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Abstract

Glass-ceramic materials were developed from ¯y ash samples obtained from CË ayõrhan Thermal Power Plant in Turkey. On the
basis of DTA analyses, nucleation experiments were carried out at 680�C for 5, 10 and 15 h whereas crystallization experiments
were performed at 924�C for 20 min. Crystallized samples were cooled in the furnace. X-ray di�raction analyses revealed the pre-
sence of only the diopside [Ca(Mg,Al)(Si,Al)2O6] phase in the produced glass-ceramic samples and scanning electron microscopy

(SEM) investigations showed the presence of a homogeneously dispersed phase. The results of the Vickers microhardness tests
indicated that the hardness values of the ¯y ash based glass-ceramic decreased with the increases in holding time at the nucleation
temperature. In addition, wear resistance of ¯y ash-based glass-ceramics decreased with holding time at the nucleation temperature.
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1. Introduction

An increasingly urgent problem for the near future is the
recycling of industrial by-products and waste materials.
Fly ash, a waste product of coal combustion in thermal
power plants, is produced in dry form in large quantities
(an annual production of 12.5 million tonnes in Turkey1)
and thus is a major source for environmental pollution.
Currently, large quantities of ¯y ash are used for land-
®lling which cause negative environmental impacts such
as leaching of potentially toxic substances into soils and
groundwater, the change in the elemental composition
of the vegetation growing in the vicinity of the ash and
the accumulation of toxic elements throughout the food
chain.2 For these reasons, the environmental pollution
aspect of ¯y ash should be worked out using both eco-
nomical and reliable means. Industrial activities perti-
nent to the utilization of ¯y ash into useful articles have
received worldwide popularity in the last four decades
in many areas such as concrete,1,3ÿ4 brick5 or cement6

production. In addition, recent research investigations
have reported the use of ¯y ash to synthesize mullite

ceramics,7 as a raw material for conventional ceramics,8

for the fabrication of ceramic tableware and artware9

and for fabricating mineral polymer composites.10

Although only a small part of the produced ¯y ash is
currently utilized, the largest share of the demand for
the ¯y ash originates from the construction sector.
The physical and chemical properties of ¯y ash

depend on the type of coal used and the combustion
conditions. Fly ash exists in di�erent particle sizes
(between 1 and 100 mm) and shapes,2 is made up of tiny
glass beads and depending on the chemical composition,
its color varies from pale brown to gray. In chemical
composition, ¯y ash consists of oxides such as silica,
alumina, calcium oxide, iron oxide and alkali oxides,
mostly in glassy states. Due to its complex composition,
the melting temperature of ¯y ash is relatively low.11

Given these characteristics, ¯y ash can be vitri®ed and if
it is melted at temperatures above 1300�C, a relatively
inert glass is produced.12 Noting the fact that controlled
crystallization can be induced on the vitri®ed ¯y ash-
based glass, some researchers have recently reported on
the utilization of coal ¯y ashes for the production of
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glass-ceramics.12ÿ15,17 Of all the waste materials, ¯y ash
is probably the most promising material to be utilized
for glass-ceramic production considering the overall raw
material and production costs.
In this study, the possibility of using waste coal ¯y

ashes in glass-ceramic as a raw material source has been
investigated. It is aimed at optimizing the experimental
conditions for the development and optimization of
glass-ceramic materials from waste coal ¯y ashes. For
this purpose, microstructural characterization and
mechanical property investigations were carried out on
glass-ceramics devitri®ed from waste ¯y ash batches of
the CË ayõrhan thermal power plant.

2. Experimental procedure

2.1. Starting materials

The ¯y ash batch used in this study was obtained
from CË ayõrhan Thermal Power Plant in Turkey. The
chemical analysis showed that the glass forming ¯y ash
consists of the following oxides (in wt.%): 42.82% SiO2,

16.38% CaO, 5.85% MgO, 7.01% Fe2O3, 13.36%
Al2O3, 5.06% Na2O, 1.83% K2O and 6.47 % SO3. The
silica content is within the glass forming region of the
SiO2±CaO±Al203 ternary and falls between the silica
content of the ¯y ash used by Boccaccini et al.16 and
that of the As Pontes ¯y ash used by Barbieri et al.17 to
form glass-ceramic materials. Fig. 1 is a SEM micro-
graph of the ¯y ash sample, showing predominantly
spherically shaped powder particles, a typical particle
morphology for ¯y ash powders.18 Whereas the particle
size varies between 1 and 5 mm in size, the average parti-
cle size is about 3 mm. Fig. 2 shows the X-ray di�raction
pattern of the ¯y ash sample. As seen in Fig. 2, the as-
received ¯y ash sample comprised the mineral phases:
a-quartz (SiO2), mullite (Al6Si2O13), enstatite [(Mg,Fe)
SiO3], anorthite (CaAl2Si2O8) and hematite (Fe2O3).

