Chapter IV

Results and Discussion

The glasses orositicate the glass and soda

-lime - silicate glas§. vcd to required size. Two
sizes of borsoilicate - lime - silicate glass were
studied, 180 - 12  v/ 63\ | for borosilicate glass, and
125 - 63 um for §oda He /3 8ilic: s. "After the glass powders were
prepared, binders were -.'.L. VASpolyvinyl alcohol) and agar gel were
the binders used in this thes: —_: bDecause they can decay at medium
2R A .
high temperature s ' -_- Sses closely. The viscosity
of these two V;i r‘ the table 4.1, and in

i | it
figure 4.1. l ) U

ﬂ‘lJEJ’J‘VIEWI’iWEﬂﬂ?
QWWMﬂ‘iﬂJNVi’T}ﬂEﬂﬂH




37

Table 4.1 The viscosity - temperature relation of borosilicate glass and soda -

lime - silicate glass.

log n temperature for borosilicate temperature for soda-lime-
glass (° 1\ silicate glass (°C)

145 " 514.6
13.0 5435
12.0 566.3
110 50,7
10.0 623.5
9.0 660.0
8.0 -

7.6 724.1
7.0 -

6.0 | 8256
5.0 "‘: .
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After specimens were fired at varying temperatures, T, the density

and shrinkage were measured. The result is shown in table 4.2. When T is

igh too. Time is an important factor

& work, a constant time interval

of enﬁ shrinkage were compared at

and size 180 - 125 um,

high, the shrinkage and densit
that influences this result, <
was used because
varied T. For boro
the trend of shrinkageg g ire 4.2), The shrinkage of
soda - lime - silicate g \ figure 4.2, and shows the
same tend as borosificate fglads |7 shri of specimens can be
determined from the - formula d = m/V where d
is density of the glags mass of glasses and V is
its volume calculated fro th

Density of speci i o urs. It shows that when

. -
the time was fixd ay Wensity was increased with

T but at hlghﬂ the spe

temperature &ﬁ ﬁecgjﬁeﬁj nearly reac%l% m ﬁ %nsuy of their type.
ammmm UNIINYIAY

]
collapse Closely to the Littleton




Table 4.2 Density and shrinkage of specimen after firing for 3 hours at
3
different viscosity levels; standard densities are 2.50 g/em for

3
borosilicate glass and 248 g/cm for soda - lime silicate glass.

Glass Density % Shrinkage | % Volume

in length | Shrinkage

Borosilicate glass 19.5 39.1
size 125 - 63 um 20.8 394
246 30.9
27.6 41.0
28.2 41.9
38.5 43.6
Borosilicate glass 19.1 38.7

size 180 - 125 um 202 38.7

22.4 41.0

Y ] 26.8 416

| 89— | 285 41.7
IR S 2669 353 425
Soda-lime-silffel @it B m “252“ E I i | §1 18.1
size 125-63qlum | 99 € 2278 & 6.9/ 18.5
AR TN BIINYIAY &
! 9.0 2424 | 193 38.5
8.8 2.435 20.4 403
8.6 2436 23.7 408
8.1 2.437 & 41.7
7.7 2.444 338 | 429
7.4 2.446 44.9 454




41

Closed Porosity

When specimens were fired, especially closely to the Littleton
temperature (T(7.6)), the density came closed to the standard density (see

table 4.3). The percentage of _porosity was calculated. It can be

shown that even though sthe specis e fired at high T, there were

@sity occured when the grains

of glass powders € <~\~J\ but they could not reach

100 %. The way pot firing at higher T, but
taking longer soaking \ porosity will be removed.

However, a certain’ an - fof  Glosk ‘ cannot be removed even at

longer times. The #proBlegh , lies —in 4t Nvis flow itself which traps |
- bubbles in such a way th % escape. Thus, even very long
4 {I (4.

sintering times will not make & glass samples. If transparency is

the target, then be applied where  the

sintering  starts f} ‘.,;)’1_ ' ' mple and proceeds to the
outside. For the puﬂ;se of

]
, Z€ro ope 5 porosity was sufficient.

Cﬂwlaﬁnﬁf goad or051%1%4w EI)}]Uﬁlﬁthls formula |
q w%‘ﬁ%?ﬁ ST




Table 4.3 Density and

closed porosity of specimen

42

Glass

log n

% Standard density

% Closed porosity

Borosilicate glass

size 125 - 63 pm

Borosilicate glass

size 180 - 125 um *

Soda-lime-silicate \gl&;

size 125 -63 um L)

QRIANT

Augipiie

9.7

5.4

W

8.1
L7

7.4

98.25
98.48

L7135
1.52
1.49
1.44
L33
1.24

1.80

&
L
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Table 4.4 Open porosity of specimen at high n.n.

