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Wollastonite glass-ceramics was prepared by using the milling and sintering process with a mixture of two different powders.
As a solution to environmental and waste recycling problems, powder mixtures consisting of dry sludge bottom ash and waste
glass powder were used to make Wollastonite glass-ceramics. The chemical durability, crystallinity, morphological properties
and chemical compositions of the specimens before and after acid immersion were observed by field emission-scanning
electron microscopy (FE-SEM) and an energy dispersive X-ray spectrometer (EDS). Various mechanical properties, such as
density, compressive strength, bending strength and Vickers hardness were also investigated. Various heat treatment
temperatures [850, 950 and 1050 oC] were used to obtain glass-ceramics before and after the acid immersion of the optimum
chemical durability and to find adequate mechanical properties for practical usage. As the heat-treatment temperature was
increased from 850 oC to 1050 oC, the mechanical properties improved, especially the glass-ceramics in a dense acicular type
of crystals of the Wollastonite phase at 1050 oC, in particular, and all specimens before and after acid immersion, in general.
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Introduction

Recent industrial developments over the last five decades
have tremendously increased the amount of waste materials,
and the disposal and management of bottom ash, incinerator
fly ash and coal fly ash have attracted much interest [1-3].
Sludge bottom ash generated from solid waste incineration
plants and thermal power plants amounts to 4.2 million
tonnes per year in Korea.

The sludge bottom ash from the incineration of municipal
solid wastes contains a multiplicity of hazardous materials
such as dioxins and toxic heavy metals, Cd, Cr, Pb, etc.,
which subsist in the bottom ash as oxide and chlorides [4].
It therefore requires further treatment for it to become
reasonably harmless for the environment. In recent years,
new ceramic and glass-ceramic materials prepared by
recycling various sludge bottom ashes have been getting
much consideration from research and development [5-7].
So solving the environmental problems caused by the
sludge bottom ash ensuing from the production of glass
ceramics will confer the product further benefits and
offer a significant prospective for profit.

Conversion or inclusion in glass-ceramic systems has
been used to extend recycling to several types of by-products,
such as sludge bottom ash and fly ash from coal- and oil-
fired electric power stations and fly ash from urban solid

waste incinerators [8-9]. Some of these glass-ceramic
materials became commercial products [10, 1].

Their main applications are in the field of abrasion-resistant
materials, that is, industrial floor coverings, wall facings,
abrasion-resistant linings, and high-temperature insulators.
Moreover, the low cost and availability of the raw materials
make them very attractive economically [11]. Glass-ceramic
products composed of Wollastonite crystals have excellent
properties and exhibit no deterioration at high temperatures
of above 1000 oC. Therefore, the products are expected
to be useful as thermal insulating materials, refractories,
external-internal wall facings and in-road construction
compositions.

Recently, we have prepared glass-ceramics using sludge
bottom ash from solid wastes incineration plants and waste
glass cullet [12]. It is important to make the Woallstonite
glass-ceramics by means of a mechanical grinding method,
applying a disk type ball mill and one time thermal step.
For recycling, it is useful to obtain a Wollastonite glass-
ceramic which has great advantages in terms of mechanical
and thermal properties. In this study, we investigated the
chemical durability of Wollastonite type glass-ceramics
by means of a mechanical grinding method to determine
their mechanical properties.

Experimental procedures

The experimental procedure for preparation of the
specimens and the starting materials used in this study
have been reported on previously [12]. Wollastonite glass-
ceramics were prepared from dry sludge bottom ash from
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municipal waste incinerators (Yeocheon, South Korea) and
waste glass cullet were used as the raw materials. In these
experiments, we used dry sludge bottom ash of a minute
powder (−150 mesh) and waste glass cullet was washed
and dried by a drying oven at 60 oC for 24 h. Waste glass
powder was obtained by grinding the raw material, waste
glass cullet, in a disk type ball mill (Retsch GmbH &
Co.KG., D-42781 HAAN, TYPE : RS1, Germany) for
30 minutes (700 rpm). The waste glass powder of about
−150 mesh was used to produce Wollastonite glass-ceramics.
Table 1 shows the composition of the raw materials,
sludge bottom ash and waste glass powder used in this
study. The glass powder and sludge bottom ash powder
were fixed at a weight ratio of three parts waste glass
powder to one part bottom ash powder.

The mixture of the two different powders, about 60 g
of waste glass power and bottom ash, was mechanically
ground in a disk type ball mill for 4 h (700 rpm). After
milling, the mixture was pressed into a cylindrical shape
having a diameter of 10 mm and length of 30 mm without
using any binder. The formed specimens were placed in a
box-type SiC furnace, and the temperature was increased
at 5 oC minute−1, sintered at different temperatures (850 oC,
950 oC and 1050 oC for 1 h, respectively) and then cooled
to room temperature.

