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Abstract

This study is concerned with recycling waste materials, focusing on the development of a glass-ceramic from Korean incinerator fly

ash with a high Cl content, and the evaluation of its physical properties. In the process, water washing as a pre-treatment beforemelting
the fly ash was used to remove the large amount of Cl in the ash, and to reduce the melting temperature of the fly ash. As a result, glass
was obtained at 100 degrees lower than the non-water-washed fly ash. Also, internal crystallization occurred under a single stage
heat treatment (at 850–950 �C for 20–240 min) without adding other materials to the ash. It was found that the glass-ceramic was

composed of three crystals, gehlenite, augite, and calcium aluminium oxide. Hardness of 8.3 GPa, fracture toughness of 1.7 MPam1/2,
elastic constant of 145 GPa, and thermal expansion coefficient of 10.5–11.5�10�6/K were found in the glass-ceramic, which were
high values compared with others reported. Thus, the present process suggests that such glass-ceramic produced from an incin-

erator ash could be applicable for structural materials in terms of economic and environmental points.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

With the increasing amounts of municipal solid waste
(MSW), post incineration problems need to be solved,
in particular fly ash that is collected from the flu gas by
air pollution control devices. The decreasing amount of
land fill space available for fly ash disposal is currently
an extremely serious problem in maintaining an envir-
onmentally friendly society.1�3 Recently, existing prac-
tices related to the use of MSW fly ash were very well
summarized. The potential uses of fly ash are as follows;
construction materials, geotechnical uses, agriculture
and miscellaneous uses.4,5 Regarding construction
materials, there are several processes for the treatment
of fly ash, including solidification for cement, melt-soli-
dification or sintering by firing, and acid leaching by the
use of acids and some solvents.6�9

Application of glass-ceramics to make construction
(structure) materials is a common process, which con-
verts fly ash to a glass by melting at high temperatures
and by heat treatments. Using casting or sintering pro-
cesses, glass-ceramics from MSW fly ash have been
developed over many years of study.10�12 However, the
technology in developing glass-ceramics using MSW fly
ash cannot be uniformly applied to every country due to
differing fly ash characteristics. The composition of
MSW fly ash varies according to countries, seasons and
regional variations, meaning that the heat treatment
condition, nucleation and crystal growth for glass-cera-
mics are different depending on the sources of the fly
ash.
In terms of the characteristic constituent of fly ash

in Korea, it has a high chloride content due to the
Korean diet. In this study, we report the results of
production and properties of a glass-ceramic derived
from Korean incinerator fly ash with a high Cl content.
2. Experimental

Glass was prepared by melting fly ash in a Pt crucible
at 1450 �C for 3 h after water-washing at room tem-
perature for 48 h to remove the Cl. The melt was poured
into a graphite mold and heat-treated at 950–1050 �C
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for 0.5–4 h to convert to a glass-ceramic.13 Differential
thermal analysis (DTA, TA-1600, USA) was performed
to determine the crystallization behavior and the glass
transition temperature (Tg) of the glass using bulk and
coarse powder (212–425 �C) samples at a heating rate of
10 �C/min. A particle size analyzer (LS230, Coulter Co.,
USA) was used for the powder size distribution of fly
ash. The crystalline phases of the glass-ceramics were
investigated by X-ray powder diffraction (XRD, X’Pert
APD system, Philips, Netherlands) and the crystallinity
of the glass-ceramics was calculated by a method14

based on the XRD result. The composition of the fly
ash was investigated using an X-ray fluorescence spec-
trometer (XRF, PW 2400, Philips, Netherlands), and
scanning electron microscopy (SEM, S-3500N, Hitachi,
Japan) was used to examine the crystalline morphology
of the glass-ceramics after etching with 2%HF solution
for 1 min and 15% HCl solution for 1 min.
The density of the glass and glass-ceramics was

