CHAPTER IV

RESULTS AND DISCUSSIONS

Physical properties, ' ases, thermal behaviors and
microstructures of the raw i.eg R AnWS and SRM30, are monitored. The
information obtained is use jon and-.interpretation in the following
sections

4.1.1 De clg Sizear ze D k on

Size distributigr u\ 0 are given in Figure 4.1.
Average particle sizes and denSitiessof the rawamater I are summarized in Table 4.1.

{ e
The average patrticle size of R A T8 Z a e distribution of RHA is in a range of
= j; Jﬁ‘f/,

0.7-90 um, while that of SRM30 ith peaks at 0.3 and 1.5 pym in a

range of 0.07-40 ym a ’, S-has g broade :’4 0.06-100 um.

7

Table 4.1 Dens%y and average pargtgle size of the raw materials.

BT V7 S

2.41%0.01 7.8310.02

SRM30 3.88 6.0910.04

* From Loxley public company limited specification.
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4.1.2 Composition and Phase

45

From the XRF analysis, RHA consists of 97.08 % SiO, and oxides of alkali

and alkaline earth elements, especially K,O (Table 4.2). The major components are

silica in forms of cristobalite, quartz and amorphous silica (Figure 4.2).

Relative intensity

oxide Na,O CaO | Fe,0,| WO, | Total
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Figure 4.2 XRD pattern of RHA.




46

From XRD spectrum of WS, the major phase is gibbsite (Al(OH),). XRF
result (Table 4.3) shows high content of AI(OH), up to 98.19% and small amount of

Relative intensity

oxides.
Table 4.3 %Oxide contents of WS f alysis (see APPENDIX A for detail).
oxide Na,O | A 0| 0 CaO | Fe,0, | SnO, | Total
normalized % 0.6 319 .06 0.09 | 0.04 100
e
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Figure 4.3 XRD pattern of WS.
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4.1.3 Microstructures

5um

Figure 4.4 SEM micrographs of RHA (a-c) and WS (d-f).

From microstructures of RHA (Figures 4.4 a-c), there are a lot of pores
spreading over the inner (b) and outer (c) surfaces. Figures 4.4 d-f show gibbsite
crystals clustered loosely. WS powder is rather agglomerate corresponding to the broad

particle size distribution observed in Figure 4.1. From these features, it seems not too
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difficult to break up and blend the WS agglomerations and the porous grains of RHA in

wet milling process.
4.1.4 Thermal analysis

DTA curves of RHA in Figure 4.5 show

The TGA and correspané
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Figure 4.6 Thermogravitic Analysis (TGA) and
Differential Thermal Analysis (DTA) of SRM30.
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Unlike SRM30, WS shows a remarkable weight loss of 28.81% between
200-400 °C (Figure 4.7, see APPENDIX B for detail) with a correspondent sharp
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endothermic DTA peak, due to the hydration of gibbsite (AI(OH),) structure. The

decomposition proceeds slowly at higher temperature, only 6.01% loss is detected.

Above 600 °C, the mass change is not significant.

Total loss of WS is ~35%. This figure is large enough to cause a

AULINENINYINS
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4.2 Influence of Al,O, Sources on Mullite Formation

51

SRM30 and WS are used as alumina source for mullite synthesis. Particle

size and size distribution of slips are measured as they may influence mullite formation.

Phases in the fired specimens were examined by XRD.

precursors, aids millin \g..
samples containing W§ V
depend on the amountnnﬂf WS.

AU INENINYINT

e between the slips with the same

0 ds size than those with WS.

\\‘

30 contents are the finest. It is

agreement with the results of

mable the hardest among the other

e final size is. Between the

;} [}

apparent and seems not to

Table 414 Average particle size of RHA/SRM30 and RHA/WS slips
¢ o e/
q 1&4 a,a nﬁ?gmilmﬂlﬂiogﬂl E lf ] a El
slip 80:20A | 60:40A | 40:60A | 20:80A | 80:20W | 60:40W | 40:60W | 20:80W
Average
7.2B 7.54 2.42 247 7.62 6.05 6.03 5.89
particle
10.01 $0.01 007 | 41061 +0.05 +0.01 10.04 10.06

size
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Figur8 4.9 Particle size distribution of RHA/WS slips milled overnight (24 hours).
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Y . . —
4.2.2 Pfagége Analysis
e

