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Abstract

CaO-MgO-A}0;-SiG0;, glass-ceramics were prepared from mixtures of waste generated from refining of kaolin clay (called Kira) and
dolomite (CaMg(CQ),). Kira was mixed with dolomite in mass ratios of 65/35 (sample 1) and 75/25 (sample 2). They were melted at
1350°C and quenched in water to obtain glasses. The quenched glasses were gretlid tnesh and used to prepare glass-ceramics.
Crystallization of the parent glass occurred above*@@roducing diopside (CaMgsds) and anorthite (CaABi,Og) as major crystalline
phases; diopside anorthite in sample 1 and anorthite diopside in sample 2. The macroscopic appearance of the samples changed from
transparent pale green glass to smooth-textured shiny white upon crystallization. The four point bending strengths of the as-fired glass-ceramics
were 130 MPa in sample 1 and 73 MPa in sample 2, which was approximately half of the value for sample 1. Vickers microhardness values
were found to be 7.4 and 7.6 GPa in samples 1 and 2, respectively. The thermal expansion coefficients of the glass-ceramics prepared at
1000°C for 1 h were 67 x 1076°C~* (30-380°C) in sample 1 and.Z x 10-¢°C~! in sample 2. Since the chemical durability for acid and
alkali was excellent in these glass-ceramics, they are considered to be candidates for applications such as building materials, ceramic tiles, etc.
© 2003 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction machinable ceramics, bio-ceramics, optical materials, etc.
[1,2]. Since the main constituents of glass-ceramics are
Large amounts of kaolin clay are mined for porcelain SiOy, Al2O3, CaO, and/or MgO, many inorganic wastes are
raw materials in Seto (Aichi)—Tajimi (Gifu), Japan because potential starting materials. Various wastes have been used,
this clay shows very good plasticity. However, only the fine e.g. slagqd3,4], coal ash5,6], incinerator aslj7,8], waste
fraction is used as a raw material for porcelain; the coarse glass, and she[B], phosphorous fertilizer and oil shale ash
fraction representing the greater proportion, is wasted during[10]. Since these wastes generally contain relatively high
the refining processes. This waste and waste generated frontontents of FgO3 and/or TiQ, the resultant glass-ceramics
silica sand production are collectively called Kira, the total are colored, limiting their potential applications.
amount of which is estimated to be about 500,000t per year Kira mainly consists of quartz, kaolinite, feldspar and/or
in the Seto area alone. No effective uses for Kira have beenmica (sericite), and contains only small amounts of col-
found, though porous ceramics, bricks, tiles, etc. have beenoring components such as J&& and TiG. It is, there-
produced from it on a trial basis. Thus, almost all of the fore, considered to be a more suitable raw material for
Kira is re-buried, consuming a large amount of energy and glass-ceramics than other wastes studied to date. We pre-
money. It is, therefore, highly desirable to develop uses for pared CaO-AlOs—SiO, glass-ceramics from mixtures of
these Kira wastes. Kira and CaCQ@ by melting at 1400C, quenching in
Glass-ceramics are attractive materials used in variouswater, and sintering and crystallizing the glass powder at
applications such as building materials, cooking ceramics, 950-1200C [11]. Although the glass powder was colored
pale green due to the small amounts ob®g and TiQ
PN ) in the raw materials, the glass-ceramics obtained are shiny
* Corresponding author. Tel81-3-5734-2524; Lo . .
fax: +81-3.5734-2877. white in appearance. The glass-ceramics showed a high
E-mail address: kokada@ceram.titech.ac.jp (K. Okada). strength (about 80 MPa), high hardness (about 7 GPa) and
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good chemical durability, especially against acid solutions. (AUTOGRAPH DCS-R-10TS, Shimadzu) at a crosshead
They are, therefore, thought to be good candidates for speed of 0.5 mm/min. The reason for using unpolished test
various applications. pieces is to obtain the strength data from the as-produced
In this work, CaO-MgO-AIO3-SiO, glass-ceramics  samples such as are actually used as building materials
were prepared using Kira as the major raw material with and also to avoid chipping of the glassy-phase-containing
added dolomite (CaMg(C$)»). Their mechanical prop- samples by polishing. The average bending strength was
erties, thermal properties, chemical durability, etc were obtained from measurements of 11 samples. The micro-
determined. hardness of the glass-ceramic was measured using a Vickers
tester (MHT2, Matsuzawa Precision Machine) on samples

polished using SiC powder (6000 mesh) using an indention

2. Experimental of 9.8 N for 15s. The average value was obtained from 11
indentations.
2.1. Preparation of glass-ceramics The chemical resistance of the glass-ceramics (2000

