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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.4 Sample preparation

3.1.1 Process flow chart and experimental conditions

The process flow chart is s 1. Bulk density, mass of specimen and
(X./B phase of Si;N, in packing were measured for all specimens
Vickers hardness, fract @gth and microstructure were

by ball milling using al) apd Si,N, ball (diameter 5 mm) for 192 h. The

mixture slurry was dr dried powder was passed

through 100 mesh. T isc-shaped specimen of 25

mm in diameter and 5 inghig nesam...
BEEL
y-qn f

.r.ﬁ, %
Initially, the mixed powders wit :

20 MPa. Some specimens wer_ﬂq u«.:w
i e ‘

higher density compacts

ompacted by a uniaxial press at
old isostatic pressed (CIP) to obtain

cimens were set in an ALO,

crucible with Si,N, and / “ as performed in the air
atmosphere furnace .mvarious emperatures in the ratme of 1550 to 1700 °C. The

heating rate was_5-10 °0f/ #in and holding tinie was 1-2 h. All sintering conditions are

shown in Tablﬂ1u«:&lb’33m EI qﬂ ‘3 W EI ’] ﬂ ‘i
Wulflerbiglon ﬂt@%ﬂ%ﬂ@ XTI et TR

Crystalh#e phases were identified using X-ray diffraction (XRD, D8-Advance, Bruker,
Ltd.).ss) The cross-section morphology of fracture surface was observed by using

scanning electron microscope, SEM. (JSM-5410LV, JEOL Co., Ltd.)
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Table 3.1 Sintering conditions of mixed powder A

13

Experimental | Temperature| Packing powder | Heating rate | Cooling rate Soja\king
Conditions (0 C) Conditions (°C/min) (°CImin) tl(r:)e
C1 1550 SN-7, AM-21 5 5 2
Cc2 1550 SN- 5 5 2
C3 1550 A 8 2
Cc4 1550 , AT 5 2
(3 1600 H 5 2
C6é 1600 o 5 P
c7 1600 [SN- — Natural cooling 2
C8 16 w A1 Natural cooling 2
C9 165 + ,’:"‘ Natural cooling 2
C10 1650 N- = Natural cooling 2
CH 1700 SN~ A 1C Natural cooling 1
c12 1700 NE10, A Natural cooling 1
C13 1 atural cooling 2

y

.
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Table 3.2 Sintering conditions of mixed powder B
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Soaking
Experimental | Temperature | Mix powder | Packing | Heating rate | Cooling rate
time
Conditions o) Conditions | Powder | (°C/min) ¢ C/min)
(h)
SN-KO5 Natural
E1 1650 Lot 1 ' 10 2
cooling
Natural
E2 1650 0 2
-11 - cooling
Natural
E3 1700 1
0\ cooling
4 1 Natural
E4 1700 0 : 1 1
% 1§ cooling
. oSN Natural
ES 1700 e — 1
7 cooling
i L‘g | Natural
E6 1700 Lot e 10 1
T MIAS cooling
' Natural
E7 170 2
m cooling
SN-KO5 Natural
E8 611700 ' ot 2 . 19- 2
‘ ' ‘ cooling
PR AIWENT
SN-F2 Natural
E9 1700 Lot1 ¥ a 10 Y] 2
‘ 1 i
B VoK 2l fal U kil ek a5
=T 1oT 2
| SN-F2 Natural
E10 1700 Lot 2 10 2
A-11 cooling
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3.1.2 Crucible structure

ALQ, is a candidate material for crucible as described in previous paper.zz) The
crucible structure is shown in Fig 3.2 (a) for Mixed powder A and (b) for Mixed powder
B. The specimens are set in a small Al,O, crucible (Nikkato SSA-S, 50 cm’) with Si;N,
packing powder. Then the small crucible is set again in a larger crucible (280 cm3) filled

with AlL,O, packing powder.

Several kinds of Si;N, powders were tisedsas packing powder, which are shown
in Table 3.3. ALO, packing powders ar ﬁfable 3.4. More details for these
powders are shown in Api dicesT A-1, / .

Si;N, specimens
Si;N, powder

(b)

Fig 3.2 Schematic diagram of the crucible structure
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Table 3.3 Name and properties of Si;N, packing powder

Chemical Specific Mean .
. .. | Tap density
Grade Composition | surface area Particle sizes
(%) (m’/g) (Lm)

E-10 " oL %> 95 10.45 0.83 0.63
SN-7? oL % = 74.0 3.40 1.16
SN-KO5 " | oL % =816 AN 0.68
SN-F2?

