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ABSTRACT

Glass-ceramics used as decorative building materials are prepared by heat-treating parent
glass with specific composition to deposit crystals under controlled conditions, which are
jointly composed of single or multiple crystals and residual glass so as to be referred to as
composite materials.

In this book, the development, characteristics and fabrication technology of decorative
glass-ceramics are systematically reviewed; subsequently, the use of sewage sludge and other
solid wastes for production of glass-ceramics is also overviewed. Finding out the shortage of
conventional technologies preparing glass-ceramics, especially gas pore defects of glass grain
sintering technology and non-textures for the products of rolling technology, the authors
proposed a new process, in which cracked glass is used as a precursor and sintered and crys-
tallized for glass-ceramics; accordingly, the process is named for short as QICGC process, i.
e. a process of preparing glass-ceramics by crystallization of the glass with cracks induced by
water-quenching (abbr. cracked glass). The glass-ceramics prepared by the QICGC process
show specific appearance with dendritic, granular, silk-like, stellate and shell-like textures
so0 as to be called as pseudo-bioclastic glass-ceramics.

QICGC process flowchart is as follows: mix-design and weighing — blending —+ melting
parent glass— forming by cast or rolling = water quenching — cracked glass — sintering —>
crystallizing — polishing — pseudo-bioclastic glass-ceramics. The key procedures of QICGC
process are sintering and crystallizing of cracked glass. Therefore, two series of experi-
ments, i. e. sintering experiments and crystallizing experiments, were designed and carried
out, and, at the same time, the properties of corresponding samples were tested or charac-
terized, using differential thermal analyzer for probing crystallization tendency of the parent
glass of all batches, computer scanner for recording the appearances of the samples, Archi-
medes method (suspension method) and pycnometer method jointly for measuring densities
and porosities, X-ray diffractometer and scanning electron microscope for determining crystal
composition, type and micro-structure of crystallized samples, universal testing machine for
measuring three-point bending strength, thermo-mechanical analyzer for testing coefficient of
thermal expansion, and chemical resistance tests of parent glass and glass-ceramics.

After the cracked glass is prepared using quartz, feldspar, limestone and other additives
by mix-designing, blending, melting and water-quenching, systematic sintering experiments
and crystallizing experiments were carried out respectively, in order to determine the key pa-

rameters of QICGC process. At the same time, glass grains, prepared by the same method of
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cracked glass, were sintered as a parallel and contrast experiment of cracked glass sintering.

Results of sintering and crystallization of cracked glass of two series of experiments are as
follows. '

1. Sintering experiments

Cracked glass of the batches with different sintering abilities, especially of difficult sinte-
ring batches, can be well sintered at the relatively low temperature. On the other hand,
when sintering temperatures are high, the sintering quality of cracked glass is only slightly
influenced by the initial crystallization, and phenomena of sintering quality worsening don’t
occur. Accordingly, it is obvious that the QICGC process enjoys a wide range of sintering
temperature. Compactness of sintered bodies of cracked glass fired in the optimal sintering
temperature interval is high, and their closed porosities are smaller than 0. 5%. On the con-
trary, the sintering state of glass grains is severely influenced by sintering ability of batches
and initial crystallization, so that sintering temperature range becomes narrow and the com-
pactness of the sintered bodies is low. As a result, the closed porosities of sintered bodies at
the optimal temperature are over 1. 0%. The closed porosities of sintered bodies of cracked
glass and glass grains increase with heat-treatment temperature, however, the increase ex-
tent of the former is low, holding at about 0. 5%, while that of the latter is very high, up to
2.0%. The reasons of the compactness of sintered bodies of cracked glass being greater than
that of glass grains ones can be attributed to: D The original porosity of the cracked glass is
far less than the glass grain before sintering; @ The shape of the crack gap in cracked glass
is wedge-like, and that of glass grains is inter-particle porous.