1h) was examined in acid and alkali solutions. The sizes
The starting materials were Kira generated as a residue ofof the samples were about 4mm5mm x 13mm and
kaolin clay refining, corresponding to sample no. 5 in ref. the surfaces were polished using SiC powder (8000 mesh).
[11], and dolomite obtained from Akasaka, Gifu, Japan. Five pieces of sample were immersed in 100 ml of 1 mass%
Based on the eutectic compositions in the CaQeA+ H>SOy (about 0.1 mol/l) or 1 mass% NaOH (0.25 mol/l) at

Si0O, system[12] and the MgO-AlO3-SiO, system[12], 90°C for 24 h. The samples were washed with de-ionized
batch compositions were prepared by mixing 65 mass% of water, dried at 110C overnight and weighed. The chemi-
Kira with 35 mass% of dolomite (sample 1) and 75 mass% cal durability of the glass-ceramics was determined as the
of Kira with 25 mass% of dolomite (sample 2). The Kira and weight difference before and after the chemical leaching.
dolomite powders were mixed by wet ball milling for 16 h The microstructure of the glass-ceramics was observed
and dried at 110C overnight. The dried powder mixtures using a SEM (JSM-5310, JEOL) at an accelerating volt-
were calcined at 90T for 1 h to decompose the dolomite. age of 15kV. The samples were polished using SiC powder
They were then melted at 135G for 2h in a Pt crucible (8000 mesh) and chemically etched for 1 min in 1 mass%
and water-quenched to obtain granular glass. Glass powdeHF (0.5 mol/l).
samples were prepared by dry ball milling and sieved to
<100 mesh. Pellets (10 mm in diameter) used in the crystal-
lization experiments and test pieces (5 mdmmx 40 mm) 3. Results and discussion
used for property measurements were formed by uniax-
ial pressing at 98 MPa. The pellet samples were fired at 3.1. Glass-ceramics
850-1200C for 1h by inserting in a preheated furnace

while the test piece samples were fired at 1000or 1 h at The chemical compositions of the Kira and dolomite sam-

heating and cooling rates of&/min. ples are listed infable 1 The major chemical components
of the Kira are SiQ (67.6 mass%) and ADs (25.2 mass%),

2.2. Characterization totaling >92 mass%. The remaining components ag® K

(4.5mass%), CaO (1.4mass%) andl mass% FgO3,

The chemical compositions of the samples were deter- NaoO, MgO and TiQ. Since the Kira is residue of kaolin
mined by X-ray fluorescence (RIX2000, Rigaku). X-ray clay refining, it is richer in AJO3 and KO than other
measurements were performed using monochromated CuwKira wastes[11]. The major mineralogical constituents in
Ka radiation (Lab X XRD-6100, Shimadzu) to identify and the Kira are found by XRD to be quartz (Sifp kaolinite
guantitatively analyze the crystalline phases using a conven-(Al2Si>Os(OH),), microcline (KAISgOg) and muscovite
tional calibration method using Si powder as the standard. (KAl 2(Si3Al)O10(OH),). The dolomite is monophasic ac-
The glass transition temperatur&g) and crystallization cording to XRD pattern, though its Ca/Mg molar ratio from
temperatureTc) were obtained from DTA analysis (Thermo- the chemical analysis ifiable lis about 1.9. Although this
plus, Rigaku) at a heating rate of6/min. The linear ther-  value is larger than unity it is within the reported composi-
mal expansion coefficients of the glass-ceramics (20  tion range of dolomite solid solutiorj§3].
1h) were analyzed using a dilatometer (TMA8310, Rigaku).  The granular glasses were transparent but pale green due
The sample size was about 4mob mm x 13mm and the  to the small amount of €3 present. The chemical com-
measurements were performed at 25-800The thermal positions of these glass samples are listedable 2to-
expansion coefficients of the glass-ceramics were calculatedgether with the data for CaO—4D3—SiO, glass prepared
based on the temperature range from 30 to“Z80 from mixtures of Kira and CaCg)f11]. Compared with the

