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Abstract Glass powder derived from a waste water
flocculate was used to prepare sintered glass—ceramics.
Different amounts of kaolin as a binder were mixed with
the glass powder to form green bodies. The influence of the
kaolin on the sintering, crystallization of the glass powder
and on the microstructure of the obtained glass—ceramics
has been investigated. DTA analysis suggests that the
kaolin increases the crystallization temperature of the
glass-kaolin mixtures. The results also show that the kaolin
benefits reducing the sintering shrinkage of the green
bodies. The kaolin does not lead to the change of crys-
talline phases in the sintered glass—ceramics. Instead, with
an appropriate addition, the kaolin can provide reactive
Al,O5 and SiO, sources due to its decomposition favoring
the crystal growth and improving the mechanical property
of the sintered product.

Keywords Glass—ceramic - Kaolin - Sintering -
Crystallization

1 Introduction

Glass—ceramics are polycrystalline materials. They have
found applications in a wide range of engineering fields,
such as building materials [1], corrosion-resistant coatings
[2] and optical materials [3]. Glass—ceramics are prepared
by controlled crystallization of parent glasses. The
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controlled crystallization is mainly realized via two dif-
ferent routes. One is heat-treatment induced bulk crystal-
lization [4, 5], which consists of controlled nucleation and
crystal growth steps [6]. The nucleation may be initiated
due to phase-separation or nucleating agents in the parent
glasses [7-9]. In this case, samples are first shaped by the
normal glass-forming methods (such as pressing or blow-
ing), followed by the two-step heat-treatment. The other is
sintering of the parent glass powders [10, 11], whose sur-
faces provide nucleation sites to initiate surface crystal-
lization. The crystallization thus starts from the particle
surface and continues inwards upon heating the glass
powder at crystallization temperatures. In the meantime,
viscous sintering of the glass powders results in the for-
mation of compact samples, which are termed as sintered
glass—ceramics [11].

Ca0-Al,03-5i0, and CaO-MgO-Al,05-SiO, glasses
have strong tendency to surface crystallization and it was
reported that the crystallization could afford glazed tiles
with high abrasion resistance and gloss [12, 13]. Glass—
ceramics within these two systems have been widely fab-
ricated via the sintering route. In the sintering mode, glass
particles are either packed in refractory moulds or pressed
into green bodies before sintering. The sintered glass—ce-
ramics prepared via the crystallization of the simply packed
glass particles often contain pores inside. In contrast, using
the pressed green bodies could produce pore-free sintered
glass—ceramics. In order to improve workability of the
green bodies made from glass powders, binders have to be
added [14]. Different binders, such as polyvinyl alcohol
(PVA) [11], water glass ([15] and clay [16] are often used.
Among them, clay is easily available and cheap [17-20]. In
addition, Furlani et al. [17] has shown that chamotte from
thermal treated clay enlarged sintering interval temperature
of ceramic bodies and reinforced silicate glass—ceramics
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from wastes. To reduce the influence of impurities (such as
iron and titanium compounds [17] ) in clays on the color of
sintered glass—ceramics, kaolin which is the main material
used in white porcelains could be the best candidate as a
binder in green bodies for sintering glass—ceramics [21,
22]. However, unlike an organic binder, clay minerals will
undergo structural and composition changes upon heating
and the components introduced by the clay binders will
become a part of the final products, consequently, influence
the structure and properties of the final glass—ceramics [23—
25]. Therefore, effects of kaolin on the sintering and
crystallization of glass powder could be complex.

Waste water flocculate used herein is a solid waste
disposed by a catalyst manufacturer. At the moment, it is
shipped away from the factory and buried in waste lands.
However, its threat to environment of sites where it is
buried is greatly concerned [16, 26]. In our previous pub-
lication, we have verified this waste into glasses with
properties compatible with normal window and bottle
glasses and pointed out the possibility to generate glass—
ceramics using the waste as a main raw material [27].
Glass—ceramics prepared from the solid waste can be used
as building materials [1]. Therefore, the production of
glass—ceramics using the waste water flocculate can con-
sume large quantities of the waste, benefiting environ-
mental protection and resource saving [28].

