shown in Table 4.4. O(-Phase of SN-E10,

SN-7, SN-7mixed with10 mass % BN, and SN-KO5 are 100, 79, 73 and 82 (mass %),
respectively. On the contrary, O(-Phase content of SN-F2 is only 3 mass %. That is, the

powder is almost B-Si3N4. Since SN-E10 is the raw powder of mixed powder A and B,

\ \
AL AN e
svend Z 41 7 NN
W/ $\X
EL/L © W\X

SN-F2

Mix ole

Mlxe C

gy

il |
W

ﬂUEJ’WIEWl‘iWEJ’]ﬂ'i
QW\Mﬂ‘iﬂJﬂJW]’mEI']aEI
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4.7.2 Packing powder
4.7.2.1 Mixed powder A

As shown in Fig 4.2, a hard and agglomerated surface layer generated in
packing powder. Then, top and bottom parts of packing powder were analyzed
separately. Appendix Table E-1 presents the O / B ratio of each separate part of
packing powder. In case of SN-7 mixed with 10 mass % BN sintered at 1650 °C to 1700

°C. Ol-phase (mass %) showed big cha} from 61 to 88. On the contrary, Ot-phase of

SN-E10 packing powder sho e. Fig 4.7 shows the relationship

between Ol-phase (mass %) § i re. This result indicated that QU

105
Y
s
8
=
2
c
o
(&)
<
pd
<
@
3
‘ 700 1725
e S REIITE L =
—A— '- S f 10
—4&—No f SN of SN-7 (10% BN)
—O—Top -7 (10%BN — O SN-7 (10%BN)
—E— Top GFSN-7 (10% BN), 5 C/min —E—Bo SN-7(10% BN), § C/min

ALY ANYNINYINS

Fig 4.7 Alpha cdhtent of SN-E10 and SN-7 mixed with 10 mass % BN packing powders

ARIAINTUURINYA

A'!)pendix, Table E-3 shows O, B-Si3N4 and the third minor phases. The phase
(X,-phase) was observed in the condition heated at slow heating rate (5 °C / min) of
SN-E10 and in the top part at elevated temperature (1700 °C). In case of SN-7 mixed
with BN powder similar results was shown, X,-phase was observed only in top part at
low temperature (1600 °C). For these facts, it was thought that X, phase might be easy
to generate at low temperature and almost of them change to glassy phase (amorphous)

at elevated temperature. X,-phase was identified as cristobalite phase (SiO,).
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o/ [3 ratio of SN-KO5, and SN-F2 packing powders are shown in Appendix

Table E-2. Fig 4.8 shows the relationship between Ol-phase (mass %) and temperature

of both SN-KO5 and SN-F2 packing powders.

100
ATy
2
8 80 e
C
O
O 40
Z,

@

P 20 b

3
0
1625

Fig 4.8 Alphac

—

As seen in Talﬂ E-2, top laye

—&— Top of SN-KO5

- —&— Botlom of SN-KO5

—#&— Top of SN-F2

—&— Bottom of SN-F2

packing powders

o

cale of SN-KO5 powder showed lower

Ol-phase (mass %) than Hottom part. It is theught that a lot of liquid phase at top layer

atriuted O t@u&%&ﬂﬂnﬁﬂ &e & BY 7 packing powcer, a ot

of Qt-phase (mass %) remained at thé top of oxide.sgale. The reasomfor this case is not

oo ] Gl 0 &b bl I,k Bl en

reported in detail on the reverse transform from [3 to OL. Therefore, B to O

transformation mechanism in the case of SN-F2 might be abnormal and still in doubt.
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4.7.3 Specimens
4.7.3.1 Mixed powder A

O-Contents of specimen and crystal phase in the specimen are shown in
Appendices E-5 and E-7. The data of temperature versus QU contents are shown in Fig
4.9. It is indicated that only sintering temperature and time affected Q0 to B

transformation. The kind of packing powder did not affect U to B transformation.

100 —
\W/ P
;\? 80 : d
s ) i
g 60
j
3
© 40
L
L
<
1750
E£10
mixed with BN
, V_ I.r",
Fig 4.9 AT der A specimens

iF |

ﬂ‘iJEl’JVIEWI?WEI’]ﬂ‘i
ammnsmummmaa
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4.7.3.2 Mixed powder B

The QL -phase (Wt %) contents of each specimen, which sintered in SN-KO5 and
SN-F2 packing powders, are shown in Appendix Table E-6. Fig 4.10 shows the
temperature effect of QL to B transformation rate. The Ol -phase contents of specimen
packed with SN-KO5 were higher than those with SN-F2. At present, the reason has not

yet been clarified.

60 -

50 4 N

40 - 38 .

Q-Si;N, contents (%)

1700 1710

—©— KOS5, lot 1 (2 5,lat 2 ﬂ: F2, ‘\‘ 2h) —©—F2,lot2(2h)

—A— KOS5, lot 1 (1 h) 1h) —&—F2,lot2(1h)

lot

Fig er |

J

specimens

-
- - |
»
| -
|

4.1Q7
Crystal aﬁlﬁpﬁrwj Efﬁg( o) dﬁ:filﬁﬁ—& Small secondary

phases (X, and X,) were.ob 8, glse erfi matches with Si,N,O

pattern, _Xsﬁase is still unknown bécause any Xeray pattern of éomputer does not

e A RN IS 1 INE 1N E

4

¥
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4.38. Vickers hardness and fracture toughness

Top views of indent are shown in Fig 4.11. The sizes of the indents and cracks
are measured, and the Vickers hardness (Hv) and Fracture toughness (K,.) are

calculated by the equation in 3.3.8. The results are shown in Table 4.5.