The four point bending strengths of the as-prepared chemical composition of CaO—-4D3—SiO; glass, the AlO3
glass-ceramics (100, 1 h) were measured on unpolished contents of the present glasses are higher while the SiO
as-produced test pieces using a universal testing machinecontents are lower in sample 1 but higher in sample 2.
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Table 1

Chemical compositions of starting materials Kira and dolomite (mass%)

Sample SiQ TiO2 Fe03 CaO MgO KO NaO Ig. loss
Kira 67.6 0.2 0.5 14 0.2 4.5 0.3 0.2
Dolomite 0.4 Trace 0.1 36.9 16.2 Trace Trace 46.3
Table 2

Chemical compositions of glass samples (mass%)

Sample SiQ Al»,03 TiO2 FeO3 CaO MgO KO NaO
Sample 1 52.9 16.2 Trace 0.4 17.7 9.5 3.1 0.2
Sample 2 60.4 17.9 Trace 0.5 11.6 53 4.1 0.2
Referencd11] 57.9 12.3 Trace 0.4 26.8 0.1 2.4 Trace

The DTA curves of the glass powder samples 1 and 2 aresurface area. The crystalline phases formed in both samples

shown inFig. 1 The glass transitionTg) temperatures of  are diopside (CaMgg0Ds) and anorthite (CaAi>Og). The

these samples were 693 and 720 respectively. The base

line of the DTA curve of sample 1 decreases steeply at aboutopposite in sample 2.
850°C, thought to be caused by shrinkage of the samples

due to sintering by a viscous flow mechanism, but this be- o

havior is not observed in sample 2. Exothermic peaks due

to crystallization are observed at 930 and 905n samples

1 and 2, respectively. Endothermic peaks observed at 1220

and 1195C in these samples are attributed to melting of

the samples. Crystallization treatments were, therefore, per-

formed at 850-1200C, chosen on the basis of these DTA

results.

The glass powders were pressed into pellets and fired

at various temperatures. The photographs (sample 1) and

XRD pattern of the sample are shown kigs. 2 and 3
respectively. The sample fired at 88D showed sintering
due to viscous flow of the compacted glass powder which (b)
had a glassy appearance, with a pale green color. The XRD of
this sample shows a halo pattefid. 3). By contrast, many
peaks are observed in the XRD patterns of the samples fired
at 1000°C indicating the formation of crystalline phases.
The appearance of this sampleHig. 2because shiny white
with a smooth surface. The shape of these glass-ceramic
samples becomes more rounded at higher firing temperatures
due to the lowering of the viscosity of the glassy matrix
phase. However, this deformation is apparently smaller than
observed in CaO-ADs—SiO; glass-ceramic$ll], which
deformed to almost spherical shape to minimize the sample

Exo.

Endo.

(e)

Sample 2

Sample 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
400 600 1000 1200

Temperature [°C]

Fig. 2. Appearance of as-pressed sample 1 (a), those fired &C881),

Fig. 1. DTA curves of glass samples 1 and 2. and 1000C (c).

amount of diopside is higher than anorthite in sample 1 but
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Fig. 5. Changes of the amounts of diopside (squares) and anorthite (trian-

Fig. 3. XRD patterns of samples 1 and 2 fired at 850 and 1Q0fr 1 h. gles) in sample 1 (solid lines) and sample 2 (broken lines) as a function
of firing time (at 1000C).

