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Glass-ceramics are produced by crystallization of glass. It is also produced using waste materials, and
particularly silicate based wastes such as: coal ash, slag, fly-ash and waste from incinerators. The
production of glass-ceramics from these wastes using different methods is considered in this paper.
The properties of the product are also considered; this review focused on silicate wastes into useful
production of glass ceramics products. Previously, a review using general wastes applicable in glass-
ceramics production has been reported. In addition to oxide composition in the waste materials, the
effect of adding other oxides such as titanium oxide on the mechanical and physical properties of the
product in relation to the desired property needed for various forms of applications. Avoiding
incineration of the waste material for the reduction of environmental pollution, as a result of
immobilization of the toxic waste in the matrix of the glass-ceramic are also considered in this review.
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INTRODUCTION

Mineral waste can be defined as the residues, tailings or
other non-valuable material produced after the extraction
and processing of materials to form mineral products
(Harrison et al., 2002). There is no universally recognized
classification scheme that takes account of the
economically important characteristics of the waste,
especially its potential end use and the degree of
processing needed. A simple scheme was proposed by
Harrison et al. (2002) in Table 1 with four descriptive
categories:

- Type 1 waste represents the mineral that could be used
with minimal processing, largely as a construction
material with classic large volume and low value
industrial mineral. The market would be within a short
radius of the mine, but large amounts of the waste would
be removed.

- Type 2 wastes would only require a small amount of
mineral processing product, for example removing iron-
bearing impurities from a quartz-rich waste to produce
silica sand. Large amounts of waste would be removed
with a small amount of secondary waste produced. The
market would be largely local with the possibilities of
some national trade.

- Type 3 waste contains small amounts of valuable
mineral that would require a significant level of potentially
complex processing to cover. The disadvantage of this is
that a large volume of mineral waste would remain and
major capital investment would be needed for the
processing plant. It is likely that the market for these high-
value industrial mineral commodities would be
international.

- Type 4 mineral waste contains very small quantities of a
highly valuable target mineral (or more likely a metal
content) with similar requirements and disadvantage to
Type 3. The industrial revolution changed the world; it
generates the great humanity process. But the
industrialization is accompanied by the generation of
wastes, which could be negative to the natural
environment. Unfortunately, environmental issues were
not remembered, as should be.

One general conclusion from Gungor and Gupta (1999)
in their literature review is that environmental issues are
gaining popularity among society, governments and
industry due to negative environmental developments.
The current state of manufacturing processes consume
enormous tons of different forms of natural resources like
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Table 1. Classification of mineral wastes.

Group  Description Example Potential end use

Type 1 Unprocessed wastes Spuog:{ry scalpings quarry blocks colliery Elrlilcskl?:\l/;)?rade road stones, armourstone and

Type 2 Prpcessed wastes reclaimed Silica} sand waste limestone wastes Silica sa}nd, kaolin, brick clay and mineral
mineral building stone waste filter aglime aggregate

Type 3 E:ggﬁifsed wastes- added- value Lead/zinc wastes pegmatite wastes ;Iitégri;[]ega?;rﬁhge;gzpan, rare earths and

Type 4  Beneficiated wastes Silica sand wastes certain mine waste Gemstones, high value metals

Source: Mitchell and Harrison (2003).

raw-materials, energy, water, etc.

There are many reasons to increase the amount of
waste being utilized or re-utilized. Firstly, disposal costs
are minimized; secondly, less area is reserved for
disposal, thus enabling other uses of the land and
decreasing disposal permitting requirements; thirdly,
there may be financial returns from the sale of the by-
product or at least an offset of the processing and
disposal costs; and fourthly, the by-products can replace
some scarce or expensive natural resources
(Ahmaruzzaman, 2010).

The economic potentials of waste management and its
impact on environment have been evaluated (Hauwa,
2008).

CERAMIC PRODUCTS FROM WASTE

Waste such as ashes from coal, municipal solid waste,
wood, etc., have good potential for use in ceramic
products. Various ceramics systems have been shown to
be suitable for producing products that are thermally and
mechanically stable and exhibit good chemical durability.
Palomo et al. (1999) activated fly ash for applications in
building sites. The studies of Barbieri et al. (1999) and
Leroy et al. (2001) are examples of the glass-ceramics
obtained using fly ash. The results obtained by Zimmer
and Bergmann (2007) indicate that fly ash, when mixed
with traditional raw materials, has the necessary
requirement to be used as a raw material for production
of ceramic tiles (Table 2).