The bar shadped samples from each slip in the previous section are fired

at 1300 °C, 140@1 Qua%] @@ﬂ:ﬁrﬂ @Wﬂ ﬂﬂlﬁ examined. For RHA/

SRM30 samples, Peaks of mullite are detectable at 1500 °C (Flgure 4.13), below this

e WA AT S AP R o =
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Figure 4.12 XRD patterns of RHA/SRM30 specimens fired at 1400 °C for 2 hours,
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Figure 4.13 XRD patterns of !—% e ired at 1500 °C for 2 hours,
Stoichiometriesmultite’ consists and 2SiO,. Therefore, 71.83wt%
of ALO, and 28.17wt% o-p1=8i0; are-Teedex “complete- j ullitization. RHA-S/SRM30

samples have the com;ﬁltio ' ; w%h ALO, and SiO, are partly

taken or used up to form rpulhte (See APPEI\gX C for details). However, mullite is not

detectable unti ﬁouﬁ’g %Ej 9/1355 w %tﬂaﬁnumnzanon of RHA-S/

SRM30 samples Bt this temperature is not yet completed Flgure 4.13 shows the

e RO PP RSN T = s

less reactivity of the ALO, powder.



Table 4.5 Estimate of composition of the RHA/SRM30 samples.

After mullitization

Before mullitization
BIBE! | Ee Si
80:20A | 20.00
60:40A | 40.00
40:60A | 60.00" 8
20:80A | 80.00 ey 2k
While

onwards (Figures 4.1

[32], which is suggest

T N S

hat mullitization temperatures ¢

ALO, Sio,
remain | used | remain
3 § 0.00 7.84 | 69.82
.00 15.69 | 42.56
3 .00 | 2353 | 15.30
5 4 30.49 | 19.42 | 0.00
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is found at from 1300 °C

work done by Okada, K.
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nge according to the particle
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Figure 4.15 XRD patterns of RHA/WS specimens fired at 1400 °C for 2 hours.



58

o
*
L 2 i Agi (o] o]
" Mullite SiO, AI203’
20:80W
e
)
=
.029 40:60W
8
(]
o
60:40W
L 4
80:20W
15 60
Figure 4.16 XRD pa
From thk<Calculati on (Table 4.6-see AP PEADIX C for detail), 20.6 wt%

-

RHA and 79.4 wt% W8 g However, both precursors are

|

still remained to some gree at 1300 C, but not as mueh as in RHA/SRM30 samples.

:fr;e; energy ﬁvﬁegﬁeﬁ giﬂq%’wognpfﬁﬁe reaction (see section
q W%Nﬂ'im UAIINYIA Y
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Table 4.6 Composition estimate in the RHA/WS samples.

Before mullitization After mullitization

Al,O, SO,

slips ; L,
Al,O, SiQ \..:_.1-’.:.%“‘ i ,

A u8ed remain | used | remain

80:20W . ﬁ% \Xk 0.00 | 504 | 7262
\\"

60:40W 10.09 | 48.16
40:60W 16.13 | 28.70
20:80W 19.42 0.00

I e Sizes smaller than RHA/WS
samples (Table 4.4), thef S| ﬂ 30 samples is higher than

RHA/WS. It is assumed _&t WS is more activated as it J igher surface area which is

resulted from the decompasitien of structural water before the mullitization commences.

AUHINYNINEINT

8 Jis cheaper waste and more effectave on mulI|t|zat|on than SRM30.
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4.3 Effect of Deflocculant Amount on Rheology

DarvanC is added from 0.1-0.5% into each slip. The slips are then
brought to measure the viscosity using shear rate ranges from 10-200 rpm to establish
the relationship of rheological properties such that the appropriate amount of DarvanC is

known.

r 40:60WS_H, 30:70WS_H and
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Figurél4.17 Shear stress a?d shear rate of RHAWS_H= 40 60 slip
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Figure 4.19 Shear stress and shear rate of RHA:WS_H=30:70 slip

with various %DarvanC, milled overnight (24 hours).
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The slips of is study exhibit shear thinning or

pseudoplastic behavior, the h_increasing in shear rate (Figures

4.18, 4.20 and 4. V “ for industrial processing.