Changes of the crystalline phase contents in the two
samples fired for 1 h are shown Fig. 4 as a function of h iahtly | han that of | but is still hiah
firing temperature. Sample 1 starts to crystallize betweenthus Sr']g tyf ower t %‘t a,t 0 slampe 1 L,’t IS st r']g er
850 and 900C, with the amounts of diopside and anorthite t_an that of CaO-AlOs-SIO; g ass-ceramps{ll]. The
increasing steeply up to 978, becoming stable between higher total amoun_t of crystalline phases in the pre;ent
975 and 1100C, and decreasing above this temperature. gag_xgg_gifo:%—lsloz glass'—cerlam|cs bcomlpar(e;d V\r/]|th
The amounts of diopside and anorthite in sample 1 fired “3°~ bOs- |Ozga_155-_cerar_n|c[§L ] may be relate to the
at 1000°C for 1h are 66 and 15mass%, respectively. The content of MgO, which is belleve_d tq decrease the viscosity
total amount of crystalline phase in this sample (81 mass%) of the melt and enhance cr_ystall|zat|ﬁm,15]. ) )
is apparently higher than that in CaO-2@k—SiO The samples were also fired at 10@for various times
glass-ceramics (55mass%)1]. This difference is the to examine the dependence of cry'stallinity on'firing time.
reason for the smaller deformation of this glass-ceramic Changes of the e_lm_ounts of crystall_lne pha?s_es n these sam-
compared with the CaO—AD3-SiO, glass-ceramicgll]. ples are shown |rF|g_. 5as a func_tlon_ of firing time. An
The crystallization temperature of sample 2 is slightly apparent difference in the crystallllza_non rates is found be-
higher than that of sample 1 though the exothermic peak tween thg tvvp samples. Crystalhzauon.of sample 1 starts
temperature of crystallization was higher in sample 1. The a;te;aﬁrmg time Cl)lf betwheen 8 gnd 10min, and the a}mounts
amounts of the two crystalline phases similarly increase of t e two crystaliine phases increase very steeply up to
steeply up to 975C and remain stable between 975 and 10 min. By contrast, the crystallization of sample 2 starts
1100°C. The amounts of diopside and anorthite in this similarly after firing for 10 min but the increase in the crys-
sample fired at 1000C for 1 h are 24 and 51 mass%, respec- talline phases is very slow. Steep increases in the amounts

tively. The total amount of crystalline phase (75 mass%) is of th? two crystalline phases are ob;erved between 30 and
60 min. The total amount of crystalline phase becomes al-

most constant after firing for only 10 min in sample 1 but a

80 ' ' - - firing time of at least 1 h is necessary in sample 2. This dif-
- I Diopside ] ference is suggested to correspond to the difference in the
S (Sample 1) crystallization rates of the major crystalline phases in these
g oor Anorthite i samples, i.e. diopside in sample 1 and anorthite in sample
) ;fimﬂlef)’”\ ] 2. A similar tendency was found in the crystallization of
§ I N T CaO-AbO3-SiO; glass[11], i.e. a fast crystallization rate
£ 40 i ; o o] of wollastonite, which is of similar structure group to diop-
E £ s : side but a slow crystallization rate of anorthite.
g sl ] From the examination qf the crystallization behqvior_ of
£t o~ . sam_pl_es 1 and_ 2 as a function of temperature and f|r_|ng time,
@) (Sample 1) L. the firing conditions to convert them to glass-ceramics were
ol L P decided on, namely, a temperature of 10G0for 1 h.
800 900 1000 1100 1200 The SEM micrographs of the surfaces of the glass-ceramics
Firing temperature [°C] polished and chemically etched with HF are shown in

Fig. 4. Changes of the amounts of diopside (squares) and anorthite (trian-F|g'_6' Many needle-like pores are observed in the surfaces.
gles) in sample 1 (solid lines) and sample 2 (broken lines) as a function At first, these pores were thought to correspond to selec-
of firing temperature (for 1h). tively leached crystals of diopside and/or anorthite as was
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ple 1 and 73 MPa in sample 2. The strength of sample 1 is
approximately twice that of sample 2, which has a similar
strength to the CaO—-AD3-SiO; glass-ceramicpll]. Since
there is only a slight difference in the total amounts of crys-
talline phases in samples 1 and 2 but the major crystalline
phase is diopside in sample 1 and anorthite in sample 2,
the difference in strength may be attributed to the different
major crystalline phases. It is, therefore, found that diop-
side is a more preferable crystalline phase than anorthite
from the viewpoint of the strength of these glass-ceramics.
A similar tendency was also reported by Park ef{Hr] in
glass-ceramics prepared from sewage sludge fly ash. They
prepared two glass-ceramics with diopsigeanorthite and
anorthite> diopside, and found that the bending strength of
the former glass-ceramic (92 MPa) was higher than that of
the latter (75 MPa). Diopside is also suggested to be a more
preferable crystalline phase in glass-ceramics compared
with the strength of the wollastonite in CaO-R3—Si0,
glass-ceramicfll] (Table 3 though the amount of wollas-
tonite is less than diopside. Superior mechanical properties
were also reported for glass-ceramics with Mg-containing
crystalline phases such as cordierite @AySisO13g) [18]
and akermanite (GdMgSi,O7) [19]. By contrast with the
apparent difference in the strengths of two glass-ceramics,
their hardness values show no significant difference. The
hardness values obtained in the present glass-ceramics
Fig. 6. SEM photographs of samples 1 and 2 fired at 2@@or 1h are relatively high compared with those of various other
chemically etched by 1 mass% HF. glass-ceramicfll1,17]