Blast-furnace slag was the first silicate waste to be
thoroughly investigated as a raw material for glass-
ceramics production in the late 1960s and early 1970s
(Davies et al., 1970; Gross et al., 1970; Pavlushkin,
1970). It has now been established that a wide range of
silicate-rich wastes, including coal ash (DeGuire and
Risbud, 1984; Baccaccini et al., 1996), incinerator filter
ash (Baccaccini et al., 1995; Romero et al., 1999) and
red mud from zinc hydrometallurgy (Pehno et al., 1994)

can be reused in the production of glass-ceramic
materials.

Fly ash is a by-product of coal, oil-fired, electric power
stations and thermal power plant. An increasing amount
of fly ash from power plants and urban solid waste
incinerators has caused environmental problems with
technological and economic damages all over the world.

Selecting raw materials and other wastes in the forms
of bottom ash, slag and mining residue, new products
have been developed, such as glass fibres and glass-
ceramics for potential architectural and decorative
applications which have chemical and mechanical
properties comparable to, if not better than commercial
ones (Karamanov et al., 2003; Bernardo et al., 2006).

It is also known that glasses containing from about 2 to
20 wt% T,0. crystallize with the formulation of uniform
fine grained microstructures (Beall and Duke, 1993;
McMillan, 1976; Strnad, 1986). The optimum amount of
TiO, is dependent on the composition of the glass and
increases with decreasing SO, content. However, the
presence of more than 20 wt% T,O. can lead to the
precipitation of TO, crystals and a decrease in the
nucleation and growth of the desired crystalline phases.

The properties of standard vitrified products are
insufficient for architectural applications and structural
building components, insulation or other specialized
application. Yet, there is an effective way to improve
these properties without major alterations to the process
itself; the introduction of a controlled crystallization
through a subsequent heat treatment, that is, by forming
a glass-ceramic.

PRODUCTION OF GLASS-CERAMICS

Glass-ceramics articles may be produced by three
routes:

1. The heat treatment of solid glass (traditional route).
2. The controlled cooling of a molten glass, known as the
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Table 2. Chemical composition (wt%) of the investigated coal and incinerator ash.

Mineral Coal fly ash content Mineral Incinerator fly ash content
Fe203 43.5 Na>O 3.5
S10; 31.0 MgO 2.4
AloO3 11.4 AloO3 17.5
CaO 4.0 S10: 38.0
T10> 2.3 P20s 1.6
Zn0O 1.4 SO3 0.2
MgO 1.3 Clz -
Cr203 0.9 K>O 1.8
Alkalis 2.2 CaO 211
Traces N1,Cu, etc T:02 1.7
Cr203 -
MnO 0.4
Fex03 8.0
NiO -
Zn0O 3.5

Source: Baccaccini and Rawlings (2002).

petrurgic method.
3. The sintering and crystallization of glass powders.

In the later case, the powders are densified at relatively
low temperatures by exploiting a viscous flow sintering
mechanism. After densification, the material is subjected
to a crystallization heat-treatment to obtain the required
glass-ceramic  microstructure.  Alternatively,  both
densification and crystallization may take place during a
single sintering step.

Along with the economic advantage of using relatively
low processing temperatures, the power technology route
is suitable for the production of a range of advanced
materials, including glass-ceramics with specified
porosities and glass-ceramic matrix composites. Using
the petrurgic method, the slow cooling from the molten
state causes nucleation and growth of certain crystalline
phases.

Therefore, the final microstructure, and hence, the
properties depend mainly on the composition and the
cooling rate (Baccoveini and Rawlings, 2002). Table 3
summarized the various properties of glass-ceramics
obtained from silicate materials.