- This means the slip adju I /' D .TJ ped and poured filling mold.
The viscosity, which is a salope of a plot between shear stress and shear rate, declines

as the amountﬂ ﬁ\m%ﬁ mw Ejd'rﬂaﬁ 4.21). The amount of

DarvanC that givigs the viscosity mdependent on shear rate is 0. 3 0.3 and 0.4% for

R“AWSQWT‘RWWWTMEJ’]Q d
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4.4 Effect of Size of Solids Content on Properties of the Final Product.
4.4.1 Particle Size and Size Distribution

The particle size distribution of 4L, 3L, 2L and 4S, 3S, 2S are much

dependent on milling time rather than, H content (Figure 4.23 and Table 4.7). For

icle size > 7-8 pm causes difficulty in

mold removal, whereas too all.size < 2. uses too much shrinkage before the

mmﬁ%fﬁ%%ﬁ%i
q Wmﬂ‘éﬂi}%& 23 %me@py

7.33 6.44 8.17 217 2.72 2.98

Avr. Particle size (um)
+0.05 | £0.13 | £0.04 | £0.01 | *0.02 | %0.02
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Figure 4.24 The*Specii - were fabric slips containing

too larg s (IEf) g' size les (right).

The densities ‘ y . p and 2S are shown in Table 4.8, the
and 2S are slightly higher than

these of 3L, 3S, 4L, a{\d 4S8 ﬁ-:??gm',#i
than RHA (densities of RMA and WS are 2.18 and 2.60, respéctively).

ore WS which has higher density

&le 4.8 Densities of RHA/WS_H mps.
YW NS | 2

\INYIAY

+0.01 +0.01 +0.01
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4.4.3 Characterizations of the Fired Specimens

4.4.3.1 Composition and Phase Analysis

Oxide contents from the XRF analysis and the calculation derived

from thermal analysis of each samplé

&\

25.93% RHA and 74.06%WS™ helstolehiomEteRy ite.

detail). The result is in consistenc ion. Using the figures from Table 4.9,

%mullite, Al,O, and SiO, re €an be estimated (see Table 4.10).

Table 4.9 Sa G RF and calculation.

S if
Com
Sample b calculation
% A _Ef % ALO* | %SiO,*
4L 5 '
. "’ 42,74
4
3L
: 67.5 32.43
3S 65.41 31.78 ;
—
| - hal 1] 217
QU2s 76.08 | 21.54

AR IR L L A T Lot

respective
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Table 4.10 Estimate of phase contents, using the data from XRF analysis.

Phases
Samples %Al,0, %Si0,
%Mullite
remained
4L 20.06
4S 19.66
3L O \ 5.86
3s 06 \\\\&: &5 6.13
4 ! DR [
7/ N SN
25 #6047 l’ 4 977 ’\\m | 54 0
g1 - i |
‘ ' ‘ \\

aad ik
wllag
All of the amples-ar

at 1400 °C and subsequently at 1700

°C. XRD patterns in Figures 4.2 ,: > presence of silica residue in 4L and

4S samples in amorpk i-*;;::;:;;;;::;;:;;;;;:;::4::;:;;2;:::::;;;fO °C, the Al,O, peaks are
I . Y
observed in 4L and 3L sam APRE ar after the samples are fired

- !
at 1700 °C (Figure 4.26). Unlike 4S and 3S samples, the alumina peaks are not

noticeable sincﬁﬁﬂﬁ)ﬁ tﬁ W%? w7ﬂtl\1 ﬂi .d that the particle size

of solids plays aqle in mullitization; smaller particle size gives higher surface area and

TR TN INYAE
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Figure 4.26 XRD patterns of 4L, 3L and 2L specimens fired at 1700 °C for 1 hour.
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Figure 4.28 XRD patterns of 4S, 3S and 2S specimens fired at 1700 °C for 1 hour.
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4.4.3.2 Microstructure