determined by the Archimedes method. Elastic con-
stants of glass and glass-ceramics were assessed on bars
(10�10�5 mm3) by a pulse reflection tester (Pana-
metrics, USA). Vickers indentation was used to deter-
mine the hardness using loads of 300 g for 15 s (Vickers
hardness tester, MVK-E3, Akasi, Japan) and fracture
toughness was measured using an indentation method.
An erosion test was carried out using SiC powder sand
(�75 mm) dropped from a height of 1100 mm and
impacting on the sample (3�3�3 mm3) at an angle of
45�. Mass loss from the sample was measured after
every 10 kg of sand dropped, and converted into the
weight loss/eroded area, (g/cm2). Thermal expansion
coefficient of the samples (5�5�10 mm3) was measured
by a thermal mechanical analyzer (Dilatronic, Theta
Industrial. Inc., USA) with a heating rate of 5 �C/min in
air atmosphere.
3. Result and discussion

3.1. Glass-ceramic production

The effect of the washing process on the powder size
of fly ash is represented in Fig. 1 which shows that
washed fly ash had smaller particle size of distribution
than that of unwashed fly ash, due to the Cl compo-
nents in NaCl and KCl being removed by washing and
thus the volume of powders being reduced. The major
components in the fly ash as received were CaO, Cl, and
Na2O, but after water-washing, SiO2, Al2O3, and CaO
emerged as major components (Table 1). As shown in
Table 1, the major difference in chlorides content
between the raw and washed ash, in terms of composi-
tion, indicates a typical Korean fly ash from MSW, as
compared with others.1�3, 6�8 The amounts of K2O,
Na2O and Cl in the fly ash were considerably reduced
through the water-washing process as shown in Table 1.
It seems that Na and K components exist as NaCl and
KCl as a result of water-washing and the high content
of CaO in the fly ash affects a decrease in the melting
temperature. Adding CaO decreases the ratio of net-
work formers to modifiers and the viscosity of glass
becomes low.13

The vitrified product is composed of the main ternary
compounds (13–33 wt.%), SiO2, Al2O3, and CaO and
includes MgO, P2O5, TiO2, Fe2O3, and ZnO as minor
Fig. 1. Powder size distribution of fly ash before and after water washing.
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components (3–7 wt.%). Thus the composition of fly
ash is favorable for glass-melting and formation of
glass-ceramics due to the presence of glass forming oxi-
des (SiO2, Al2O3, and CaO) and nucleating agents
(P2O5, TiO2, and Fe2O3). The result of XRD analysis on
the fly ash suggests that the major species, NaCl, KCl,
and CaCl2, CaCl2Ca(OH)2H2O), and CaSO4 as minor
crystalline phases in the ash were removed by the water-
washing process (Fig. 2b). In contrast, the major phases
in the as-received fly ash appear to be NaCl, KCl, and
CaSO4 (Fig.2a).
The ash was unstable at high temperature, showing a

weight reduction of 35% when heated to 1000 �C with a
significant loss at around 800 �C (Fig. 3a). However,
thermal degradation (decomposition) of fly ash treated
by water-washing was more stable than non-water
washed fly ash. There was a 5 wt.% reduction up to
1000 �C, increasing sharply until reaching a 20% loss at
1200 �C, then remaining relatively stable until reaching
1400 �C. In case of fly ash as received, the significant
reduction in weight at around 800 �C resulted from
sudden evaporation after melting at 804 and 779 �C for
NaCl and KCl, respectively (Fig. 3, Table 1). However,
the stable reaction of only 5% reduction during heating
up to 1000 �C is related to the removal of chlorides in
the fly ash as shown in Fig. 3b. With or without the
water-washing process, the fly ash follows the same
reaction in the heating process; dissociation of Ca(OH)2
at 485 �C and CaCl2Ca(OH)2H2O at 689 �C resulting in
the 5% reduction up to 1000 �C.
Based on the result of Fig. 3, the glass melting, which

was higher than the liquidus temperature (Tl=1280 �C),
was performed at 1450 �C for 3 h to produce a clear and
uniform melt. Thermal analysis on the coarse glass
powder showed two exothermal peaks, irrespective of
whether the fly ash underwent the washing process prior
Table 1