GLASS-CERAMIC
PRODUCTION

BASED ON COAL ASH

The very high iron oxide content of coal ash (Table 2)
indicates the potentials for developing magnetic phases
using appropriate processing. The ash received was
calcined at 800°C for 2 h to remove any volatile
compounds, including sulphur and carbon. The powder
and petrurgic methods where implored, and gave

products with different phase and microstructures. For
the sintering experiments, calcined ash powder was
mixed with various amounts (10 to 50 wt%) of borosilicate
(pyrex) glass. The powder mixtures were uniaxial cold
pressed to a cylindrical shape and sintered in air at
temperatures in the range of 1,000 to 1,500°C for periods
of 15 h (Baccaccini and Rawlings, 2002). The
microstructure of a glass-ceramic containing equal
proportion of borosilicate glass and coal ash, obtained by
sintering for 5 h at 1,500°C revealed that the addition of
borosilicate glass proved successful in promoting
densification by viscous flow, resulting in highly dense
product. The sintering process was optimized so that no
‘barreling’, swelling or other shape distortion effects
occurred, and the samples retained their original
cylindrical form. This is particularly important when
fabricating components of complex shapes and good
dimensional tolerances for technical applications.

The sintered materials exhibit a well-developed and
reproducible glass-ceramic microstructure, comprising a
silicate matrix with dispersed crystalline phases. The
matrix was B,03.Fe>03.Ca0-S0,-Al,03.glass with one of
the crystalline phases enriched in metals, especially iron
and titanium. This was identified as a ferrite-type phase.
The most interesting feature of these samples is their
magnetic behavior (Table 4). The magnetization curves
are characteristics of soft ferromagnetic materials, with
magnetization saturating at low fields (Baccaccini and
Rawlings, 2002).

The review highlights the use of waste from silicate
materials, because Nigeria is highly rich in these kinds of
waste. So, its utilization and recycling will minimize
environmental pollution and encourage establishment of
glass-ceramic industry at both small and large scale
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Table 3. Summary of properties of glass-ceramics obtained from a variety of silicate wastes.

Material properties

Hardness
Starting material Main crystalline phase Density Thermal expansion Bending strength Compression strength Young modules (GPa)
(gem?) coefficient (X1060C-1) (Mpa) (MPa) (GPa)
Feldspar with limestone dust
Na2C03,Fe203,Cr20s, phosphorus Diobside or diopside-hed 3.53-4.94
slurry lopside o diopside-neden- 263-2.76 96-128 nir nir nir (Goronkhovsky
: bergite solid solution

Alumina, metallurgy slag and/or etal., 2002)
CaF2
100 wt% sewage sludge . . n/r
incinerated ash + 15 wi% CaO Anorthite and wollastonite nir 6.7 nir 164 nir (Endo et al., 1997)

0 T 6 for Morh's
jOQ wt% sewage sludge . Anorthllte diopside and 30 6.7 i o i hardness (Suzuki
incinerated ash + 50 wt% limestone  forsterite

etal.,, 1997)

90 wt% sewage sludge incinerated L 6.23
ash + 10 wt% Ca0 Diopside 2.87 8.3 92 nir nir (Park et al,, 2003)
37.2 w% calcinated goethite + 23 Titanomagenetite franklinite : 9.5
wt% granite + 37 wt% glass cullet +  (zinc ferrite) and diopside sﬁljo;s("iirrosptglrl?riltty) (Marabini et al.,
2.0 wt% T10; pyroxenes octy y 77 nir nir 145 1998)
60 wt% goethite + 10 wt% dolomite 6.8

0 0 . .
+30 Wi% glass cullet Magnetite and franklinite 341" 00 " " - (ggg])ero etal,

n/r, Not reported; *properﬁes of parent glass.

level.

The application of waste from industries and
landfills for the production of a new product will no
doubt safeguard the environment and reduce
depletion of raw-materials for the purpose of
production. The chemical compositions of waste
glass and fly ash do not vary from the
compositions of the pure raw-materials as
indicated in Table 6.

It follows that for efficient use of the world’s

resources, recycling and reuse of waste is neces-
sary. Recycling is the selection, classification and
reemployment of waste as a raw material to
produce the same or very similar product to the
parent material, for example, the use of waste
glass known as cullet in glass production. Reuse
is the processing of waste to produce a useful
product that is not similar to the material whose
manufacture, produced the waste.