- Fine 1.61
- Coarse 1.39

Ube Indus

Denki Kagaku
BET analysi
Sedimentati

Tap-Pak Velum

er meod -

T A

A J~ .,al‘

d BN packing powder

“;;. !
'._g!" : . | Tap density
Grade Compgosition Particle sizes
: . - (g/ cms)
(%) o (m°/9) as (Lim)
AM-21" =199 ) 4. 1.67
2) _
A-11 ALO, =99.7 ¢0.79 o 9.0. ) o/ (?.96

1 b N
= Sum“omo Chemicals

? = Fuiji Kasei Co., Ltd.

% = Denki Kagaku Kogyo Co., Ltd.

*%k

BET analysis method
Sedimentation method

Tap-Pak Volumeter method

16
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3.1.3 Raw powder and preparation of powder mixing

The commercial Si;N, powder (E-10, Ube industries, Ltd.) was used as the raw
Si;N, powder, because it was known as one of the best powders."m) The powder has
high purity. The alpha-phase content is 95 %. Major impurities are aluminum, calcium
and iron (< 100 ppm), and oxygen content is less than 2 Wt %. Two kinds of sintering

aids: Y,0, ( RU, Shin-Etsu Chemical Co., Ltd. ), and Al,O, ( AKP-30, Sumitomo Co., Ltd.)

were mixed with Si;N, powder. The properties of E-10, RU and AKP-30 are shown in

amounts of sintering aids; mass % Y0, and 3.0.mass % ALO,, (B) 5.0 mass %

ere mixed by ball milling using Si;N,

pot and Si,N, ball with 15¢ sffianoland 40'g of mixed powder for 192 h, and the
rotation speed was 150 rpfm. The ! 7'-' tutes ere dried in the oven at 80 °C and
passed through a 100-me e = milling conditions of mixed powder are
shown in Table 3.6. (Powder as prep: in \:' ith 24 h milling time by Prof.

WADA™., powder B was pre .gg"'é 3 7. tal n University.)

el
AULININTNEINS
RINNINUNINYAY
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Table 3.5 Experimental conditions of mixed powder A and B

Compositions ( mass %) Mixed powder A Mixed powder B

Si,N, 92 90
Y,0, 5 5
ALO, 3 5

Table 3. 7 ixed powder B
—‘.

Mill and ball Si.N, ){mﬁ\\kﬁﬁ_& cm’ (Half a volume of pot)
Meduum | 150 g oiéfy "ZEI\\\\\\
Powder Si;N, W ‘! & ‘“\\ e mixed powder) =

e \\\\\

Rotation speed

Time

3.2 Temperature inside cruci

Specimen 38, 3 ble i and 2. s of packing powders.
Generally the therm_r ‘ o efore, it was thought that
the temperature of spe@ven would lag b d'that in the :@nace. Then the temperature
inside Si;N, packing powder, which was equal to the temperature of specimen, was

compared wnﬂhurﬂv’} 'rﬂ E%@ wuﬂ\aaﬂ ‘iType thermocouples

(87% Platinum, 113% Rhodium (Pt & #t-Rh)), wh|c is noble-metal Wrmocouples that

o R PR TRAH HIV VR Y orome

measure%ent.

Two thermocouples were used. One was inserted from top of the furnace to the
inside the small Al,O, crucible, which was covered with Aluminum packing powder A-11
(no specimens). Another thermocouple was inserted from backside of furnace to

measure the temperature inside furnace.
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3.3 Properties measurement and characterization
3.3.1 Particle size distribution of raw materials and mixed powders
For these experiments, two methods were used; sedimentation method and

sieve analysis method.

Sedimentation method

Sedimentation method (Shi P2) was used for investigating particle

size distribution of raw materi )10, SN-7, SN-KQOS5, and SN-F2.
e —

Approximately : wsed in 50 cm’ water, which

& . phate (71600 NaHMP, Fluka
\\\\ &
ANY

for 30 min. Furthermor: - 1ce powder deagglomeration.

was 0.2 mass % aque
chemic ltd.). Sample g magnetic stirrer, at least
Gravity or centrifugal made was eleﬁ ﬁ \ diameter bigger than 10 lm or
smaller than 8 Llm, respeglive ?ﬁpﬂ oNn G - » No.3 and 1000 rpm of revolution
were used as the conditio ogf ﬁIE crage particle size diameters for all
samples were calculated at 50 '?i"’ V. ] =
Sieve analysis meth‘ P g

100 gram of S@2 was sieved in a series of siev@ No. 50, 100, 140, 200, and
325 meshes, w FT:h was Caxalent to particle/diameters +300, +150, +106, +75, and

c |

Rl AL ELYLS WL 2L B vom e v

powder weight that remains on each Sieve.