Comparison of composition of fly ash (as received/after water-washing)

and glass (vitrified) (in wt.%)
Composition
 Sample
As received
 After water

washing,
Vitrified

product
SiO2
 7.30
 21.94
 25.77
Al2O3
 3.20
 9.97
 13.02
CaO
 19.50
 26.23
 33.04
MgO
 2.61
 8.32
 6.86
TiO2
 2.77
 3.80
 5.68
P2O5
 1.72
 5.76
 5.24
ZnO
 3.02
 4.72
 3.57
Fe2O3
 1.39
 2.08
 2.89
Na2O
 13.07
 2.11
 1.95
K2O
 11.21
 0.84
 0.29
PbO
 –
 1.13
 0.20
Cl
 21.98
 0.77
 0.05
SO3
 9.76
 11.93
 0.05
Total
 100
 100
 100
Fig. 2. Crystalline phases of fly ash (a) before (as received) and (b) after water washing.
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to melting (Fig. 4). The first exothermal peak was rela-
ted to bulk crystallization and the second to crystal
transformation or a new crystal formation. The first
exothermal reaction, representing bulk crystallization,
started at 885 �C. On the other hand, when analyzing
the crystallization mechanism of fly ash glass, the same
exothermal peak temperature, 895 �C as shown in
Fig. 4(b) and (c) suggested that internal crystallization
occurred during heat treatment. Irrespective of coarse
and fine glass powder sizes, crystallization occurred with
the same Tg, namely 700 �C.
Observation of the samples by the naked eye noted

that with increasing heat treatment temperature and
time, the color of the glass-ceramic changed from black
to light yellow, which is a result of the formation of
crystallines. Fig. 5 shows the result of XRD analysis for
the glass-ceramic after heat treatment at different tem-
peratures for 1h. At 850 �C, calcium aluminium oxide
Fig. 3. TG of fly ash (a) before and (b) after water washing.
Fig. 4. Result of DTA on (a) fly ash after water-washing (as-received), (b) coarse powder of glass (glass powder: 212–425 mm powder) and (c) fine

powder of glass (glass powder: <38 mm).
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phase and at 900 �C both gehlenite and calcium alumi-
nium oxide crystals were found to be major crystals
(relatively the largest proportion of the phase) in the
glass-ceramic. However, above 950 �C, the amount of
augite appearing at lower temperature was reduced and
gehlenite was detected as a major phase. Additionally, a
small portion of augite was present within the range of
850–950 �C. The change of major crystals (from
Ca9Al6O18 to gehlenite) in the glass-ceramic appears to
be related to the result of DTA (Fig. 4b), namely the
two exothermal peaks (Tp=895, 960 �C). From the
result of XRD analysis (Fig. 5), the crystallinity of
glass-ceramics was obtained. With increasing heat
treatment temperature and time, the crystallinity of
glass-ceramics increased and reached 70–80% under a
single stage heat treatment. Above 60 min of heat
treatment time however, the effect on the crystallinity at
above 850 �C was not noticeable, as shown in Fig. 6.
Fig. 5. XRD result of glass-ceramic as a function of heat treatment temperature (a) 850, (b) 900 (c) 950 �C for 60 min.
Fig. 6. Crystallinity of glass-ceramics heat treated at different heat treatment condition (temperature and time).
J.-M. Kim, H.-S. Kim / Journal of the European Ceramic Society 24 (2004) 2373–2382 2377



Fig. 7. Microstructure of glass-ceramic produced using pre-treatment (a) without washing and (b) after water washing (heat treatment condition: at

900 �C for 60 min).
Fig. 8. Microstructure (etched surface) of glass-ceramic heat treated at different temperature (a) 820, (b) 850, (c) 880, (d) 900, and (e) 920 �C for

60 min.
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The effect of water washing of fly ash on the
microstructure of glass-ceramics is clear in Fig. 7,
which shows the comparison of different micro-
structure of glass-ceramic produced at 900 �C. The dense
surface of glass-ceramic with high crystallinity is detected
only on the pre-treatment of fly ash before melting
(Fig. 7b). The microstructure of glass-ceramic heat trea-
ted at 820 �C contained small amounts of glass phase
(dark region, Fig. 8a) whereas the structure changed to a
dense glass-ceramic with high crystallinity and small size
crystals as the heat treatment temperature increased up
to 950 �C. Unfortunately the different crystal phases are
not distinguished in the microstructure shown in Fig. 8.
As shown in Table 2, the relatively higher content of