The thermal expansion -coefficients of the present
found for wollastonite in CaO—-AD3—SiO; glass-ceramics  glass-ceramics are.® x 106 and 47 x 10°%°C1 in
[11]. However, the areas of these pores appear to be lowersamples 1 and 2, respectively. This difference is attributed
than expected from the amounts of crystalline phases into the differences in CaO and MgO contents of samples 1
the two samples (about 70-80 mass%). Since the chemi-and 2 because those components are known to increase the
cal durability of diopside and anorthite is higher than that thermal expansion. The thermal expansion coefficient of the
of wollastonite[16], the glassy phase in the grain bound- commercial glass-ceramics (NEOPARIES) which are used
aries may correspond to these pores in the present glassas building materials, is reported to be26< 10-6°C~*

ceramics. [20]; the coefficient of sample 1 is of a similar order
and that of sample 2 is lower than in these commercial
3.2. Properties of the glass-ceramics glass-ceramics. The present thermal expansion is rela-

tively low compared with values reported for various other
The various properties of the resultant glass-ceramics glass-ceramics, indicating that the present materials have
are listed inTable 3together with the corresponding data an enhanced ability to avoid thermal stress in applications
for CaO-AbOs—SiO, glass-ceramicqd11l]. The bending such as building materials involving repeated temperature
strengths of the present glass-ceramics are 130 MPa in samvariations.

Table 3

Various properties of the present glass-ceramics and comparison wifi xgf.

Properties Sample 1 Sample 2 RefereficH
Crystalline phase (mass%) 81 75 55
Bending strength (MPa) 130 (®) 73 (14) 81(8)
Vickers hardness (GPa) 7.4 (8) 7.6 (5) 6.6 (3)
Weight loss in acid (mg/cR) 0.4 1.3 0.31(2)
Weight loss in alkali (mg/cf) 2.3 1.4 1.60 (3)
Linear thermal expansionx(10-6°C-1) 6.7 4.7 5.2

aThe numbers in the parentheses represent standard deviation in the last decimal place.
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The chemical durability of glass-ceramics, especially relatively low compared with values reported for other
for acid solution, is important if the materials are to be glass-ceramics.
considered as potential building materials, because acid (7) The chemical durability of the glass-ceramics was
rain is becoming an increasingly serious problem in a excellent, especially to acid.

number of countries. The weight losses of the present

glass-ceramics after leaching in acid and alkali solutions are

0.4 and 2.3mg/chin sample 1, and 1.3 and 1.4mg&m  Acknowledgements

in sample 2, respectively. The weight loss in acid is ap-

parently lower than that in alkali in sample 1 but the  We are grateful to Maruishi Ceramic Raw Materials Co.,
loses are almost same in sample 2. Since the reportedShimizu Industry and Dr. K. Shimosaka for help of col-

weight losses in commercial glass-ceramics (NEOPARIES) lecting Kira and dolomite samples. We are also grateful
are 3.4 and 1.3mg/chfor acid and alkali, respectively to Professor K.J.D. MacKenzie of Victoria University of

[20], the present glass-ceramics have significantly higher Wellington for critical reading and editing of this manuscript.

chemical durability to acid but slightly lower durability to

alkali.
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