In this work, kaolin was used as a binder in the green
bodies of sintered glass—ceramics. The aim of this work is
to investigate the influence of the added kaolin on the
sintering, crystallization of the glass powder and the
microstructure, properties of the sintered glass—ceramics.
The study may help industrial production of sintered glass—
ceramics with the waste water flocculate.

2 Materials and Methods

The kaolin was taken from the Tieshan Kaolin Refining
Factory (Longyan, China). The parent glass powder used in
this study was prepared using a waste water flocculate from
a petroleum catalyst manufacturer as the main raw mate-
rial. Details about the waste water flocculate and the glass
frit preparation can be found in Ref [27].

Chemical compositions of the kaolin and the parent
glass used in the study were analyzed on an S8 TIGER
X-ray fluorescence (XRF) spectrometer (Bruker AXS,
Germany) using fused disks prepared following the general
instrument guidelines. The compositions are listed in
Table 1. La,0O; in the glass was originated from the waste
water flocculate, in which catalytic component leached into
the waste water during the catalyst production. Trace ele-
ments were also present in the kaolin and determined by
the XRF analysis. They are not specified here due to their
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low contents. Loss on ignition (LOI) of the kaolin was
determined by heating the sample in a furnace at 900 °C
for 2 h.

Both the kaolin and the glass particles were ground to
pass a sieve of 200 mesh (particles smaller than 75
microns). They were then thoroughly mixed to produce
blends, in which weight percentage of the kaolin was 0, 2,
4, 8, 10, 15 %. Accordingly, the mixtures and resultant
green bodies were encoded as KO (equal to pure glass
powder sample), K2, K4, K8, K10, K15, respectively. For
example, the green body K4 was made of 96 wt% glass
powder and 4 wt% kaolin. To increase strength of the green
bodies, an extra of 5wt% water was sprayed into each
blended powder before the following shaping process [26].
Cylindrical green bodies sized @14.5 x 5 mm were uni-
axially pressed at 75 MPa in a steel mould. The green
compacts were first air-dried for 2 h and further dried in an
oven at 120 °C for 2 h. Based on DTA result of the glass
powder (see later in the discussion section), the green
bodies were heated in a furnace with 5 °C/min to 700 °C
(correspondent to the transition temperature of the glass
powder), and then 3 °C/min to 850 °C. The slower heating
rate at the latter stage could make easier the sintering and
crystallization process. The samples were soaked at 850 °C
for 30 min and cooled down to room temperature in the
furnace. Designation of the sintered samples was the same
as that of the green bodies.

Densification occurred during the sintering process,
leading to shrinkage of the green bodies. The resultant
sintering shrinkage was determined based on the difference
of the sizes of the sample before and after sintering by
using:

shrinkage (%) = (Lo — Ly)/Lo

where Ly, L, are diameters of the green bodies and the
corresponding sintered glass—ceramic samples [29]. In each
case, three samples were measured and the values were
averaged.

Crystalline phases in materials were identified by a D8
ADVANCE X-ray diffractometer (XRD) (Bruker, Ger-
many) using Cu Ko radiation with a scanning speed of 6°
min~". Thermal analysis (DTA and TGA) was carried out
on a differential scanning calorimeter (Hengjiu, China)
with a heating rate of 5 °C/min. Microstructure of the
sintered glass—ceramic was investigated on a Quanta FEG
250 scanning electron microscope (FEI, USA). Samples
were first polished, and then etched in HF solution (1 %)
for 30 s before the SEM examination.