Mg, Al, Ti, Fe, and Zn in the crystal compared with the
glass region (Fig. 9) is related to the formation of crys-
tals of augite (Ca(Fe,Mg)Si2O6), gehlenite (Ca2Al2-
SiO7), and calcium aluminum oxide (Ca9Al6O18)
comprising of Ca, Mg, Si and O with some specified
ions for the nuclei. In other processes, oxides such as
SiO2, MgO and TiO2 are mixed with fly ash in order to
reduce the melting temperature and intentionally induce
crystalline formations in glass-ceramics,8,9 and a two
stage heat treatment resulting in nucleation and crystal
growth or long time heat treatment is used to produce
crystals. In the present study however, an economical
process using a one stage heat treatment, without chan-
ging the composition of the fly ash was applied to the
production of glass-ceramics.

3.2. Properties of glass-ceramics

The density of the glass-ceramic decreased after 60
min holding time above 900 �C as shown in Table 3.
The reason is related to the formation of crystallines
with different densities (gehlenite=3.042, augite=3.510
and calcium aluminium oxide=3.028g/cm3) as a func-
tion of temperature (Fig.5). The elastic constants of the
glass and the glass-ceramics were 105 GPa and �140
GPa, respectively, as shown in Table 3. Though the
increasing trend of elastic constant with time at 850 �C
was evident, the trend decreased above 900 �C and with
more than 1h holding time. Specifically, the elastic con-
stant of materials produced at 950 �C for more than 20
min rapidly decreased and was not able to be determined,
because the long holding time at a high temperature
Fig. 9. Crystalline (a) and residual glass (b) in the glass-ceramic

produced at 820 �C for 60 min.
Table 2

Chemical analysis of crystal and glass in the glass-ceramic by EDX (in

wt.%) in Fig. 9
Oxides
 Crystal (a)
 Residual

glass (b)
Na2O
 7.2
 6.4
MgO
 15.5
 12.2
Al2O3
 17.3
 15.4
SiO2
 31.9
 36.0
CaO
 14.4
 18.9
TiO2
 4.6
 3.7
Fe2O3
 3.4
 3.0
ZnO
 5.7
 4.3
Total
 100
 100
Table 3

Physical properties of glass and glass-ceramic prepared at different heat treatment conditions
Materials
 Density (g/cm3)
 Elastic constant

(GPa)
Vickers

Hardness

(GPa)
Fracture toughness

(MPam1/2)
Glass
 3.0184�0.002
 104
 6.27�0.066
 0.84�0.029
850 �C 20 min
 3.3125�0.015
 139
 7.47�0.028
 1.36�0.104
60 min
 3.2962�0.003
 145
 8.13�0.032
 1.42�0.089
240 min
 3.2937�0.001
 147
 8.03�0.025
 1.27�0.011
900 �C 20 min
 3.3056�0.007
 142
 8.23�0.065
 1.71�0.045
60 min
 3.3274�0.02
 143
 7.76�0.154
 1.64�0.079
240 min
 3.1187�0.003
 126
 7.44�0.159
 1.56�0.047
950 �C 20 min
 3.3340�0.005
 146
 8.07�0.137
 1.39�0.063
60 min
 3.2964�0.003
 –a
 7.64�0.174
 –
240 min
 3.2356�0.002
 –
 6.81�0.137
 –
a Not determined due to micro cracks in the samples with high crystallinity
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induced high crystallinity in the microstructure with
micro cracks.
Table 3 summarizes the result of the hardness of the

glass and the glass-ceramics as a function of heat treat-
ment time and temperature. The glass-ceramics com-
prised of crystalline, gehlenite, augite, and calcium
aluminium oxide have higher hardness (7.4–8.2 GPa)
than glass (6.3 GPa). The effect of holding time and heat
treatment temperature on the hardness is limited to a
small range: over 1 h and beyond the limit a negative
effect was apparent in the microstructure. The fracture
toughness of glass-ceramics remained unchanged after
20 min heat treatment as shown in Table 3. The highest
toughness (1.7MPam1/2) was found at 900 �C for 20 min.
The wear rate of glass and glass-ceramics produced at