Sample No, Glass log n % Open porosity
1 Soda-lime-sii 1 0.16
1 . TP TN 0 G 0.11
2 N 0.14
3 0.13
1 < 0.01
o <0.01
5 <0.01
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- When the new dilatometer was applied in the experiments, the heating

rate of the dilatometer fumace and the voltage from the distance sensor

e shrinkage of sample was measure
'w‘})ﬂicate glass and to T(6.0) for
soda - lime - silicate gla A heati g@ 5 K/min to be sured that
the shrinkage can =mu'

It can be obsegyéd e ’ cage

were measured by a computer.

from room temperature t

specimen measured in the
new dilatometer was of specimens fired in the
annealing fumace. igf isf Yegaube / he 'di méter furnace, the shrinkage

oht of the silica rod and the

was measured in vertical p@siti \\

iron plate pressed o e . topa~of samiples. out any counter measured,
el - il .

the load was 55 g. That ‘mad imens shrinkage was much more

75

than when firing g s re placed on a support

only (table 4.5). 97 avoid the effect o ’ essure, a spring with a

specimens to 5 - 10 g.#&There was a ‘-Hw for made the specimens
FUIATTENI NS

have more u ‘q V] ‘ ’
U

AN

heating rate can be verified.

proper spring constant was applied to reduce &e force pressing on the

The further studies on the shrinkage of specimens were the shrinkage
curve at a pre - set viscosity level, T(n.n), with the soaking time being the
parameter. Prior to inserting the specimen, the fumace was heated up to
the desired level at a heating rate of 10 K/min. Figure 4.4 gives an

example. So, shrinkage was not measured from room temperature, but
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Table 4.5 Comparison between the shrinkage of specimen fired in annealing

furnace and in the dilatometer fumace.

Glass T(nn) | % Shrinkage in the | % Shrinkage in the

annealing furnace dilatometer furnace

iy

Borosilicate glass 40.5
Soda-lime-silicate glas 38.7
424

i
AU INENTNEINS
ARIANTAUUNING 1A Y




48

measurement started at T(n.n). The shrinkage in this case is very close to

situation when the specimens were put into the hot dilatometer fumnace.
Test of borosilicate glass specimens: The borosilicate glass specimen

was tested at T(8.5) (figure 4.5). The size used in this case is 125 - 63

Hm because it can be compa soda - lime - silicate glass specimens

prepared with the same 4.7). It shows that the trend

of shrikage of those i is a fast shrinkage in the
begining and then i g |rate own. The porosity of these
samples prior to finng® w diffar ‘ . final shrinkage shown in
the figure is also nq ' | r the fluctuation of initial
porosity is seen i This machine is operated
by human force. So" the' _ e could not be controlled well. The

calculated porosity before and soda - lime - silicate glass

‘ J'-JJ

specimens is shown in table=d6. —

Table 4.6 The pdQrosity of borosilicate : e - silicate glass

specimenmbefore ng used iIn findix‘m shrinkage curve at

r 8oda -lime - silicate glass.

s
‘ﬁ‘lﬂ""i@ﬂﬂﬁﬂlﬂl 1]
ensit rosit ggre % Standard

(g/cm ) firing density
1. Borosilicate glass for T(8.5) 1.446 42.17 57.83
2. Soda-lime-silicate glass for T(8.6) 1.410 43.14 56.86

3. Soda-lime-silicate glass for T(8.1) 1.393 43.82 56.18
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The test of soda - lime - silicate glass specimens at T(8.1) (figures

48 and 4.9) shows the tendency as described above. The curves will be

evaluated quantitatively in chapter 4.2.
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Sintering Kinet

4.1 Viscosity Shrinkage
The shrinkage curves recorded on - I'ne from specimen heated up

 at a constant heating rate of

Instead of the temperatures, the cofifs ling logn values are chosen as

These figur [ -\,‘; and % shrinkage of the
specimens from room \ borosilicate glass and to
T(6.1) for soda-li ilica | can determine the start and the

final of sintering o e curves from ranges of

‘constant slope as skefchg Borosilicate glass size 125 - 63

Hm started sintering at T(90}—and finished at T(6.8), in the same way,

i : R _;.

start and finish of, si 80 - 125 um and soda-

lime-silicate glass | §ize 125 - 63 e , ined also. Borosilicate

7
glass size 180 - 12ﬁpm started  sintering . at T() and finished at T(6.8),

and soda-lime-silicate ‘ghs started aﬂiﬁ.i% ﬁd ﬁihed at T(6.7). The
result of smzjsgonﬂni o iﬂta e 4.6. i

U
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Table 4.7 Start and fihish sinte

s1latu1ﬂ 19 Er]n% w i]f?" ﬁa% and soda - lime -

!
A,\g f
s

\:‘ size 125 - 63 um.