Etched surfaces of the samples are shown in Figure 4.29. SEM
micrographs (a) and (b) represent voids where the residual glass used to be. From the
estimate of phase contents (Table 4.10), 4S and 3S contain ~20 and 6 wt% excessive

silica, respectively. High aspect ratig imullite grains are found intensively in all

specimens. The grains are genera ) um inA and 10 pm in length. In 2S sample,

mullite grains are found with polyg

AULINENINYINT
ARIANTAUNNIING 1A Y
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Figure 4.29 SEM micrographs of specimens fired at 1700 °C.
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4.4.3.3 Physical Properties
After heat treatment, all samples shrink and become denser,
presumably the specimens undergo sintering and mullitization simultaneously. These

incidents lead to physical changes in density, % apparent porosity and % water

absorption.

e 4S sample is exhibits a highest
and its resultant density 0 and 4.31 (a)). Starting RHA
contains high silica notic It is explained that the
presence of impurities enh 2lting of silica leading to a large
decrease in volume. Gene curs around 600-900 C [47]

Iso the particle size greatly

affects the density of samplgs. Sinter Stura.is inversely proportional to r, where
' sl \

r is the particle size [42]. There % T e more densified than the 2L, 3L

Vel t O . .
and 4L. The correspondent pp ;e:mmr , d %water absorption, which represent

the volume of open porés ity. At 1400 °C, the sintering

is not yet completed, ‘the be as high % water absorption

(Figures 4.31 (b) and (c )m

ﬂ uﬂ‘é}% ﬁ%ﬁ%ﬂ"qlﬁﬁo more shrinkage and

higher density. THE % apparent porosgty and % water absorption decrease apparently

S LRGN D1V A A 7 A

porosity and %water absorption of 4S are not different from those of 4L, regardless of
particle size. At this temperature, 4S and 4L, which have more silica readily to melt to fill
pores, become higher in density. Whereas, the others with lower RHA contents have
these properties dependent on both RHA content and particle size, as found for 1400 °C

fired samples.
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after firing at 1400 (dotted line) and 1700 °C (solid line).
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The bulk densities of the small samples are lower than the
theoretical value (densities of mullite=3.2 g/cm3 and alumina=3.98 Q/cma). However, the
volume of open porosity, i.e. %apparent porosnty is far below 1%. Therefore, there might
have been closed pores in the structure. ?/‘?ﬁ/ﬂe 4.32 shows the optical microscopic
observation of the sectioned“specimens. Qufé’____et 33 depicts the corresponding

S o 2
%porosity from the image g_n_ajysis. The pores seen.in this picture include the open and

closed pores in the structyz.//

-
-
4

-
T

e
s

)

4
’,
¢ ki SR

|
o
]

20 ym - 48 T e aL

20 pm" ‘ 20 pm. ’ 3L

20 pym 2S 20 ym 2L

SN

Fiqure 4,32 Optical microscopic observation of the specimens fired at 1700 °C.
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From Figures 4.32, the pores are found most intensively in the
sample has high WS_H content. Large size pores occur in the sample produced from

large size precursors, compare 4S with 4L, 3S with 3L and 2S with 2L.

%WS_H
2 80 70 60 50
60 L
__/—-'.
45
8 -
Kl 30
°
X
aL
15
1352 4S
0
10 50
Eigure 4.33 % Porosity of sp 1700 C by image analysis

ght to arise from

1Encap ar] 1A, m

2) the ﬂal decompositm of the WS_H,

A WBIRENINEANT

4) incomplete sgntenng and

A9 FPIRAEHMN Y126

The larger RHA particles have more carbon encapsulated. As the

temperature rises and before the sintering commences, only carbon on the surface of
the particles is burn out. The encapsulated carbon is presumably oxidized during or
after the sintering. Bubbles from the oxidation generate pores in the body. Therefore, the
higher amount of the coarse particles, the more pores are found. While for smaller

particle, carbon tends to present at the surface and the bubbles formed can escape



i

more easily and probably before the sintering begins, leaving smaller pores in the
structure.