Vickers hardness of the specimens was measured on an
HV-10B (Huayin, China) hardness tester using indentation
method. A load of 1500 mg and a loading time of 15 s
were applied. For each sample, 10 different indentation
tests were performed. And the data were averaged. Density
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Table 1 Compositions of the . - ) ) )
parent glass powder and the Oxide 5102 A1203 F6203 CaO MgO SO3 Kzo NaZO CdF2 Ld203
kaolin used in the study (Wt%)  pyren glass 4428 1376 033 2513 583 339 010 473 121 124
Kaolin 50.11 34.94 0.35 0.17 028 0.04 207 0.07 Trace  LOI
0.07 11.9
of the sintered samples was measured by the method of ® Kaolinite + Quartz © Muscovite
Archimedes, according to the China National Standard u op m]
(GB/T 25995-2010). The density value was obtained using 2 0 M+ +0d

the following formula:
pa = mi/(my —ma) X p

where p,, p; are the apparent density of the sintered sample
and the density of distilled water, m; and m, are the dry
weight and buoyant weight. Density values presented in the
article were obtained on three parallel samples.

3 Results and Discussion

3.1 Analysis of the Kaolin, the Parent Glass
and Their Mixtures

Figure 1 shows the DTA curve of the parent glass. The
transition and crystallization temperatures of the glass are
700 and 850 °C, respectively. The sintering procedure of
the green bodies was set based on this DTA result.

The XRD pattern of the raw kaolin (Fig. 2a) indicates
that its main crystalline phases are kaolinite (Al,Si,Os
(OH)4, PDF card:74-1784), quartz (SiO,, PDF card:83-
0539) and muscovite (KAI,Si;AlO;¢((OH),, PDF card:86-
1385). These phases remain intact when the kaolin was
calcined at 510 °C (Fig. 2b). However, peak intensity of
the kaolinite becomes weak. When the calcination tem-
perature was increased to 580 °C, the diffraction peaks
related to the quartz and the muscovite phases are still seen
(Fig. 2¢). In contrast, the peaks ascribed to the kaolinite
mostly disappear. This indicates the formation of meta-
kaolin, which has a disordered structure [30], via the fol-
lowing reaction [24]:
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Fig. 1 DTA curve of the parent glass powder
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Fig. 2 XRD patterns of the raw kaolin (a) and the products calcined
at 510 °C (b); 580 °C (c); 850 °C (d); 1000 °C (e)

Al,O3 - 2510, - 2H,0 — AL O; - 2510, + 2 H,O0.

After further increasing the calcination temperature to
850 °C (Fig. 2d), no significant changes in the diffraction
peaks are observed, because the quartz and muscovite
phases are inert [25]. At 1000 °C, the amorphous meta-
kaolin should have transformed to Al-Si spinel [24].
However, it is also amorphous and no peaks representing
this phase are recognized in the XRD pattern (Fig. 2e).
Finally, it should be mentioned here that the peak intensity
of the muscovite is much lower than that of the quartz.

DTA-TG curves of the raw kaolin are shown in Fig. 3.
The DTA curve shows two endothermic peaks at 275 and
530 °C, respectively. These two peaks are related to the
removal of adsorbed water and structural water. A sharp
exothermic peak is observed at 1000 °C, ascribed to the
formation of Al-Si spinel. A weight loss of about 10.1 % is
shown in the TG curve over the temperature range of
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Fig. 3 DTA-TG curves of the raw kaolin
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350-800 °C. This weight loss is due to the dehydroxylation
of the kaolinite [24]. Based on the percentage of K,O indi-
cated for the kaolin in Table 1 and the above weight loss,
proportions of the kaolinite, muscovite and quartz phases in
the kaolin were about 72, 18 and 10 %, respectively. These
mineral phases would give a mixture with the following
composition: SiO, = 51.63 %; Al,0; = 35.38 %; K,0 =
2.13 %; LOI = 10.86 %. These percentages are very close
to the values given in Table 1.