1# 0/ #r g0 SApm . 191205

-

T 13KV X358 ‘ Sopm 191206

Fig 4.11 Top view of indents of specimens (a) sintered at 1700 °C, 1 n soaking,
(b) sintered at 1700 oC, 2 h soaking.
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Hv and K,; were measured by two methods. One method is SEM and the other
is optical microscope. Details are attached as Appendices Table F-1 and F-2. The value
‘of Hv and K,. are a little different by difference of crack measurement. But the

differences are not so much.

Table 4.5 Hv and K, of specimens sintered at 1700 °Cfor1and2h.

. K (MPa.m'9)y || v (GPa) Bulk
pecimens E r o Ol-content
11”% density
(Soaking times) ‘ ’ EWLisMiCroscope (%) %)
s — 0

1h lm 39 3.16
2h ke ///‘l‘ \ Bl 18 3.18

Despite the highe ' ip eCim \ ity, resulted from the much

amount of Ot-phase Si;N, .uu..- y

The K, values in Table "-H'- py the equation recommended by

JIS R 1607.* This equation i r{g.’r_ : g the crack is median cracks. Dr.
e

Niihara™ reported tha Shown in Fig 4.12 when c/a

ratio is smaller than 375"

AUEINENENEINS

RIAINIUNY 1ANYa Y
L ey
B aa—a A

Fig 4.12 The schematic of Plamqvist crack™”
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The c/a values in our experiment are all less than 3.5. The K, values calculated
for median and palmqvist crack are shown in Table 4.6. Statistic examination
demonstrates that the values assuming Palmagivst crack have more deviation than that of

median crack. Thus, the median crack data is more reliable.

Table 4.6 Comparison of K, data calculated from the equation assuming of

median crack (M) and Plamqvisticragek (P)

2

—

N SEM
Condition — ~..,q —

1h | 817 ‘("//m \L \\\ 6.51%1.31
2h 514 ;, \\}'\ 0.01 | 517%0.37

In Appendix G, properties -_}4;!' ', 's S| \ en are shown. Comparing the
Hv 16.0 GPa and K, 5.0 MPa. "E"*""f Ve T fof our specimens, Hv 16-17 GPa and

K, 4.7-5.0 MPa. sz)

the data.of.0 ‘;E s similar to that of TOSHIBA.

ﬂuEJ’J‘VIEWl‘iWEJ’]ﬂ'i
ammmmumwmaa
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49.  Flexural strength

Flexural strength was measured for 2 lots, each contained 7 specimens. Details
are attached as Appendix F-3. The strength minimum value was 250 MPa and maximum

was 506 MPa with an average strength of 427, 414 MPa, respectively.

-2.00

-1.00 4

0.00

1.00

-Inn (1/S)

2.00 1

3.00 4

4.00 -

A Weibull plot of Eoth lots is shown in Flg 4.13. The average strength was 420

MPa, Weibull ﬂoﬂsﬂ)’a sﬂ EFWGWMﬂ§7 MPa. This m value

cause S a survnﬂg stress O = 144 M.Ea
The value of average strength 420 MPa is a little lower than that of commercial

one, 600-700 MPa. The causes are thought as follows:

1 Much amount of glass phase
As seen in Table 3.7, the oxygen content in the mixed powder increased from

4.31 mass % to 7.06 mass %. As the result of increased SiO, content from 1.69 mass %
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to 6.90 mass %. Then the total content of SiO,, Y,0,, and Al,O, increased to 16.9 mass

%. It is reported that increasing the glass phase makes the strength lower.”

2, Remaining of Ol-phase

High aspect ratio morphology is one important factor to make flexural strength
high. High aspect ratio is attained after perfect transformation of a—SiSN,,.za' * The
crystal phase of the specimen included about 18 % Ol-Si;N, as seen in Table 4.5. This

remaining of OL-Si;N, was due to the lim f furnace temperature (1700 OC).

4.10. Surface observati scope (SEM)
Fig 4.14 and Fig 4. appea ance of the fractured surface morphology.
The Ol-phase percentag s Jy is | (14a), 25 (14b), 39 15(a) and 18
{: it ‘s hee n that Q(-phase is equiaxial
and B-phase is elongated dlosi Tt \\\\k by XRD that these specimens

were composed of Ol-

(4.7.3)

‘ a amount of unknown phase

_,f';!"‘T I8

Fig 4.16(a) and (b) show-the ‘morpho solished surface. There are needle
like crystals in Fig 4.16{a}tn-Fig-4-46(b}-targ 7 ’ rystal, small gray needle
like crystals and small ' Li From these micrographs, it

is concluded that big cr)./fstal in Fig 4.14 to 4.16 might be Si,N,O. Small needle like

crystals, wmchﬂe %%Pﬁjﬂﬂﬁ(ﬂﬁﬁrﬂﬁ (b), will be B-Si,N,
TRINEA ?m D T VR 2 O e

other hafd, OL- -Si;N, and B—Sl3 , grains are very small. The length of B-SISN is about 1

Hm. The diameters of &l-Si;N, and ﬂ-SiSN , are less the 0.5 pim.
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Fig 4.14 SEM results of mixed powder B (lot 2) sintering at 1700 °C, 10 °C/min
with SN-KO5 packing powder a) 1 h soaking b) 2 h soaking
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P 84121 %

Fig 4.15 SEM results of mixed powder B (lot 2) sintering at 1700 °c, 10 °C/min
with SN-F2 packing powder a) 1 h soaking b) 2 h soaking



Fig 4.16 SEM micrograph of plasma etched specimen sintered at 1700 °C, 1h soaking

SN-F2 packing powder.
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