The presence of small amounts of crystalline phases
such as quartz and mullite in ¯y ash batches was also
reported by Boccaccini et al.16

2.2. Glass-ceramic forming

Fly ash samples were melted in air using Pt-crucibles
in an electrically heated furnace at 1400�C for 4 h. No
additives or nucleating agents were added to the melting
batch. To ensure homogeneity, the melt was poured into
water. The cast was crushed, pulverized and remelted at
the same temperature for 10 h. Following this, the
re®ned melt was cast in a preheated graphite mould. To
remove thermal residual stress, the cast glass was
annealed in a furnace at 600�C for 2 h followed by slow
cooling to room temperature. The as-cast glass was
cylindrical in shape having a diameter of 1 cm and
length of 4 cm.
Di�erential thermal analysis (DTA) scans of as-cast

glass specimens were carried out in a Rigaku Thermo-
¯ex Thermal Analyzer in order to determine the glass
transition temperature (Tg) and the peak crystallization
temperature (Tp). After pulverizing and grinding as-cast
glass to a powder size of about 30 mm, DTA experi-
ments were performed by heating 100 mg glass powder
in a Pt-crucible and using Al2O3 as the reference mate-
rial in the temperature range between 20 and 1100�C at
a heating rate of 10�C/min.
Nucleation and crystallization experiments were car-

ried out on the basis of the DTA scan results. For this
purpose, small button specimens were sawed from the
as-cast ¯y ash glass sample and these specimens were
heated at a rate of 10�C/min to the nucleation tempera-
ture of 680�C and held at this temperature for 5, 10 and
15 h. Following nucleation, the temperature was raised
to the crystallization temperature of 924�C and held for

Fig. 1. SEM micrograph of the as-received ¯y ash. Fig. 2. X-ray di�raction pattern of the as-received ¯y ash.
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20 min. The crystallized samples were cooled in the fur-
nace.

2.3. Microstructural characterization

The microstructural characterization of the as-cast
glass and glass-ceramic samples were carried out using
both electron microscopy and X-ray di�raction techni-
ques. Scanning electron microscopy (SEM) investiga-
tions were conducted in a JEOLTM Model JSM-T330
operated at 25 kV and linked with an energy dispersive
(EDS) attachment. For the SEM investigations, optical
mount specimens were prepared using standard metal-
lographic techniques followed by chemical etching them
in a HF solution (5%) for 1.5 min. The etched optical
samples were coated with carbon.
The X-ray di�raction investigations were carried out

in a PhilipsTM Model PW3710 using CuKa radiation at
40 kV and 40 mV settings in the 2y range from 0 to 70�.
The crystallized phases were identi®ed by comparing the
peak positions and intensities with those in the Joint
Committee on Powder Di�raction Standards (JCPDS)
data ®les.

2.4. Measurements of mechanical properties

Vickers microhardness measurements of heat treated
glass-ceramic samples were made with a LL Model
Tukon Tester. Specimens were prepared using conven-
tional metallographic techniques and a load of 500 g
were used to indent their surfaces. In order to obtain
reliable statistical data, at least 15 indentations were
made on each sample. Wear tests were performed in
ambient conditions (about 15% humidity) on glass-
ceramic specimens machined as cylinders (1�1 cm)
using a house-made wear tester. All specimens were
wear tested under identical conditions of a rotating 240-
grit sandpaper used as the hardfacer. A constant per-
pendicular load of 20 N and a rotational speed of 0.21
m/s was used throughout the tests. Wear rate values
were calculated by measuring the weight loss during the
tests.