DTA analysis was also performed on the glass-kaolin
powder mixtures. The results are depicted in Fig. 4. The
DTA curves of the glass and the kaolin are also included
for comparison. It can be seen that DTA curves of the
mixtures exhibit several differences in endothermic and
exothermic peaks compared with those of the glass and the
kaolin. From K4 to K15, the endothermic peak formerly
ascribed to the removal of structural water in the kaolin
becomes more visible (inset in Fig. 4, see the arrow
pointing peak). In the meantime, the endothermic peak
indicating the glass transition point (inset in Fig. 4, see the
circled area) gradually disappears with the increase in the
kaolin. We noticed that the position of the glass transition
point does not change at all. Therefore, the above two
differences in the DTA curves of the mixtures compared
with either of its component are mainly due to mutual
dilution effect upon mixing the two components. One
significant change in the DTA curves is the shift of the
glass crystallization peak as the dash line labeled from
850 °C of the pure glass to 900 °C of the mixture K15. The
more the mixture contains kaolin, the higher the glass
crystallization temperature is. In addition, the crystalliza-
tion peak becomes asymmetric. This change suggests a
delayed glass crystallization process of the mixtures com-
pared with the pure glass. Moreover, the exothermic peak
formerly ascribed to the formation of amorphous spinel in
the kaolin (see Fig. 3) fully disappears, irrespective of the

amounts of the kaolin added. The above two distinct
changes above the glass transition point indicate that dif-
fusion of the amorphous metakaolin into the glass phase
occurred at a temperature before the transformation of
metakaolin into spinel. This reason can also be used to
explain the delayed glass crystallization process with the
increase in the kaolin, because metakaolin provides the
mixtures with amorphous alumina and silica (see the later
discussion) [24], both of which lead to the increase in glass
viscosity [31].

3.2 Influence of the Kaolin on the Sintering
and Crystallization of the Glass Powder

For an easy comparison and also for the sake of energy-
saving, the green bodies pressed with the mixtures con-
taining different amounts of kaolin were all sintered at
850 °C. The sintering shrinkages of the green bodies are
compared in Fig. 5. From this figure, it can be seen that
the green bodies made of the pure glass and the kaolin
show the largest and the smallest sintering shrinkages,
respectively. The large shrinkage of KO (the pure glass
pressed sample) is due to densification of the glass
powder via viscous flow sintering mechanism [32].
However, the green body of the kaolin actually was not
fully densified. Open pores were detected by N,-soprtion
measurement (result not shown) [33]. The comparison
also shows that the shrinkage decreases from sample K2
to K15, demonstrating that the addition of kaolin results
in reduction in the sintering shrinkage of the green
bodies. Quartz phase derived from the added kaolin
exists in the sintered bodies (see the later XRD results)
[25], contributing to reducing the sintering shrinkages
[34]. This is important to protect the sintered products
from deformation caused by viscous sintering of the
glass [35].

Fig. 4 DTA curves of the
mixtures of the glass powder
and different amounts of kaolin
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Fig. 5 Sintering shrinkages of the green bodies

The XRD patterns of the samples sintered at 580 °C and
850 °C are shown in Fig. 6a and b, respectively. Broad
diffraction halos in Fig. 6a suggest that the mixtures are not
crystallized upon being heated at 580 °C. Only the crys-
talline phases which were formerly identified in the kaolin
calcined at the same temperature (see Fig. 2c) appear in the
patterns of the calcined mixtures. However, due to the small
amounts of the kaolin and the dilution effect of the glass
powder, the diffraction peaks of the quartz, muscovite and
kaolinite phases are very weak. This result also suggests that
below the glass transition point, the phase transformation of
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Fig. 6 XRD patterns of the samples sintered at a 580 °C and
b 850 °C

the kaolin is not influenced by the mixed glass powder. In
contrast, Fig. 6b indicates that all the samples calcined at
850 °C are well crystallized. In addition, intensity of the
main peak slightly increases from KO to K4, and then
decreases again for K10 and K15. Irrespective of the kaolin
contents, main crystalline phases in all products are identi-
fied as gehlenite (PDF card 87-0969), whose chemical for-
mula is CaAl,SiO;. A small proportion of anorthite
(CaAl,Si,Og) (PDF card 41-1486) also exists in these sam-
ples. In addition, the strongest diffraction peak (20 = 26.6)
of the quartz phase is still visible in the patterns of the glass—
ceramic sample K2 to sample K15 [25]. However, the
muscovite phase is not revealed in the patterns of the final
products due to its aforementioned lower peak intensity
compared with the quartz phase [25]. Based on these XRD
results, it can be concluded that the added kaolin does not
change the main crystalline phases in the sintered products.