The versatility of the glass ceramic production

process is manifested by the many wastes that
have been used as raw-materials or glass-
ceramic which include coal fly ash (Cioffi et al.,
1994; Baccaccini, 1996; Kumar, 2000; Erol et al.,
2001), mud from zinc hydrometallurgy (Romero et
al., 1998; Karamanov et al., 1998; Karamanov et
al., 2000; Montanaro, 2001), slag form steel
production (Rawlings, 1997; Topping, 1976;
Ponton, 1986; Shaoqiu, 1992; Frantseynk, 1996;
Khater, 2002; Fidancevska et al., 2003), ash and
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Property Sintered glass-ceramic  As- quenched glass Bulk glass-ceramic  Hot pressed borosilicate glass
Density (glcm®) 2.74+£0.02 2.89+0.02 2.89+0.02 2.22
Hardness (GPa) 3.8+0.2 55+0.2 7.9+0.3 5.1+0.2
Young’s modulus (GPa) 85+4 93+4 124 £5 63
Poisson’s ratio 0.24 0.28 0.22
Thermal expression coefficient (X10%°C) 6.0 (20 — 700°C) 5.9 (20 — 600°C) 6.5 (20 — 700°C) 3.3 (20 - 600°C)
Indentation fracture toughness (MPa m'%) 1.5+£0.1 0.6 +0.1 1.7+£0.1 0.7 0.1
Modulus of rupture (MPa) 88+9 90 £10 240 + 20 60
Thermal shock resistance (water quench test DT(K) -300 -150 -250
Brittleness index (um ™) 25 9.5 7.2
Source: Baccaccini and Rawlings (2002).
Table 5. Chemical composition (XRF) of the ashes and glasses.
SI MAR

Oxides SI MAR G2 G3 G4 G2 G3 G4

S102 96.43 90.57 42.58 56.97 45.44 38.26 51.00 36.87

AlO3 0.55 1.05 9.81 1.92 9.66 15.02 5.95 17.55

Fe O3 1.47 2.46 0.37 0.48 0.37 0.92 1.26 0.98

Na>O <0.001 <0.001 6.24 < 0.001 9.55 5.75 <0.001 9.42

K20 0.72 3.03 0.45 6.34 0.49 1.29 7.61 1.33

Ca0 0.10 0.56 38.12 32.5 32.99 36.94 31.70 32.15

MgO 0.17 0.62 0.70 0.54 0.75 0.91 0.79 0.95

T102 0.19 0.40 0.05 0.09 0.07 0.15 0.21 0.15

P20s 0.18 0.55 0.23 0.25 0.16 0.37 0.41 0.28

L.O.l 0.10 0.73 0.61 0.22 0.36 0.30 0.26 0.39

Source: Teixeira (2011).

slag from waste incinerators (Baccaccini et al.,
1994; Baccaccini et al., 1995; Ramevo et al.,
1999; Baccaccini, 1997; Baccaccini et al., 1999;
Rincon et al., 1999; Barbieri et al., 2002; Pollettini,
2004; WQang et al., 1998; Kim et al., 2003, Kim
and Kim, 2004; Andreola et al., 2004; Stoch,

2004; Knoules and Brosnan, 1995), red mud from
alumna production (Zhang and Yan, 2000), waste
glass form lamp and other glass products
(Sokolova et al., 1986) as well as electric-arc
furnace dust and foundry sands (Gao and
Drummond 11I; 1999).

In the production of appropriate parent glass for
crystallization, the addition of the waste
composition is often required. It must be pointed
out however that, there is always a trade-off
between the amount of waste recycled and the
optimization of properties of the new
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Table 6. Chemical composition (wt%) of the raw-materials.

Oxide Waste glass Fly ash
SiO2 73.36 40.47
Na20 13.01 -
Ca0O 6.43 25.04
MgO 3.02 6.52
AloO3 2.49 21.48
K20 1.69 -
FeoO3 - 6.49

Source: Soon-Do and Teon (2008).

products. In general, since the main objective is to re-
utilize the waste material, the quantity of pure materials
or non-waste addition introduced for improving
performance must be kept as low as possible.