ARIANN I {191ANEa Y

+45 LUm, resp
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3.3.2 Oxygen analysis in mixed powder and estimation of mixed powder composition.
Oxygen contents of powder A, powder B and SN-F2 were measured by

Nitrogen/Oxygen determinater at the SIAM Research and Development Co., LTD.

Oxygen exists as either SiO, or Si,N,O in the surface layer of Si;N, powders. The
sintering additives Y,0, and Al,O, create a liquid phase at high temperatures by reacting
with the SiO,, which presents in Si;N, powder. Thus control of the oxygen content in the

powder is crucial for controllin / In addition, the amount of oxygen

increases during the ball-milli

In this experlm S xygen befere and after milling of mixed

v » n.in mixed powder includes
oxygen from Y,0, and AL@,. Fhafe <-the oxyge elongs to Y,0, and ALO, is

subtracted from the analyzec , which belongs to SiO, is

determined. Wl
| &g oy ¥
F f A5

a) For the composition, 92 ¢ sr ass % Y,0, and 3 mass % Al,O, and

i EA Rt
Si;N,-E10 are including 1 % of oxygen.

:‘rﬂ =92*0.01=0.92
A

From 0.92 maﬂum}?ﬁ WW %fw\ﬂrq T‘Tnﬁted.
QRTRINI U TN A Y

-

0, (ma -“' (o
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b) Mass % of oxygen in oxide M,O, can be calculated as follows:

Mass % O (M,0,) = 100 x M x [mass %(Oxide)] -——(1)
MWM,o,,
Where:
a = Mole of metal

From equation (1):

Mass % Oxyge x5 =106

Mass % Oxygen o x3 =141

c)  The theoreti¢aldénsity of glassy phase is caleulated fiom SiO,, Y,0,, and ALO,

composition because
.' 'l
I . I}

484 g/lcm’, 4 g/lcm” and 2.2 g/¢

In this case, using

theoretical density valu

2,36, 37)

ﬂ‘UEJ’J‘V]EJVIﬁWEJ’]ﬂ‘i

The densﬂﬁ %Iiss could be estlmatfd as follows: &

AN NI ANYA Y

Glass density = Z(Weight fraction of oxide * density of oxide)

oo = [B)} o5

0.39 +2.49 +1.23 = 4.11

for Y,0,, AlLO, and SiO,,

respectively.

Glass density
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d) The theoretical density of mixed powder is the sum of theoretical density of Si;N,

and glassy phase. The theoretical density of mixed powder A before milling (Si;N,, Y,O,,

ALO, =92, 5, 3 (mass %) is calculated as 3.30 g/cms)

All calculated r s

shown in the following T

Powder A Real Theoretical
: Density
Compositions | Composition Density
. | (@/em)
J (g/cm’)
Si;N, 3.21 2.90
Glas = 9.73 11 0.40
To - )0 — 3.30

fore and after mixing, are

FrTRe
Table 3.7 Calculated theor 1{? and B, before and after milling
“.-:':.l
Analy; ALY ed Calculated
Powder eoretical density
(g/cma)
Before |~ 1.73 3.39 3.30
A
P 3.28
d 331
B
_ i@er - B26
q

Estimated values from calculations.
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3.3.3 Outlook observation of specimens and packing powders

As shown in the previous works, Si;N, ceramics with high density was obtained
by sintering with packing powder."m) However, the kind of packing powders used and
the easiness of taking off specimens from the packing powder were not discussed in

detail.