850–950 �C for 1 h, measured by erosion testing are
shown in Fig. 10. The glass-ceramic (at 850 �C for 60
min) (2.23�10�3g/cm2) showed high wear resistance
compared to the glass (10.6�10�3g/cm2) because of the
formation of crystalline phases with higher elastic con-
stant. The trend of wear rate change was similar to the
hardness and the elastic constant of the materials
Fig. 10. Wear resistance of samples before and after crystallization at (a) 850 (b) 900 and (c) 950 �C for 60 min.
Fig. 11. Thermal expansion coefficient (TEC) of glass and glass-ceramics as a function of heat treatment time and temperature.
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(Table 3) . The small decrease of wear resistance above
850 �C was attributed to the crystallinity of glass-cera-
mics with a lower content of the residual glass (Fig. 6).
The thermal expansion coefficient (TEC) of glass-

ceramics are in the range of 10.5–11.5�10�6/K, which
are slightly higher than that of glass (9.8�10�6/K) in
Fig. 11. With increasing time at high temperature (at
900, 950 �C) the TEC’s decreased. Considering that the
softening point (Td, dilatometric point) of glass is 756 �C
and the Td of glass-ceramic was not detected until
800 �C, the glass-ceramic proved to have a high thermal
stability.
Fig. 12 shows that the wear (erosion) resistance of
glass-ceramics derived from the incinerator fly ash is
related to the elastic constants, hardness, and fracture
toughness. The higher erosion resistance is due to higher
toughness, hardness and elastic constant. Thus, it is our
main intention to produce a high wear resistance glass-
ceramic for structural materials with the characteristics
of high hardness and fracture toughness as suggested in
Table 3. As shown in Fig. 12, it is a reasonable
approach to set up the heat treatment conditions (time
and temperature) towards the upper right-hand quad-
rant of the table for high E, KIc, Hv and low wear rate.
Fig. 12. Relationship between toughness (KIc), hardness (Hv) and elastic constant (E) of glass-ceramic can be predicted for wear resistance.
Table 4

Comparison of properties of glass and glass-ceramics produced by fly ash
Properties
 Ash (75%)+

SiO2, MgO, TiO2
13
Ash1 (100%) 11
 Ash2 (100%) 12
 Ash3 (100%) 10
 Ash (100%)

Our work
Glass
 Glass-ceramic
 Glass
 Glass-ceramic
 Glass-ceramic
 Glass
 Glass-ceramic
 Glass
 Glass-ceramic
Density (g/cm3)
 2.76
 2.78
 2.80
 2.89
 2.95
 2.95
 3.02
 3.1
 3.33
Hardness (GPa)
 5.2
 6.7
 5.5
 7.9
 5.9
 5.1
 6.6
 6.3
 8.3
Fracture toughness (MPam1/2)
 0.92
 1.86
 0.6
 1.7
 1.5
 0.8
 1.7
 0.8
 1.6
Bending strength (MPa)
 78
 127
 90
 240
 –
 –
 –
 9015
 18015
TEC (10�6/K)
 9.54
 8.95
 5.9
 6.5
 9.0
 9.7
 8.7
 9.8
 10–11
Young’s modulus(GPa)
 –
 –
 93
 124
 134
 90
 115
 105
 140
J.-M. Kim, H.-S. Kim / Journal of the European Ceramic Society 24 (2004) 2373–2382 2381



Other glass-ceramics derived from incinerator fly ash
waste are compared with the current result (Table 4).
4. Conclusions

In the current process, water washing as a pre-treat-
ment before melting the fly ash was used to remove the
high Cl content and to reduce the melting temperature
of the fly ash. The fly ash contained transition elements
so enabling it to induce internal crystallization during
the making of glass-ceramics without the addition of
other oxides into the ash as nucleating agents. As a
result, internal crystallization occurred under a single
stage heat treatment stage and developed glass-ceramics
that had good mechanical properties.
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