The present review focus on the use of silicate waste
based glass-ceramic, unlike other reviews which are on
general waste application in the production of glass
based products. This paper reviewed silicate waste
materials, such as slug form metallurgical processes,
coals ash from power stations, residues from urban
incinerator’s and other silicate wastes (Bacccaccini et al.,
2006).

SLAG FROM METALLURGICAL PROCESSES

The blast furnace slag consists, if CaO, SiO, and MgO
decrease the amount as the main constituents, together
with minor constituents, such as MnO, Fe,O3; and S. The
first attempt to commercialize a glass-ceramic from slag
was by the British Iron and Steel Research Association in
the late 1960s (Davies et al., 1970).

This glass-ceramics was known as “slag ceram” and it
was produced by the convectional, stage heat treatment
method (Davies et al., 1970; Davies et al., 1970). Similar
material, “slags tall”, was developed in the former Soviet
Union at about the same time (Bondarev and Pavlushkin,
1971; Borezhnoi, 1970). More recent works have
investigated the effect of adding nucleating agents to the
slag; in particular, glass-ceramics with acceptable
properties were produced using a two-stage heat
treatment and addition of titania (Ovecoglu, 1998).

Ovecoglu (1998) reported the effect of adding titanium
oxide as a nucleating agent in glass ceramics production;
this was due to the fact that this component oxide is
usually present at a very low quality in metallurgical slag.
It was noted that samples containing no additional
titanium oxide show shallow exothermic peak which
indicate that the surface crystallization was the
predominant mechanism of glass-ceramic formation.

With the addition of extra titanium oxide, the peaks
were much better defined suggesting that the bulk
crystallization takes place at the main mechanism. The

optimized crystallization temperature was found to be
1100°C and the main crystalline phase of the slag-based
glass-ceramic with T{O, as an additive was a melilite solid
solution,  containing  gelilenite  and  kermanite
(CaMgSi20,). The subsequent mechanical testing results
showed the effect of the crystallization temperature and
T,0: content. The knoop hardness (1040 kg/mn?) bending
strength (340 Mpa) for the 5 wt% T10, containing glass-
ceramic produced by a 1100°C heat treatment were
better than the values of sample with 3 wi% TO,
crystallized at 1100°C and with 5 wi% T,0 crystallized at
950°C (Ovecoglu, 1998). It was also observed that as the
amount of nucleating agent increases, the wear rate of
the glass-ceramic material appeared to be decreasing.

The study was based around a 20 wt% L;,O to 80 wt%
SiO, glass mixed with slag up to a concentration of 3.5
wit%. It is well, documented that an addition of 30% L0
to SO, reduces the liquidus temperature significantly
from 1713 to 1030°C. Alaily (2003) was able to melt slag
containing mixtures at 1350°C, which is 100°C or more
lower than in previously discussed systems. Heat
treatment involved 1 h hold at 500°C and then another 1
h hold at 850°C to complete crystallization.

Surprisingly, the hardness of the glass-ceramics was
less than that of the parent glasses. This was attributed
to micro-cracking associated with the crystals, although,
from the text, it was not clear whether the micro-cracking
was thought to occur at or when cooling form the
crystallization temperature.

A typical composition of “silceram” parent glass (in
Wto/o) is Si02 48.3, Ti02 0.6, A|203 13.3, Cr203 0.8, F6203
4.8, MnO, 0.4, MgO 5.7, CaO 24.7, Na,O, 1.2 and K;O
1.1. The Cr.O3 and Fe, O3 content is of particular signifi-
cance, as these oxides act as the nucleating agents.
Either oxide alone is capable of initiating nucleation, but
there is a synergistic effect if they are present. These
oxides promote the formation of small crystal of spinel,
which in turn act as nucleation sites for the main phase, a
pyroxene.

The route of production of glass-ceramics is an
important factor for nucleation during the course of
crystallization. Although, it has been established that bulk
nucleation may be achieved in parent glasses with a slag
component, studies have also been carried out on
fabrication of glass-ceramics by the powder route in
which surface nucleation usually plays a more important
role (Kim et al., 1988, Kim and Rawlings, 1989) with the
denser samples being obtained at the higher end of this
temperature range sintering at 1180°C produced the
highest Young’'s modulus and best resistance to water
absorption, similar to that specified for commercial floor
tiles, whereas an 1160°C treatment resulted in a slightly
better flexural strength.