In this experiment, it was found

t the packing powder tended to agglomerate

after sintering. The agglomerati sing of specimens from packing

powder difficult. Therefore, is experiment is to find a good

packing powder, which do f en types of packing powder, five

types of Si;N, and two s types of Si;N, packing powder

are SN-E10, SN-7, SN-7 4 SN-F2. In case of SN-F2, two

3.3.4 Mass change me

The mass of specime ,“T. sd wihe ions (1) — (4) described in 2.4 occur

during sintering. Thus, mas ion of sintering temperature was

measured. The mass.loss_of each _specimen_was_caletlated from the weight

i l!‘

measurement of speci mmtermg W, (g). The mass

loss is calculated as foy/vs

ﬂﬂﬂ??’lﬂﬂ‘mﬁl’mi

Mass change ‘(% x 100

ARIANN I UANINY8 Y
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3.3.5 Bulk density and relative density

Archimedes’ method

1. Dried test specimens to constant weight by heating to 105 to 110 °C. Determine
the dry weight (D) in grams.

2. Place the test specimens in a suitable vacuum-pressure vessel. Close, secure,
and pump down, hold this for 30 min. Pour water into the vessel, maintaining the

vacuum for 5 min. Then close the vacu

'he saturated specimens are now ready for
weighing. v

3. Determination of the d the saturated weight (W). Used

. 32
Calculation:™

N Volume, V (cms)

(1)

2. Volume of open

@)

. Waterﬂ“mliwﬂﬂ’i%’lﬂ‘i
ARAgRIMAENINENAE

4. Bulk density, B (g/cm’)

D
S )
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3.3.6 Identification of material and determination of phase content in Si;N, by X-ray
diffraction analysis
The a—)B Si;N, phase transformation was important for the final
microstructure.” > Starting raw materials (powder A, powder B) and packing powders
(SN-E10, SN-7, SN-KO5, SN-F2) were measured by X-ray diffraction (D8-Advance,
Bruker Co., Ltd.). The 20 around 15-50 deg, and scanning speed 2 c deg/min were

used as conditions. The weight fr (X./B content in the specimens were

calculated from the XRD peaks N, phases by the method proposed

éunknown phases formed upon

cimens analyzed by X-ray

by Gazzara and Messier.
heat treatment was a

diffraction analysis are

mple preparation

Sample powders i ) jrar i assed through sieve number

Calculation method

The calculation procedure of OU/f3 et 290 Gazzara and Messier is
as follows: LY. X'}

1. Intensity of peaks, 7 peaks for O{=Si;N;"and 4 peakﬁor B-Si3N4, is measured.
2. These intensities divided by L value fof standardization as shown in the following

we. B U INYUNTINYINT

3. Sum up » and get average. ¢

ﬂﬁﬂﬂﬁaﬂ TEL IR 2 WL & B v

S ecimen.
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For example, ouB ratio of SN-7 raw material can be calculated as follows:

Phase Peak | 20 (CuKat) | Intensity (%) { Y,
(101) 20.68 100.00 7.50 13.838
(110) 23.23 41.90 3.58 11.70
(200) 26.64 36.90 244 | 15612

Oo-Si;N, | (201)
(102) |
(210) |
(30 4560 ' : 11.79

| , 93.50 7.44 | 12.57
6.69 | 10.55

13.14

Average 12.60

3.40
8 3.95
-Si.N

o 3.92

2.36

Average 3.41

" Reference (36)

7 7870

i |
1

AUE IR
" ARAIN AN NN Y

B (mass %) = 0.2130*100 = 21.30

The calculation results of Y, O (Wt %), and B (mass %) are shown in Table C-1

and C-2 of appendix C.
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Table 3.8 XRD conditions of SN-E10 and SN-7 packing powder materials
SN-E10 SN-7 SN-7+BN
2 & e | 3 e | 3
i E (0] E (0] Q (O]
Conditions g & g g g & e § g £ a g
S1g/°|8|3|8|° 8|28 |8/|° 5
o © o ®© o ®
z (O] &) < O
1600 °C
(@] @]
5°C /min - o
1600 °C
(@]
10 °C / min a
1650 °C - W
; 0o o]
10 °C / min = ©
(¢] ¢
1700 C . S o
10 °C / min i ;“ “
0 el
17800 C o P T
0 : —_— |
10 "C/min A
Table 3.9 XR g powder materials
£ o Qs
sy :
Top | Bottom | Top | Bottom
Fd — &
el Rlaatidslllall it e el
0 1700 C,1h (@] e} (0]
1700°C,2h | © o o o

Note: All sample sintered with heating rate 10 °C / min.