Sintering of cracked glass is quick so that the sintering procedure of the cracked glass of
different batches can finish in a short time. The sintering rate of cracked glass is 10~30min
quicker than that of glass grains at the same proper temperatures, and the compactness of
the former is higher than that of the latter. In the sintering temperature interval, cracked
glass transforms into Newton fluid and accomplishes sintering. According to Frenkel formu-
la, the fact of cracked glass sintered more easily than glass grains can be attributed to the
difference of the radius of the objects heat-treated, i. e. the radius of the former infinitely
bigger than that of the latter.

The sintering of cracked glass is essentially accomplished in the action of surface ten-
sion. In this book, cracks in the cracked glass are divided into three kinds: non-gap cracks,
gap cracks in middle-layer and bottom-layer, and gap cracks in surface layer. Three kinds of
cracks are all sintered as a result of different model of surface tension and other associated ac-
tions: non-gap cracks are healed under glass thermo-expansion and surface tension; gap
cracks in middle-layer and bottom-layer are sintered under the synergetic effect of glass ther-
mo-expansion, compressive effect loaded by surface layer glass and surface tension; gap
cracks in surface-layer are sintered under bridging act of small glass debris and extension of

front edges of cracks healed previously. Three kinds of cracks have different contribution to
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the formation of closed gas pores: no gas pores will be formed in non-gap cracks and gap
cracks in surface layer; gap cracks in middle-layer and bottom-layer are the origin of closed
gas pores; it is the premise of forming closed gas pores that gap cracks in surface-layer before
hand healed before the gap cracks in middle-layer and bottom-layer being fully healed. The
formation of closed gas pores is severely influenced by the temperature difference and the
bridging act of the small glass debris fell into surface gap crack, both being environment con-

ditions for gap cracks in surface-layer before hand healed.
2. Crystallizing experiments

The cracks of cracked glass are favorable for heterogeneous nucleation. The reason is
that, during the fabrication of cracked glass using water quenching, water-glass thermal in-
teraction is to produce active radicals and hetero-matters at the surface of the glass debris
constituting cracked glass, and mineral impurities of water and dusts of air could also be ab-
sorbed at the surface of the glass debris. The active radicals, hetero-matters, mineral impu-
rities and dusts can act as the nucleating positions of cracked glass and lower the nucleation
energy; in addition, glass debris pertaining to parent glass of CaO — Al,Q; - SiO, family has a
tendency of surface nucleation by itself.

During crystallizing, the crystal will in advance deposit at the surface of the glass debris
of cracked glass owing to the surface preferentially nucleating; but under the synergestic
effects of the latent heat released by crystallization, expense of CaQ, and CaO content lower
than the stoichiometric amount needed for complete crystallization of parent glass, the mech-
anism of dendritic crystal growth works when the crystals preferentially deposited grow con-
tinually to the interior of the glass debris.

Glass-ceramics prepared by the QICGC process exhibits an appearance of pseudo-bioclas-
tic texture. The mechanism forming the texture is attributed to heterogeneous nucleation and
crystallization. The reasons are as follows: (DThe surface of glass debris of cracked glass can
easily nucleate and crystallize, but the interior of it can’t do so by itself and can only deposit
crystals depending on surface crystal developing toward it. The course of the crystal deposi-
tion is influenced by the crystallizing time, latent heat and CaO expense. The surface layer of
glass debris is crystallized strongly due to the small effects of the three factors, while the
center of it weakly due to the great effects. @ When the surface crystals develop primary
trunk crystals toward interior of glass debris along the radial orientation of glass debris, the
effects of latent heat and CaO expense are so small that primary trunk crystals can develop
quickly and the crystallinity is high. On the contrary, when secondary and continually deriv-
ative trunk crystals deposit along the circumferential orientation, those effects become so
strong that they grow slowly and the crystallinity is low. The differences in the crystallinity
between primitive cracks and glass debris, surface and interior of glass debris, radial and cir-
cumferential orientation of glass debris, turn into the base of the pseudo-bioclastic texture.