The SEM images of the sintered glass—ceramic samples
are shown in Fig. 7. The image of the sintered kaolin
sample is also included for comparison. In the sintered
kaolin sample, sheet-, sphere- and rod-like particles with
different sizes coexist (Fig. 7a). The glass—ceramic sam-
ples have sphere-like crystallites distributed in a glass
matrix (Fig. 7b—g). Sample KO (Fig. 7a) (prepared with-
out the addition of kaolin) contains mainly sphere-like
crystallites, however, its microstructure is not uniform and
the sphericity of the crystallites is not good. Compared
with KO, samples K2 to K15 generally have larger nano-
crystallites with a higher sphericity (Fig. 7c—g). It should
be bear in mind that the sintering temperature (850 °C)
set in the experiments is actually the best crystallization
temperature for the pure glass. However, this temperature
is lower than the crystallization peak temperatures of the
kaolin-containing samples (see the discussion on Fig. 4 in
Sect. 3.1). Therefore, the addition of kaolin favors growth
of the crystallites. This can be explained as the follows.
Metakaolin formed by the decomposition of kaolinite in
the kaolin provides the glass mixtures with reactive
sources of amorphous SiO, and Al,O; [24]. The extra
Al,O3 facilitates the growth of gehlenite in the glass
particles upon heat treatment, because gehlenite has
higher Al,O3/CaO and Al,05/SiO, ratios than the parent
glass (The stoichiometric composition of gehlenite is CaO
43.1 %, Al,O3 39.2 % and SiO, 17.7 %. In contrast, the
components in the parent glass are CaO 25.12 %, Al,O3
13.7 % and SiO, 44.28 %).

From sample KO to K2 and K4, more crystallites are
formed. This is in agreement with the XRD results, in
which K2 and K4 have stronger diffraction peaks than KO.
K4 shows the highest crystallization among the kaolin-
containing samples. Although sphericity of the crystallites
in sample K8 is further well developed, residual glass
phase becomes more obvious [17]. In addition, as can seen
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Fig. 7 SEM micrographs of the sintered kaolin (a), glass (b) and glass—ceramics K2 (c¢), K4 (d), K8 (e), K10 (f) and K15 (g)

Table 2 Density and hardness of the glass—ceramic samples

Sample KO K2 K4 K8 K10 K15

Density (g/em®) 272 2.69 275 268 266 262
Hardness (MPa) 3499 3475 3578 3345 3301 3210

from Fig. 7e to f, cracks appear and have an increasing
trend. The cracks were generated during the cooling down
process due to the thermal stress existed between the
crystallites and the residual glass phase [36]. Also, the
sphericity of the crystallites in sample K15 decreases
(Fig. 7g). Therefore, the crystal growth is retarded when
the kaolin is more than 4 %, because too much amorphous
SiO, and Al,O5 provided by the metakaolin increase the
viscosity of the glass phase.

Listed in Table 2 are the density and Vickers hardness
values of the sintered samples. The data show that both the
density and Vickers hardness first increase and then
become to decrease with the increase of the kaolin. Sample
K4 exhibits the highest density and hardness among all the
samples studied. This is due to its more uniform crystal-
lites, less glass phase and lack of the cracks (see Fig. 7).
Therefore, the optimal amount of kaolin as the binder in the
green bodies used in the study is 4 wt%.

4 Conclusions
Different amounts of kaolin were added as a binder in the

green bodies for preparing sintered glass—ceramics. The
results indicate that the shrinkage of the green bodies
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decreases and the glass crystallization temperature increa-
ses with kaolin. Compared with the sample prepared with
pure glass, the glass—ceramics with the inclusion of the
kaolin generally have larger nano-crystallites with a higher
sphericity, suggesting that kaolin favors crystal growth.
This is ascribed to the reactive amorphous SiO, and Al,O3
in metakaolin formed by the decomposition of kaolinite. In
addition, kaolin does not result in change of the crystalline
phases in the sintered glass—ceramics. However, too much
kaolin increases the viscosity of the glass phase, leaving
more residual glass un-crystallized and leading to the for-
mation of cracks in the glass—ceramics.
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