3. Results and discussion

3.1. Thermal analysis and heat treatment

Di�erential thermal analysis (DTA) investigations
were carried out on as-cast glass samples to determine
the nucleation and crystallization temperatures used in
producing a glass-ceramic with optimum properties.
Fig. 3 shows the DTA thermogram of the as-cast glass
sample scanned at the heating rate of 10�C/min. The
shallow endothermic peak starting at the onset of 671�C
exhibits the glass transition temperature (Tg) and the

sharp exothermic peak at 914�C indicates the peak
crystallization temperature. These values are very close
to those of the low SiO2 containing 4AP ¯y ash mixture
reported by Barbieri et al.17 Nucleation and crystal-
lization temperatures were selected 10 �C above the Tg

and Tp temperatures as 680 and 924�C, respectively.
Preliminary qualitative optical microscopy work was
carried out on as-cast glass specimens heated up to
680�C held at di�erent times followed by quenching in
air to observe the development of the stable nuclei.
Optical samples revealed that stable nuclei formed in
the microstructure only after 5 h of holding time at the
nucleation temperature. On the basis of this observa-
tion, it was decided to carry out the optimization work
by changing the holding times at the nucleation tem-
perature but use identical crystallization conditions for
all samples. Thus, whereas nucleation times of 5, 10 and
15 h were used, the crystallization conditions were ®xed
at 924�C/20 min.

3.2. Microstructural characterization

X-ray di�ractometry (XRD) scans were carried out
on glass-ceramic samples produced by using di�erent
heat treatment schemes. In all XRD scans of three
devitri®ed samples produced using di�erent heat treat-
ment, the d-values matched the card values of the diop-
side-alumina [Ca(Mg,Al)(Si,Al)2O6] phase. As seen in
the representative XRD pattern of the ¯y ash-based
glass-ceramic nucleated at 680�C/10 h (Fig. 4), all the
di�raction peaks can be indexed as arising from the
re¯ection planes of the diopside-alumina phase which

Fig. 3. DTA plot of the as-cast ¯y ash-based glass.
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has a monoclinic structure with lattice parameters
a=0.973 nm, b=0.887 nm, c=0.528 nm and
b=105.92�.19 This is in agreement with the reported lit-
erature on glass-ceramics developed from raw materials
having similar chemical compositions to the ¯y ash used
in this investigation; either the diopside phase or phases
belonging to the diopside group (melilite or akermanite)
were reported.13,20 Baldi et al.21 and OÈ vecË ogÏ lu et al.22

also reported the formation of the diopside phase dur-
ing devitri®cation in the SiO2±CaO±MgO ternary at
temperatures above 1000 �C.
To investigate the morphology of the resultant

microstructure, SEM investigations were conducted on
all glass-ceramics. Fig. 5 shows the SEM micrograph of
the glass-ceramic sample nucleated at 680�C for 5 h,
revealing tiny equiaxed crystallites uniformly dispersed
in the microstructure. The average crystalline size is less
than 0.25 mm. Fig. 6 is a respective typical SEM micro-
graph of the ¯y ash-based glass-ceramic nucleated at
680�C for 10 h. As seen in Fig. 6, the crystallites are

uniformly dispersed in the microstructure and the aver-
age crystalline grain size is less than 0.5 mm. As a result
of increase in the holding time at the nucleation tem-
perature, the average crystalline size for the 10 h sample
is larger than that for the 5 h sample. Fig. 7 is a SEM
micrograph of the glass-ceramic nucleated at 680�C for
15 h showing the presence of a homogeneous dispersion
of equiaxed crystallites about 0.5 mm in size. The crys-
tallites are larger than those of the samples nucleated at
680 �C for 5 and 10 h.
As seen in Figs. 5±7, progressive increases in holding

times at the nucleation temperature causes grain growth
resulting in larger crystalline sizes in the microstructure.
This indicates that the holding times of 10 and 15 h at
the nucleation temperature of 680�C are excessively
long and that a rather short holding time of 5 h seems to
be adequate to form small crystallites in the micro-
structure. SEM micrographs have also shown that all
glass-ceramic samples comprise uniformly dispersed
crystallites with grain sizes varying between 0.15 and 0.5
mm with an overall mean grain size of 0.3 mm. This value
is better than the mean crystalline size reported by

Fig. 5. Representative SEM micrograph of the ¯y ash-based glass-

ceramic nucleated at 680�C for 5 h and crystallized at 924�C for

20 min.