:

55

%ﬂglq ﬁuE'

| 1 Etsslgl ai Iﬁ_ﬂj—ﬁ_ﬁ% C
Borosilicate glass 10.8 8.4 6.8
size 125 -63 um
Borosilicate glass 2.9 8.2 6.8
size 180 - 125 um '
Soda - lime - silicate glass 10.0 8.2 6.8
size 125 - 63 um




4.2 Time Law
The data from the sinter tests at constant temperature level
(figures 4.5, 4.7, and 4.9) are evaluated quantitatively. Results are shown in
figure 4.13 for borosilicate glass and figure 4.14 and 4.15 for soda-lime-

can be calculated to fit the

silicate glass. The Kkinetics
curves. Firstly, an exponent . tried plotting In [(Se- S)/S.]
versus t. The normalized SHfin % nction of time, S, is given

by
4.2

firing equal to the most
shrinkage.
S is unnormalized. st

Then the follo : ppliedt .fo perform a regression

7
)

AUTINEYIN zr'fm &
QW“‘IMTT‘SWﬁW’mEHMI

is a characteristic relaxation time in min

analysis of the s

t is time in min
But the exponential kinetics did not fit the data well So an
Avrami - Erofe ev type is used to analyze the shrinkage curve at different

temperatures. The equation used is

In(n(Ss - S8 =Nht-Nh % 4.4
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with slope N and intercept Nin t

From Avrami - Erofe ev type, the shrinkage at any time can be

calculated from the equation.

y £xp (/) ] 45

7 y) @mnd and fit the shrinkage
h in fig ol b 1

curves shown , ; \\ \\

4.15 for soda-lime-sili ! oTe ti

me ~ very good.

ass, and figure 4.14 and

The equation ¢ _, § \ ate the time demand, Lyt
N

4.6

where x, a

The value \5F el two glasses at different

i | 13
sintering temperature I ere calculated and shown in the table 4.7.
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Table 4.8 The calculated values of N, 1, tsos tops tgs Of these glasses

Condition ¥ N te S b
(min) | (min) | (min)
Borosilicate glass fired at 38 125 | 163
T(8.5) |
Soda-lime-silicate glas 63 208 270
fired at T(8.6)
Soda-lime-silicate glas' 27 90 117

fired at T(8.1)

For comparison of

presented in a nommz ]

l"‘ ‘

T
i¥

The curves are ‘st
]
zate  glass.
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for soda - lime - sil

AR TN TN

urve of samples, the shrinkage is
fo 100 % final shrinkage.

osilicate glass and 4.17

tn
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Micros ¢ Fired Soeci

After firing, the microstructure of the specimens was observed by
SEM (JEOL 35CF), by a magnification of 800 x and 20 kV of electron
beam energy. The microstructure . _borocilicate glass and soda - lime -

1y cilicate glass, for both sizes

125 -63 pum and 18Q.- 25 1 erﬁd after firing at T(9.7) and

T(7.9). Soda-limey ated on 3 samples. These are

The microstructure of these

samples shows that ~ cous flow at low T, but

viscous flow was i ¥ n 0 hcate glass, there is a little

N N\
bit grain that cann A gether s ’\\

1200
complet when fired at™ T .9)..-&6 e e Way, the grain of glass powders

but the sintering is quite

cn clearly in the sample fired at

T(10.1). The pore size of this spécin _,’ um, and the sintering
of this sample 1 ‘4 T. The sintering was

complete at T(7.7). m

The particles seen in the SAEM
micrograph uﬁh ‘ﬂﬁm %j:j z§ 125 - 63 pum, figure
4.19 for licate 88__8 20 for soda -
lime -%1ﬁiﬁ Qﬁj m‘ﬁ Mﬁhﬁrv]:ﬂ jfgilacle is not a

sphereical, but had the typical of irregularly broken particles.



(b)

Fig. 4.18 Microstructure of borosilicate glass size 125-63 um after firing at

(@ T(9.7), and (b) T(7.9)

O
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(b)
Fig. 4.19 Microstructure of borosilicate glass size 180

- 125 um  after firing
at (a) T(9.7), and (b) -T(7.9)



(b)
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-silicate glassaize 125 - 63 um after
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Fig. 4.20 Microstmctge of SOt
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