External factors influencing the pseudo-bioclastic texture are temperature of water-quenching
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and composition of parent glass, the former determining the crack amount of cracked glass
and the morphology and size of glass debris, and the latter affecting the texture fashion by
controlling the crystallizability of parent glass.

CaO content of parent glass has large impact on the macro appearance, total crystallinity
and micro structure of the glass-ceramics prepared by the QICGC process, because deposition
potential of primary, secondary and continually derivative trunk crystals is enhanced with the
increase of CaO content. When CaO content is high, cracked glass can be fully crystallized,
so that total crystallinity is high and crystal grains are dense; On the contrary, when CaO
content is low, primary, especially secondary and continually derivative trunk crystals are
difficult to deposit, cracked glass cant be fully crystallized, with low total crystallinity and
rare crystal grains.

Crystallization temperature is a main factor influencing crystallizing progress. When
crystallization temperature rises from low to high, glass-ceramics with different structures
prepared by the QICGC process are generated in succession; partially-crystallized glass-ce-
ramics, fully-crystallized glass-ceramics, and over-fired glass-ceramics. Obviously, prepar-
ing fully-crystallized glass-ceramics is the aim of the research on the QICGC process. The
formation mechanism, mechanical strength and its change pattern on three sorts of glass-ce-
ramics are as follows.

(1) Partially-crystallized glass-ceramics. While crystallization temperature is on the low
side, the viscosity of parent glass is so high that primary trunk crystals are difficult to grow
into the center of big glass debris, to result in cracked glass only partially crystallized and
macroscopically transparent glass remaining in the glass-ceramics eventually prepared. The
result of the test measuring coefficient of thermal expansion shows that coefficient of thermal
expansion of macroscopically transparent glass phase is bigger than that of macroscopical
crystal phase; accordingly, the tensile stress may form and micro-cracks may generate in the
transparent glass phase. And the results of measuring the bending strength of the remainder
part of glass-ceramics cut with different thickness indicate also that the transparent glass
phase can directly induce the decrease of bending strengths,

(2) Fully-crystallized glass-ceramics. While crystallization temperature is in the proper
temperature interval, viscosity of parent glass drops down to medium value, so that primary
trunk crystals can easily grow into the center of glass debris, and secondary and continually
derivative trunk crystals can also propagate relatively quickly, leading to the total crys-
tallinization of cracked glass to a reasonable degree and final conversion into fully-crystallized
glass-ceramics. Though fully-crystallized glass-ceramics don’t contain the macroscopically
transparent glass phase, they are composed of macroscopic crystal phase and macroscopically
oi)alescent glass phase, and therefore their bending strengths can’t reach a very high level.
However, more than 35MPa of their bending strength can meet the Chinese standard on the
construction and decoration materials.

The crystallinity is different in the different directions of the fully-crystallized glass-ce-
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ramic. In the perpendicular direction, the surface crystallinity is greater than that of the in-
terior of the glass-ceramic; in the horizontal direction, the crystallinity of the macroscopic
crystal phase is greater than that of macroscopically opalescent glass phase, and the former
phase encompasses the latter and the proportion of the former higher than the latter. The re-
sult of measuring thermal expansion coefficient shows that the higher crystallinity, the lower
coefficient; meanwhile, relationship between bending strength and cut thickness of glass-ce-
ramics reveals that the strength will decrease when the cut thickness exceeds 2mm. Conse-
quently, it is concluded that the surface and macroscopical crystal phase with high crystallin-
ity are compressive stress regions, hereby are the contributors of the mechanical strength to
insure the bending strength up to relatively high values. For the samples prepared in the op-
timal heat-treatment temperature regime, the bending strengths are over 40MPa.