"= Top part of packing powders

" = Bottom part of packing powders




Table 3.10 XRD conditions of mixed powder A Specimens

10°C/
1700 °C, 2
10 °C / min

Table

Packing powders Packing powders
Conditions
SN-E10 | SN-7 SN-E10 SN-7+BN
1550 °C, 2 h
. o o 0
5 °C/min
1600 °C, 2 h
5 (o]
5°C/min
1600 °C, 2
& O
10 'C/mi
‘ - p
1650 °C, 2 /
o i 0
10 C
1700 °G
O

o H' Conditions | ¢ SN-KO5 SN-F2 o)
AWNANNT TR Y
q 0
1650°C, 2 h
1700°C, 1 h o o
1650°C, 2 h o) o)

Note: All sample sintered with heating rate 10 °c/ min.
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3.3.7 Observation of microstructure by scanning electron microscope (SEM)

The microstructure of fractured surface and polished surface were characterized
by scanning electron microscope (SEM), (JSM-5410L, JEOL Co., Ltd.). Sintered Si;N,
specimens of powder B at 1700 °C for 2 h with two types of packing powder, SN-KO5 or
SN-F2, were selected as samples. The procedure of sample preparation is shown in

Fig 3.3.

T

Fig 3.3 Sample preparation flow chart for SEM analysis
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3.3.8 Vickers hardness and fracture toughness

Sample preparation:

The fracture toughness and the hardness of the sintered body were measured
with a load of 98 N by Vickers indentation (Zwick 3212, Zwick GmbH & Co.) and
calculated by JIS-R1 607* and JIS-R161 039), respectively. For this experiment,
specimens sintered with SN-F2 packing powder at 1700 °C for 2 h and heating rate 10

t spe@grmdmg with 170, 200 and 400
grit of diamond wheel, res Then, polish.with 800 and 1,200 grit SiC paper
(Buehler grinding pape s30\Um. T Urface was examined at intervals

Co., ltd., Japan). After

o 3
C/min were selected as examples.

Finish the surfaces

using optical microsc
polishing (Using PHOE pecimens were washed with
alcohol under the ultras from the surfaces. Vickers
indentation was applied at \ standard (Designation R 1610-
1991) using microhardne bH & Co.)
Calculation:

Vickers hardnes

Whereﬂ‘IJEl’J‘VlELVIiMJ’lﬂ‘i
a m’l@\lﬂ@ m ;Jtm’lqllmgﬂﬁ ﬂonformlty with

JIS R1607
i 1
2
Ko = 0026 5P
c?
Where: & = Crack length (mm)

E = Young' modulus ~ 280 GPa
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Table 3.12 Specimens for SEM, Vickers hardness (VH) and fracture toughness (K,) test.
Conditions
Measurement's
SN-KO5 SN-F2
Method
Int2n 1 th I 20
SEM o) o) (o)

Note: All specimensWere Ered|at 1700 °C / min.

AUEINGNINGINS
ARIANTAUNNINGAE
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3.3.9 Flexural strength test by biaxial bending test at room temperature

Flexural strength was measured by a biaxial-bending test in conformity with
ASTM-F394-78"

Sample preparation:

Specimens for strength tests were sintered at 1700 °C for 2 h with SN-F2
packing powder. The specimens were ground to flat surface by # 170 diamond wheel.

Then, their tensile surfaces were ground with 200 and 400 grit diamond wheel and

followed by polishing with 800 and 12( y iC paper (Buehler grinding paper),
respectively. All tests were m:; using , Intro enterprise Co., Ltd. The

Calculation:

Flexural strength |

= e (1)
X= il 2 o —(2)
S ¥]
5 \2
y= g -V)x + c + 1—v)x@ ———(3)

.. | /]
Mm@uaﬁmawswawrs
ARSI TN e

L = Poisson’s ratio, 0.23

o

ae

A = Radius of support circle (12.56 mm)
B = Radius of loaded area or ram tip (2.5 mm)
C = Radius of specimen (13.5 mm)

d = specimen thickness at fracture origin (1.5 mm)
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The relation between X and B, when C = 13.5, is shown in Fig 3.4.

-12.000

-10.000

-8.000

Il

> -6.000

1

-4.000

L

-2.000

0.000 -

0.00 0%601. 207 D0 4.50 5.00 5.50

Fig 3.4 Relationshi bending strength test

Miss. Bongoch“) used r‘g- : . radius as the ram tip for her
master thesis. The contact.r "‘Eﬁ"‘ 3.0.125 mm. From Fig 3.4, it is
understood that X ;’ﬁ-_ﬂ.: B changes a little at the
range of B < 0.5 mm. ! % e“J- t to be a little weak to the

applied load. Considering ‘}hese facts, the radnus of ram tip of 2.5 mm was selected.

ﬂ‘iJEl’JVlElWI?WEI’]ﬂ‘i
wammmumfmmaﬂ
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