Whereas, high %WS_H samples have more structural water.
When it is heat from 250-600 °C, the water leaves the structure and more micropores are

expectedly present all over the bo 0 1700 °C, the sintering is still not yet

completed and silica is used . Consequently, the voids are left

throughout the body. Despitersiliea: iv ering in 4L, 48, 3L and 3S is still

not completed. Micropo . Apart from the problem of

encapsulated carbon, 3 Q\\ ite, which grow in random
se and 't ation is hindered.

directions, obstruct the i ase and \\

‘\\ oralso has an effect on porosity,

particularly in the sampl &/ 0t '\ samples made from the smaller

\

particles contain less pore is because of better packing
of the small particles and vo ds" all. Dense particle packing shortens
diffusion paths and hence acceferates eri best densification or least porosity

is therefore found for e i silica and good particle

' \

packing. m m
Autinendneins

o

¢ 25 '
azqﬂ 'ﬁﬁmﬁ ﬂr %rf the modulus
does not%ﬁ :Zln ith % p;roEiE( igure 4.34) but the % RHA or glass content. In

contrast, the samples made from large precursors are likely to have a decreasing trend
with % porosity. However, more data needed to clarify the effects of glass content and

% porosity.
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Flexural strength are not significantly different among 2S, 3S and
4S samples. But when compare between the samples made from different size
precursors. However, those smaller size precursors have superior strength to the others.

The strength of the samples in this study is influenced by % porosity (Figure 4.36 (@)

hardness than 2L, 3L and 4L=And. tf he painly dependent on % porosity

S, #S h S.te lowest hardest because of highest

silica content. Whereas 2L ; ' : 2 major role instead.

e toughness of 2L, 3L and 4L

are not possible to me 4 , e as crack propagation is

y the value of 2S, 3S and 48

are available for the considegation. Assun . the samples from large precursors which

e frop. small size precursors, 23S

samples contain alum ”' = 2.0-6.0 MPam T 7;* fracture toughness than
mullite K, = 2.0-4.0 Mpam1 : 58 0 2%5 comparable to 3S. 4S has

the excessive silica in the oépmposmon its fra%re toughness is lowest (Figure 4.35 (c))

because glassy ﬂﬂﬂﬂeﬁ&f%ﬂﬂ ’q ﬂe@ved that glassy phase

influences to fractdté toughness more t?an % total porosxty as shown in Figure 4.36 (c).

AW B 28l o BAANY ARY.rmpenon,

crystal growth and thus the final properties. Further investigation is needed to clarify this

influence.
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Figure 4.35 Flexural strength, Vicker hardness and fracture toughness

of specimens fired at 1700 °C for 1hour.
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Figure 4.36 Flexural strength, Vicker hardness, fracture toughness

and % total porosity of specimens fired at 1700 °C for 1 hour.
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4.4.3.4 Thermal properties

Coefficients of thermal expansion (CTE) of 4S, 3S and 2S are
slightly different 6.82, 6.39 and 6.64 x10°/°C, respectively (Figure 4.37). 3S has the

lowest CTE attributable to highest amount of mullite, which is the interlock structure and

low movement in the structure whe ’ increases.
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Figure 4.37 Coefﬁcienmf thermal expansion of specimens fired at 1700 °C for 1 hour.

ﬂ U“E;Fj Snflesiae %‘;%%jflsﬂ:ﬁesistance A= 250 °C

(Figure 4.38). Tha'r flexural strengths,start to fall at AT= 250 °C, .} and 4L have the

similar sﬁq Wﬁfao;a lﬁr‘gﬂdl %}%&5\5@% ﬁ G'sﬂa&f!exural strength

of 28 drar%atically drops at AT= 250 °C because it has more Al,O, content which has
higher CTE than mullite.
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Figure 4.38 Thermal shock resistance of specimens fired at 1700 °C for 1 hour.
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The properties of 3S is comparable to commercial slip casting

mullite (Table 4.11).

Table 4.11 Properties of 3S sample and commercial mullite grade products.

Mullite products

Propertieg 2=
~—— HA/WS_H Commercial [48]

Physical properties

- Bulk density (g/cm’) 2.8

- % Water absorptio 0
Mechanical properties

- Young's Modulus (GR& - 150

- Flexural Strength (MPa ‘ .1/':: 145 170-180

- Vickers Hardness (GPa) # /s -Q & (5 kg load) 10

- Fracture Toughness (MPa. n,_ééjj"_ - : 2.0
Thermal properties  « -r ' 7

- Coefficient of The ’t; 6 5.3-5.4

- Thermal Shock AT J 300

- Maximum ',_.J.]‘. pera glf\l ? 1700

\ 0 L

ammnsmum"jwm ¢)
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