To analyze their chemical durability, the specimens were
immersed into 20 cm3 of an acidic solution (1N H2SO4)
at 80 oC for 48 h. The chemical durability of the specimens
was analyzed by both measuring the weight change and
observing the surface morphology with a field emission-
scanning electron microscope (FE-SEM, S-4700, Hitachi
Co., Jpn.) equipped with a Robinson-type backscattered
electron detector. Variations in chemical compositions at
the surface of the specimens before and after immersing
were evaluated by an energy dispersive X-ray spectrometer
(EDS). Various properties such as density, compressive
strength and bending strength of the specimens were also
investigated before and after the immersion. Density was
measured using an electronic densimeter (ED-120T, MFD
BY A&D CO., LTD, Japan). The compressive strength was
examined by a universal tester (Instron 4302, Instron
Co., England) and the bending strength was determined
from a 3-point bending strength test in a universal tester

(Instron N8872, Instron Co., England). The Vickers hardness
was estimated using a Vickers’ hardness tester (Shimadzu
Co., HMV-2 series, Japan).

Results and Discussion

Table 2 shows the chemical durability (weight change%)
of the specimens heat-treated at 850 oC, 950 oC, and 1050 oC.
The weight change values were evaluated according to
the following equation:

Chemical durability (weight change%)
= (m1− m2)/m1 × 100 (1)

where m1 and m2 are the weights of the specimens before
and after the immersion in the acidic solution, respectively.
The chemical durability of these specimens was not
considerably affected by the heat-tcreatment temperature,
although the weight loss of the sample heat-treated at
850 oC exhibited a small but significant increase. Since
it is hard to evaluate the accurate chemical durability of
the specimens due to their small weight changes before
and after the immersion, we were not able to make clear
the variations in the chemical durability by measuring
weight gain alone.

For more insight into the chemical durability, the
morphological and chemical compositions of the grain-like
acicular phase at the surface of the specimens before and after
immersing in the acidic solution were examined by FE-SEM
and EDS. Figs. 1, 2, and 3 show the surface morphologies
and acicular phase’s chemical compositions of the glass-
ceramics heat-treated at 850 oC, 950 oC and 1050 oC
before and after the acid-immersion. Figs. 1(a), 2(a) and
3(a) present the results of the morphological analysis of
the specimen heat-treated at 850 oC, 950 oC and 1050 oC,
respectively, by using FE-SEM. Fig. 1(a) shows many
rough round-shape grains of a size (5 µm-18 µm) and
acicular type grains about 9 µm-19 µm in the matrix and
the grain’s surface shape of a heterogeneous and small size.
As seen in Figs. 2(a) and 3(a), as the heat-treatment
temperature was increased to 950 oC and 1050 oC, the
specimen’s surfaces showed irregular and unsystematic
acicular grains ranging from 7 µm up to 23µm. As clearly
shown in Figs. 1(a), 2(a) and 3(a), progressive increases of
the heat-treated temperature cause changes in the grain
shape and the surface state of specimens. Therefore, the
important factor in the crystal formation is the heat
treatment temperature.

In our EDS analysis, Si, Ca, Al, and alkali ions such as

Table 1. Chemical composition (wt.%) of the raw materials used
in this study

Oxide Sludge bottom ash Waste glass

SiO2 40.01 71.3

Na2O - 11.86

CaO 28.38 9.41

MgO 7.27 1.73

Al2O3 18.72 1.95

K2O - 3.75

Fe2O3 5.62 -

Table 2. Weight change (%) of the wollastonite glass-ceramics
heat-treated at 850 oC, 950 oC and 1050 oC before acid immersion
and after acid immersion.

Properties  850 oC  950 oC 1000 oC

Density(gcm−3)  2.349  2.502 2.586 

Weight-change(%)
(1 N H2SO4)

 0.086  0.102 0.094
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Na, Mg, and K were detected on the acicular phase surfaces
of all specimens before and after the acid-immersion.
However, as is clearly seen in Fig. 1(d), relatively small
and weak peak intensities corresponding to calcium were
identified on the surface grains for the specimen heat-treated
at 850 oC. As shown in Figs. 2 and 3, for specimens
heat-treated at 950 oC and 1050 oC, it is very difficult to
identify variations in the calcium peak intensities of the
EDS between the before [Fig. 2(b) and 3(b)] and after
[Fig. 2(d) and 3(d)] the acid-immersion. It is important
to note that well-crystallized grain-like acicular crystals to
withstand the acid treatment are closely aggregated in the
glass-ceramic matrix for specimens heat-treated at 950 oC

and 1050 oC. The acicular type crystals are typical SEM
results from a Wollastonite [CaSiO3] glass-ceramic heat
treated at 950 oC-1050 oC, and they showed a surface
crystallization mechanism with the formation of acicular
type grains of Wollastonite [9].

