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Abstract

Batches ofx-cordierite glass-ceramics, designated as GC-l and GC-Il, containing 68 and 64 wt.% fly ash, respectively, were crystallized
in the temperature range of 1125-1320 The XRD (X-ray powder diffractometer) of the glass-ceramics showtteatrdierite became the
dominant phase in GC-l and GC-Il at 120D. GC-l and GC-Il, whose solid parts contain 74 and 78 val:%ordierite and whose compressive
strengths are 35 and 50 MPa, respectively, have the respective linear thermal expansion coefficients b £.5hd 1.43x 10°6/°C. The
fly asha-cordierite glass-ceramics can be employed as kiln furniture, honeycomb substrates for catalysts, and heat exchangers.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction containing about 95 vol.% glassy powder, about 5 vol.% crys-
talline phases of quartz and mullite, and 7.1 wt.% free carbon
Fly ash generated from thermal power plants has beenvolatile to be completely removed at 800 was utilized in
still posing a heavy problem to the environment and eco- the fabrication of cordierite glass-ceramics. ShowFdhle 1
nomic growth throughout the world, since it is utilized much is the bulk composition of volatile-free fly ash.
less today than generatfid-3]. Its chief consumer is still the Being isostructural with  beryl [9], cordierite,
construction industry, but its products including bricks, cer- MgAl3[(AlSi5)O1g], has coefficients of linear thermal
amsite, cement and concrete are generally of low i@@]. expansion of 2.5 10°% and —0.9x 10°6/°C parallel to
Recently, increased attention has been focused on how fly astag and ¢y axes[10], respectively, and accordingly a dense
is utilized in the high-valued producfg,8]. cordierite monolith has a linear thermal expansion coeffi-
In this paper, the utilization of fly ash in the high-valued cient, which ranges from-0.9x 10°% to 2.5x 10°6/°C
products like cordierite glass-ceramics is exemplified. The with its batch ingredients and fabricating procé¢$$,12]
fly ash in this study, collected from a thermal power plantin At present, cordierite products, produced mainly from talc,
Wuhan, China, was wet sieved through a series of four sieveskaolinite and alumina through solid reaction, are utilized as
with openings of 100 mesh (144n), 150 mesh (10pm), kiln furniture, honeycomb substrates for catalysts, and heat
200 mesh (74um), and 325 mesh (44m). When dried, the  exchangers.
fractions in weight of fly ash, in terms of +100 mesh, 100/150
mesh, 150/200 mesh, 200/325 mesh a825 mesh, were
calculated as 6.51, 9.34,5.04, 17.32, and 61.79 wt.%, respec- .
tively. Consequently, only the portion ef325 mesh fly ash, 2. Experimental procedures

In the glass-ceramics, fly ash is the main ingredient and
* Corresponding author. industrial alumina and basic magnesium carbonate powders
E-mail addressheyongyu@263.net (Y. He). are the other two ingredients added to introduce components
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Table 1 in the process of sintering, a series of green disks of GC-I
Bulk composition of volatile-free fly ash (wt.%) were sintered in temperature range 900-13DGit an in-
SiO, 57.99 terval of 50°C for 4 h before they were examined through
Al20; 2898 the XRD technique. In order to determine the temperature
.Fr%? ﬁg at which the cordierite firstly occurred, another sample was
cao 249 sintered at 1125C for 4 h. InFig. 1, there are XRD spectra
NapO 0.27 of the —325 mesh fly ash, certain sintered disks and GC-II
K20 131 on the one hand, and (Fa) for the spectrum oft825 mesh
Total 9698 fly ash, (D) for the disk sintered at 1126, (C) for the disk

& Analysis was carried out by Professor Yang on an X-ray fluorescence sintered at 1200C, (B) for the disk sintered at 130C, i.e.,
spectrometer. GC-l, and (A) for GC-II on the other.

The XRD patterns of the spectra (A—C) fit in well with
Al>,03 and MgO. In the fabricating process the bulk pow- the XRD pattern of.-cordierite (JCPDS13-293) except for a
der of the fly ash, alumina, and basic magnesium carbonatefew weak peaks of spinel wittrvalues of 0.244 and 0.203 nm
were first mixed in a planetary ball mill for 4 h; then the (JCPDS No 21-540), hence the consistenay-cbrdierite in
batch was mixed again with methyl cellulose of 8wt.% of the glass-ceramics with earlier researching re§idtd 5] Fa
the batch weight for another 2 h; then this well-mixed batch spectrum irFig. 1shows that glass, next to which are quartz
was granulated with water and pressed into disks with a di- and mullite (JCPDS No 15-776), predominates in 825
ameter of 40 mm and a thickness of 1.8 mm under a pressuremesh fly ash, as observed under a polarizing microscope.
of 15 MPa; and finally, the disks were sintered at designated The XRD spectra ifrig. 1 show a clear phase transfer in
temperatures for 4 h before they were examined by an X-ray our case. With the rise of sintering temperature from9D0
powder diffractometer (XRD; D/MAX-3B, Japan, Cuak the quartz and mullite decreased in amount and disappeared
for crystalline-phase determination and by an electron probe completely at 1200C; and with the consumption of quartz
X-ray microanalyzer (Jxa-8800R, Japan), both for compo- and mullite the cordierite started to occur from 1225and
sition analyses of crystalline and glassy phases and for mi-became the dominant phase in GC-1 at 1200vith several
crostructure observation. To evaluate the volume fractions of weak diffraction peaks of phase spinel. However, our XRD
the crystalline and glassy phases, the backscattering imageslata (not presented herein) show that the quartz and mullite,
of the sintered disks were analyzed by the imaging software, which originated in fly ash, had basically been used up at
Image-Pr& Plus. 1150°C where the spinel appeared.