Fig. 7. Representative SEM micrograph of the ¯y ash-based glass-

ceramic nucleated at 680�C for 15 h and crystallized at 924�C for

20 min.

Fig. 4. A representative X-ray di�raction pattern of the ¯y ash-based

glass-ceramic sample.

Fig. 6. Representative SEM micrograph of the ¯y ash-based glass-

ceramic nucleated at 680�C for 10 h and crystallized at 924�C for

20 min.
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Boccaccini et al.12 Further, since the controlled heat
treatment procedure was applied to all glass-ceramic
samples of the present investigation, the crystallites are
more uniformly dispersed than those of the glass-ceramic
sample (code:4AP) reported by Barbieri et al.17 In
addition, there are no surface cracks observed in the
glass-ceramic samples of the present investigation con-
trary to the glass-ceramic reported by Boccaccini et al.12

In order to reveal how the microstructural di�erences
will re¯ect upon the resultant mechanical properties,
mechanical tests such as microhardness and wear were
carried out on the ¯y ash-based glass-ceramics nucle-
ated at di�erent times. In the following section, these
properties are presented and evaluated.

3.3. Mechanical properties

Fig. 8 is the error-bar representation of the Vickers
microhardness measurements taken from the glass-
ceramics nucleated at 680�C for 5, 10 and 15 h. It is
quite evident from Fig. 8 that the microhardness values
decrease with increase in holding times at the nucleation
temperature. In other words, in compliance with the
Hall±Petch relation, grain growth at longer holding
times account for decreases in microhardness values.
Thus, the glass-ceramic sample nucleated at 680�C/5 h
has the maximum microhardness value of 907 kg/mm2

since its grain size is the smallest of all glass-ceramic
samples. This hardness value is better than the micro-
hardness values reported by Barbieri et al.17 and Boc-
caccini et al.12 In addition, this value corresponds to
about 7.2 in the Mohs' scale and is higher than typical

scratch hardness values for ¯oor tiles which usually
range between 5 to 7 Mohs.23,24 However, it is less than
the scratch hardness values reported for slag-based
glass-ceramic materials.25,26

Fig. 9 is a graphical representation of the wear-rate
measurements of ¯y ash-based glass-ceramics nucleated
at 680�C for 5, 10 and 15 h. As seen in Fig. 9, the wear
rate increases with the increase in holding time at the
nucleation temperature. In other words, the resistance
to wear decreases due to grain growth. As the grain
boundary area decrease with grain growth, the material
becomes more vulnerable to wear. Similar to micro-
hardness results, a maximum resistance to wear is
achieved for the ¯y ash-based glass-ceramic sample
nucleated at 680�C/5 h. This is expected since as stated
earlier and revealed by the SEM micrograph (Fig. 5),
very small (40.25 mm) grains are present in the sample
nucleated at 680�C/5 h.

4. Conclusions

On the basis of the results reported in the present
investigation, the following conclusions can be drawn:

1. The crystallization of ¯y ash-based glasses con-
taining no nucleants takes place at temperatures
above 671�C with the formation of only the diop-
side phase in the parent glass matrix.

2. For all glass-ceramics nucleated at the nucleating
temperature of 680�C for di�erent times, the
resultant microstructure consists of equiaxed crys-
tallites varying in size between 0.2±0.5 m. The
crystalline size increases with the holding time at
the nucleation temperature.

Fig. 8. Vickers microhardness values of the ¯y ash-based glass-

ceramic nucleated at 680�C for 5, 10 and 15 h plotted as a function of

the nucleation time.

Fig. 9. Wear rate values of the ¯y ash-based glass-ceramic nucleated

at 680�C for 5, 10 and 15 h plotted as a function of the nucleation

time.
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3. The progressive increases in the grain size with
increases in the holding times at 680�C result in
overall decreases in mechanical properties such as
microhardness and resistance to wear.

4. The ¯y ash-based glass-ceramic material with
optimum properties for the present investigation is
the one nucleated at 680�C for 5 h. This sample
has a microhardness value of 907 kg/mm2 and a
wear rate of about 270 mm3/m.

Overall, results have indicated that ¯y ash can be used
as a raw material to produce glass-ceramic materials
and ¯y ash-based glass-ceramics can be utilized for til-
ing and cladding applications.
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