We also examined the compressive and bending strength
of specimens heat-treated at 850 oC, 950 oC, and 1050 oC
before(BAI) and after(AAI) acid-immersion (Fig. 4 and
Fig. 5). All the tests were conducted with 8 times for each
specimen. The data values are averaged from tests on speci-
mens. The compressive strengths are 221.9-273.4 MPa (BAI)
and 175.3-269.7 MPa (AAI), and the bending strength also
advanced from 83.5 to 96.9 MPa (BAI) and from 59.8 to
88.5 MPa (AAI) as the heat treatment temperature was
increased from 850 oC to 1000 oC. It is quite evident from
Figs. 4 and Fig. 5 that the increase of the compressive and

Fig. 1. FE-SEM image and chemical composition of the surface
from EDS for the Wollastonite glass-ceramics heat-treated at 850 oC,
before acid immersion (a), (b) and after acid immersion (c), (d).

Fig. 2. FE-SEM image and chemical composition of the surface
from EDS for the Wollastonite glass-ceramics heat-treated at 950 oC,
before acid immersion (a), (b) and after acid immersion (c), (d).

Fig. 3. FE-SEM image and chemical composition of the surface
from EDS for the Wollastonite glass-ceramics heat-treated at 1050 oC,
before acid immersion (a), (b) and after acid immersion (c), (d).

Fig. 4. Compressive strength of Wollastonite glass-ceramics heat-
treated at 850 oC, 950 oC and 1050 oC, before acid immersion and
after acid immersion.
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bending strength at 1050 oC is caused by an increase in the
amount of acicular- type Wollastonite crystals, in the glass-
ceramic matrix. Generally, acicular type crystals included in
glass-ceramics showed a good mechanical strength. In this
study, glass-ceramics (heat-treated at 950 oC, and 1050 oC)
of the acicular-type Wollastonite crystals showed a high
mechanical strength which means that it is not influenced
by the chemical treatment in an acidic solution.

Fig. 6 represents the Vickers hardness measurements
of the Wollastonite glass-ceramic specimens heat-treated
at various temperatures [before and after acid immersion].
Fig. 6 clearly shows that the hardness value increases
with the heat treatment temperature from 850 oC to 1050 oC.
Therefore, the acicular type crystal growth at the highest
temperature accounts for the increase in the hardness
value. As shown in Fig. 6, the Wollastonite glass-ceramic
specimen heat-treated at 1050 oC has the maximum hardness
value of 6842 ± 105 MPa (before acid immersion) and

5949 ± 109 MPa (after acid immersion). In this study, we
discovered that the development of well-crystallized acicular
type crystals in a Wollastonite glass-ceramics can improve the
compressive strength, bending strength and Vickers hardness
at 1050 oC. These findings led us to conclude that specimens
that withstood all the heat-treatment temperature-ranges are
sufficient in terms of mechanical properties for practical usage.

Conclusions

We prepared well-crystallized wollastonite glass-ceramics
from dry sludge bottom ash from municipal waste
incinerators using waste glass cullet as raw materials. From
FE-SEM and EDS analyses, we found that the glass-ceramics
heat-treated at 950 oC and 1050 oC showed cost-effective
improvements in chemical durability, since their well-
advanced acicular type Wollastonite crystals in the glass-
ceramics matrix had a smaller calcium ion variation between
before and after acid immersion, showing high mechanical
properties for all conditions. Calcium content in acicular
type grain of the glass-ceramics matrix has been maintained,
which is an evidence of the stable chemical durability and
good mechanical properties, because it is an important factor
in the crystal formation. The compressive and bending
strength of the specimens obtained at all heat-treatment
temperatures investigated (850, 950 and 1050 oC) is sufficient
for practical usage, in all cases of before or after immersion
in the acidic solution. The compressive strengths were 221.9-
273.4 MPa(before acid immersion) and 175.3-269.7 MPa
(after acid immersion), and the bending strengths were
83.5-96.9 MPa(before acid immersion) and 59.8-88.5 MPa
(after acid immersion) as the heat treatment temperature
increased from 850 oC to 1050 oC.
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Fig. 5. Bending strength of Wollastonite glass-ceramics heat-treated
at 850 oC, 950 oC and 1050 oC, before acid immersion and after
acid immersion.

Fig. 6. Vickers hardness values of Wollastonite glass-ceramics
heat-treated at 850 oC, 950 oC and 1050 oC, before acid immersion
and after acid immersion.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