In general, the mechanical properties become poorer
when the content of slag increases, suggesting there is a
trade-off between cost and strength when the more
expensive feldspar is replaced by the slag (Baccaccini,
2001).



SLAG-BASED
COMPOSITES

GLASS-CERAMIC MATRIX

Particulate reinforcement was found to increase strength,
but to have a negligible effect on toughness. The thermal
shock and erosion resistance of different “silceram”
matrix composites have been also investigated (Von
Schweitzer et al., 1993; Rawlings, 1994; Saewong and
Rawlings, 1998). The coefficient of thermal expansion of
“siicerma” is too high (7.5 x 10°® K') for it to be
considered as thermal shock resistant material.
Nevertheless, during fabrication and service, materials
may be subjected to rapid temperature change and
hence, the thermal shock performance has to be
considered. The standard method for determining thermal
shock resistance is to hold samples to a known elevated
temperature quench rapidly into water and then measure
the residual strength. There are two kinds of coal ash
generated from combustion of coal in thermal power
stations: fly ash and bottom ash. Fly ash, which accounts
for about 80% of the total ash generated, is trapped and
recovered from gas flow. The remaining 20% is called
bottom ash as it is collected at the bottom of the furnace.
Mixtures of these wastes are sometimes stored and
weathered in water ponds to give what is known as pond
ash. Significant amount of fly-ash (for example, in the
order of 15 million tons per annum in an industrialized
country such as Germany (Baccaccini et al., 1996) are
produced continuously as a by-product of coal
combustion in power stations. However, only small
percentage of the fly ash is utilized, mainly in the cement
industry or in road construction (Carlson and Adriano,
1993; Jablonski and Tyron, 1988). Glass-ceramic
production is an alternative for the reuse of coal fly ash,
as documented by numerous reports in the literature.
From the study of Benavidez et al. (2003) and others, it is
clear that the principal difference between fly and bottom
ashes is that the former has (1) a lower residual coal
carbon content (2) a much higher proportion of spherical
particles and (3) finer particles and a narrower particle
size distribution. Although, there are exceptions as a
general rule, coal fly ash contains more silica but less
calcia than slag.

GLASS-CERAMIC MATERIAL FROM THE S,0,-AL,0-
CAO SYSTEM USING SUGAR-CANE BAGASSE ASH
(SCBA)

In a recent study conducted by Teixeria et al. (2011) on
the use of sugar-cane bagasse ash to produce glass-
ceramics. Two sugar-cane bagasse ashes were collected
which was used as a source of silica to obtain the glass
frit. The ashes were mixed with carbonates of calcium
and sodium or potassium in three different concentrations
as G2 (49.1 ash, 45.9 calcium carbonate, 5.0 sodium
carbonate), G3 (59.5 ash, 33.4 calcium carbonate, 7.1
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potassium carbonate) and G4 (50.3 ash, 42.6 calcium
carbonate, 7.1 sodium carbonate). The initial composition
was chosen based on the desired temperature calculated
for each on (Tf < 1450°C). The glasses were prepared in
two steps:

1. The mixtures were kept for 2 h at 950°C in a muffle
furnace for vaporation of volatile materials.

2. They were melted at 750°C/h using an oven for melting
glass as 1500°C for 1 h.

The liquid was poured into a container with water at room
temperature for production of frit. They were powdered
and analyzed using the techniques of X-ray diffraction
and fluorescence (XRD and XRF) to determine whether
there was crystallization during cooling and determine the
chemical composition of the glass.

The analysis was conducted by passing the powdered
glass through a 170 mesh (< 88 um) sieve using thermal
analysis (differential thermal analysis (DTA)/differential
scanning calorimetry (DSC)) equipment (TA Instruments
Model SDT Q600) to determine the crystallization
temperatures. A fraction of each sample was analyzed for
1 h using a laboratory furnace at temperatures just above
crystallization temperatures. Some samples were also
heated at temperatures around crystallization peaks and
quenched. All treated samples were analyzed using XRD
equipment (Shimadzu XRD-6000) to identify the formed
phases and XRF equipment (Shimadzu EDX 700) to
determine the samples chemical compositions. To study
the kinetics, the crystallization of each glass sample was
monitored using the thermal analysis equipment at
heating rates of 10, 15, 20, 25 and 30°C/min by the
Kissinger method (Teixeira et al., 2011).