The closed porosity of fully-crystallized glass-ceramics is less than 1%, and the surfaces
of the samples cut and polished only display small pinholes and don’t show gas pores more
than 1mm. It is indicated that the gas pore defect of the glass-ceramics prepared by the
QICGC process is low and the product quality can satisfactorily meet the requirements of the
relevant Chinese standard.

The water resistance and alkali resistance of fully-crystallized glass-ceramics are excel-
lent, the former being slightly inferior to and the latter slightly superior to that of corre-
sponding parent glass. But acid resistance is poor, and as low as 0. 2% of acid resistance can
be obtained only under optimal technological condition. The reasons of the poor acid resist-
ance are; D The main crystal wollastonite in the glass-ceramics is poor to resist acid corro-
sion; @The structure of the glass-ceramic is very uneven, because the macroscopical crystal
phase aggregates excessively, which leads to dense druses and scarce residual glass phase.
When corroded by acid, the crystal aggregations are easy to disintegrate integrally without
the protection of residual glass phase.

(3) Over-fired glass-ceramics. While crystallization temperature is high, viscosity of
parent glass is so low that primary trunk crystals can grow quickly into the center of glass
debris, resulting in complete crystallization of cracked glass. However, affected seriously by
the latent heat released in the growth course of primary trunk crystals, the seconcary and
continually derivative trunk crystals can propagate slowly, and their amount is far less than
primary trunk crystals. Moreover, the trend that all crystals are molten again becomes
great. The factors mentioned above lead to a deficiency in total crystallinity of glass-ceramics
and a very high content of residual glass, so that over-firing phenomenon arises. Owing to
the easiness of micro-crack expanding and brittle rupturing in the residual glass phase, ben-
ding strength of over-fired glass-ceramics is at a low level.

In this book, on the basis of the systematic research for QICGC process, using sewage
sludge as a main material and again adjusting the batches optimized on the base research of
QICGC process, the experiments of preparing sewage sludge glass-ceramics and charactering

the properties of the samples were subsequently carried out. Toxicity characteristic leaching
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procedure (TCLP) experiments were then made to evaluate the effect of solidifying heavy
metal ions of the sewage sludge into glass-ceramic products.

Sintering characteristic of cracked glass prepared from sewage sludge as a main material
is superior to the corresponding glass grains. For example, effectively sintering temperature
of the former is lower than that of the latter, accomplishing the sintering at 800°C, and com-
pactness of the sintered bodies of the former, with less than 0. 3% of closed porosity, is low-
er than that of the latter. Moreover, the results also indicate that the problem of the impact
of the impurities from sewage sludge on glass grains sintering, can be solved when using the
cracked glass as the precursor of glass-ceramics.

The characteristics of the sewage sludge glass-ceramics prepared at the optimal tempera-
ture are as follows; the compactness is high and the closed porosity around 0. 35%; surface
quality is excellent and no gas pores bigger than 1mm can be observed; bending strength is
more than 35MPa to meet the quality requirement of decorative materials; water resistance
and alkali resistance are outstanding, but acid resistance is poor which doesn't attribute to the
crystal phase but to the residual glass phase that is poor to resist the acid corrosion due to
very high contents of alkali metal and net modifying oxides in the residual glass phase; the
heavy metals in the sewage sludge glass-ceramics are hardly leached in the TCLP test, which
indicates that the heavy metal from the sewage sludge can be solidified so effectively that the
secondary environmental pollution of sewage sludge can be avoided when it is fabricated into
glass-ceramics.

According to the systematic sintering and crystallizing experiments on the QICGC
process as well as the results of characterizing properties of samples, it can be concluded that
the glass-ceramics used as decorative building materials with pseudo-bioclastic textures, low
closed gas porosities and no gas pore defects can be prepared by QICGC process. This
process can also adapt to the composition feature of sewage sludge with a lot of impurities,

and sewage sludge can be manufactured into glass-ceramics as a cost-effective way of waste

recycling.

Key Words: Cracked glass; Glass-ceramic; Sintering; Crystallization; Decorative building

materials
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