Based on the Archimedes principle, a procedure defined In Fig. 2, two backscattering images collected from GC-I
by ASTM C373[13] was adopted to calculate the bulk den- and GC-II, respectively, on the electron probe X-ray micro-
sity, apparent porosity, and water absorption in the cordierite analyzer show that the glass-ceramics consist mainly of four
glass-ceramics. The coefficients of the linear thermal expan-parts: the black areas referring to pores by P; the gray matrix
sion of the glass-ceramics were measured on a dilatome-to a-cordierite by C; the light area to glass by G; and the
ter (ZP-2, China). The compressive strength of the glass-lighter areas to spinel by S. ShownTable 3are the com-
ceramics in a cylindrical form was measured on a univer- positions fora-cordierite, glass, spinel, and the inter-grain
sal testing machine. The dielectric constants of the glass-phase between spinel grains in GC-I and GC-II.
ceramics were measured at 10kHz at room temperature by A comparison of the data iflable 3shows that Si in the
using a low frequency impedance analyzer (HP 4192A). A «-cordierites and Al in the spinels are less than those in their
silver paste was used for the electrodes. theoretical formulae, respectively; and that theordierites

The glass-ceramics were kept at 12@0for 15min in a in GC-Il contain relatively more impurities than those in GC-
furnace, and then quenched in“ZBwater for one cycle, so |, whereasthe spinelsin GC-1l seem purer than those in GC-I;
that their thermal stability was evaluated by measuring the and that the components CaO, FeO, Ji@a0, and KO
numbers of thermal shock cycles before they cracked. are concentrated in the glass phase which exists discretely

in the a-cordierite matrix; and that the inter-grain phase be-
tween spinels in GC-I has a plagioclase composition while
3. Results and discussion the corresponding phase in GC-Il is not the plagioclase, but

A cordierite glass-ceramic designated as GC-I, along with
its batch components iflable 2 was sintered at 130
for 4 h through a series of tests. To increase the quantity of
the cordierite in the glass-ceramic, an improved cordierite
glass-ceramic designated as GC-II, also along with its batch
components iMable 2 was sintered at 132@ for 4 h. Fly ash 325 mesh) 68 64

To investigate the temperature range of the cordierite for- g‘|293 powder (<0.08 mm) 10 10

. . . asic magnesium carbonate 22 26

mation and the evolution of the crystalline and glassy phases

Table 2
Batch components of fly ash cordierite glass-ceramics (wt.%)

Component GC-I GC-lI
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Fig. 1. XRD spectra of the-325 mesh fly ash and the cordierite glass-ceramics sintered from fly ash. (Fa) For the spectrurB3@btheesh fly ash, (D) for
the disk sintered at 112%, (C) for the disk sintered at 120C, (B) for the disk sintered at 130C, i.e., GC-I, and (A) for GC-II. Four hours soaking time
was for all samples.
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Fig. 2. Backscattering images of cordierite glass-ceramics, namely images (a and b) for GC-I and GC-Il, respectively. The black areas refepmgso P a
the gray matix to C aa-cordierite; the light irregular area to G as glass; and the lighter areas to S as spinel.

the glass with a bulk composition similar to that of the glass components have an obvious effect on the microstructure of
phases in the glass-ceramics. the glass-ceramics.

Based on backscattering images of GC-land GC-Il,image  As shown inTable 4 certain properties of both GC-I and
analyses reveal that thecordierite, spinel, and glass phases GC-ll are stated, and the values of GC-l and GC-Il in terms of
make up 74.14, 6, and 19.86 vol.% of the solid part in GC-I, bulk density, apparent porosity, and water absorption are cal-
respectively, and similarly, the corresponding phases in GC- culated from the dry weight, the wet weight, and the weight in
Il are 78.69, 3, and 18.3vol.%, respectively; and that GC-I water of the testing glass-ceramics following the procedure
has almost the same amount of glass as GC-Il, but there is ardefined by ASTM C373. The data Trable 4show that GC-I
increase of-cordierite and a decrease of spinelin GC-II; and has higher apparent porosity and thermal stability than GC-II
that both the sintering temperature and the proportion of main though GC-I has a lower bulk density, and GC-I and GC-
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Table 3
Bulk compositions ofv-cordierite, glass, spinel and inter-grain phase between spinel in GC-1 and GC-II (wt.%)

GC-P GC-lI

Cordierite Glass Spinel Inter-grain phase Cordierite Glass Spinel Inter-grain phase
SiO; 4853 5739 nd 4587 4809 5681 nd 5400
Al,03 3532 1966 62.63 3172 3562 1677 6429 1962
MgO 1354 244 23.19 135 1366 495 2626 548
FeO 109 451 14.18 207 097 263 945 329
TiOz 0.20 328 nd 127 019 398 nd 344
CaO Q77 883 nd 1547 005 1166 nd 981
NaO 018 134 nd 197 027 126 nd 185
K20 0.68 253 nd 029 115 164 nd 251

2 The average of three analysis results, with an associated eri# wf.%.
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