As indicated in Table 5, the ash S| has a higher
concentration of silica, because it was collected in the
water channel that come from the gas washer and pass
underneath the boilers carrying both ashes (fly and
bottom). Therefore, this is a washed ash with higher silica
and lesser salts concentrations. The main difference in
the chemical compositions of glasses is due to
differences in the ashes composition (ash MAR has more
flux, iron oxide and nucleating agent, than the ash SI).
The highest concentration of flux results in higher
corrosion of alumina crucible, increasing the
concentration of aluminum and sodium in the glass.
Therefore, glass obtained with the ash MAR have higher
concentrations of these two oxides. Ashes with sodium
(G2 and G4) erode the crucibles more than those (G3)
with potassium. The presence of alumina reduces the
tendency to devitrification, increases the viscosity and
melting temperature of the glass. It also induces the
crystallization of silicates of the systems S;0,-Al,05-CaO.

MELTING AND SUBSEQUENT HEAT TREATMENT

Glass-ceramics from coals fly ash were produced using
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the melt quenching/hear treatment method as early as in
the 1980s (DeGuire and Risbud, 1984). The fly ash was
melted at 1500°C without any additives and then cast into
graphite moulds. An unusual two stage nucleation
treatment was used: 2 h at 650 or 700°C followed by 5 or
10 h at a temperature in the range 800 to 900°C, prior to
a crystallization treatment at 1000 or 1150°C. It was
claimed that the extent of crystallization was not
significantly —affected by the different nucleation
treatments prior to the crystallization stage; hence, a
single-stage nucleation heat treatment may be feasible.
Cumpston et al. (1992) used CaCOj3 (20 wt%) and T,0,
additions to fly ash to achieve 40 vol% crystallinity with
anorthite as the main crystalline phase. The addition of
CaCOg; lowered the melting temperature and the viscosity
of the melt allowing a homogenous amorphous glass to
be obtained with a melting temperature 100°C less than
that used in the previous study (DeGure and Risbud,
1984). The small percentage of T,O, added made little
difference to the final degree of crystallinity and the main
crystalline phase remained anorthite. However, the
crystal morphology and distribution must have been
affected as the hardness of the T,O, containing glass-
ceramic was higher than that of the glass-ceramic without
additive. A decrease in crystallinity was observed with
increasing crystallization temperature and this can be
explained by the fact that the heat treatment temperature
was above the maximum of the crystal growth rate curve.
The glass-ceramic was heat treated for 48 h at 1000°C,
which highlights the energy intensiveness of such
processing method. Technical applications, such as high
temperature crucibles or refractory materials were
suggested for this glass-ceramics (Cumpston et al.,
1992).

Based on the DTA analysis, nucleation temperature of
680°C and crystallization temperature of 924°C were
employed for the cayirhan ash (Erol et al., 2000), where-
as, the corresponding temperatures for the seyitomer ash
were 728 and 980°C, respectively. The main crystalline
phase in the glass-ceramics produced was diopside-
alumina [Ca(Mg.Al) (S;.Al)oOg]. An interesting feature of
the investigation was the correlation found between heat
treatment and microstructure, hardness and wear
resistance.

THERMAL ANALYSIS

Powder samples of different area (different particle size)
were studied by DTA to determine the nature of
crystallization mechanism.

The first transition was an endothermic trough
approaching 700°C, associated with the glass transition
temperature. The next visible transition is two minor
peaks (at around 700 and 810°C), followed by a major
peak at about 840°C corresponding to the main crystalli-
sation process. No further exothermic transitions were

visible at higher temperatures, suggesting that the glass
can be converted into a glass-ceramic at a relatively low
temperature. Finally, an endothermic reaction at -1070°C,
which was originally presumed to be the melting of the
glass, may have been in fact the dissolution of a
particular crystalline phase since the resulting samples
were similar (indeed the measured differences in peak
temperatures were probably within experimental error).
Considering the different morphology of the samples and
hence, different sample-thermocouple contact indicating
that the specific area of the sample was not significantly
affecting any of the reactions. Consistent with the DTA
results were the scanning electron microscopy
observations which showed that surface crystallisation
was not extensive and that the crystallisation process
was dominated by internal (bulk) nucleation (Baccaccini,
2001).

PHYSICAL AND MECHANICAL PROPERTIES

A range of experiments, including 3-point bending test,
Vickers’ hardness indentation, dilatometry and
compression strength test were conducted to determine
physical and mechanical properties of the resulting glass-
ceramic. The result for the glass and glass-ceramics
heat-treated at 900 and 1100°C for 2 h are given in Table
2. Crystallization yielded a material with better mech-
anical properties than the parent glass. The increase in
heat-treatment temperature, which resulted in the
precipitation of titanium-rich phases, also had a positive
effect on the room-temperature mechanical properties of
the glass-ceramic material, except for the hardness. As
mentioned previously, XRD showed the reduction in the
relative ratio between pyroxene and titanium-rich phase.
The slight improvement in the indentation fracture
toughness of the glass-ceramic material may be caused
by the presence of one of the titanium-rich crystals
armalcolite, because of its high aspect ratio. A crack will
therefore have to travel around these crystals in order to
propagate further. Hence, the facture toughness
improves as it takes higher energy for a crack to
propagate. The behaviour of the glass-ceramic material
(heat-treated at 1100°C) at elevated temperature was
examined during the determination of fracture toughness
by chevron-notched specimen technique. Tests were
firstly carried out at room temperature and at 500°C. The
fracture toughness slightly decreased with increasing
temperature up to 500°C. There was an acceptable
scatter of data from all measurement and the mean
values give a trend of variation of Kic (1.35 £ 0.12 Mp
m'2 at room temperature as compared to 1.13 + 0.20
MPa m'2 at 500°C). A standard student’s t-test was
carried out on the two data sets with the hypothesis that
the data ranges overlap by chance. The result, however,
showed that the difference in the fracture toughness
values between room temperature at 500 °C was significant



and thus, the hypothesis was rejected. The decrease in
fracture toughness was surprising as it is unlikely that the
elastic modules decrease significantly over that
temperature range. An earlier study on a monolithic
lithium aluminosilicate (LAS) glass-ceramic by Brennan
and Prewo (1982) has shown that the elastic modulus
has minimal reduction and the fracture toughness of the
material remained constant from room temperature to
800°C.

The production of glass-ceramics materials has found
their application in the field of abrasion-resistant
materials, which are industrial floor coverings, wall
facings, abrasion-resistant linings and high temperature
insulators. Moreover, developing appropriate methods of
new glass-ceramic materials from recycling fly ash has
acquired particular importance (Cumpston et al., 1992;
Cioff et al., 1994; Queralt et al., 1997).

However, much more effort is needed in resolving
environmental waste recycling problems for the life and
health of future generations. Many researches have been
conducted on the utilization of fly-ash as a starting
material for glass-ceramic production (Erol et al., 2001;
Caoffi et al., 1993).

Glass-ceramics have been prepared using fly ash from
a thermal power plant and waste glass (Park et al.,
2007).

It is important to note that waste materials, such as fly
ash and glass are recycled and that many recycling
problems, such as chemical bonding by heat-treatment
and economic loss caused by several thermal steps are
solved by a mechanical processing method. In the
present study, chemical durability and mechanical
properties of glass-ceramics were investigated.

CONCLUSION

Waste management and recycling is an important aspect
of environmental sanitation. It also reduces the exploit-
ation of run-materials for the purpose of production.
Glass - ceramics raw - material is obtained by digging
landfills which leads to the distortion of the environment.
The utilization of silicate-wastes for the purpose of this
production is a welcome development that checks the
environmental distortion. Economically, it is viable, but
the process of productions that involves incinerations
may lead to the production of toxic gases that pollute the
environment. Proper control of this will enhance the
environmental sanitation and reduce production cost in
glass-ceramics industries.
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