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ABSTRACT

The overall objective of the project is to utilize fly ash, produced by burning Illinois coal,
which is currently being landfilled, as a major raw ingredient to manufacture value-added
ceramic tiles and to commercialize the technology.

In the course of this project, the process was developed that allows utilization of fly ash
with moderately high carbon content in manufacturing ceramic tiles. The processing
method was developed that leads to oxidizing residual carbon from the ash and removal
of a potential source of the tile warping, surface defects, and loss of strength. The mix
proportions were finalized, and the prospective manufacturing process by dry pressing
and fast firing was identified. The results indicated that the requirements for floor and
outdoor applications were achievable in the fly ash-based system. The results also confirmed
the initial premise that fly ash can be utilized as the major raw ingredient in manufacturing
of ceramic tiles. This formed the basis for a successful experimental run on the actual mass-
production industrial-type equipment. The technical and economic feasibility study for a
commercial-scale plant based on this technology gives an estimate of the capital and
operation costs involved, as well as the market prospective of commercialization of the
technology. It was proposed that an extended experimental run should be conducted using
the industrial equipment intended for the prospective commercial plant.




EXECUTIVE SUMMARY

The solid product of combustion of pulverized coal in power plants is called fly ash. It is
fine particulate material that is electrostatically precipitated or mechanically collected
from the stack.

Annually, the state of Illinois produces over 5% of the 60 million tons of fly ash
generated in the U.S. Approximately 20% of this fly ash is utilized by the cement and
concrete industry and the rest is landfilled. Any non-concrete utilization of the currently
disposed fly ash would not only be environmentally sound and cost effective, but will
also create a stable year-round demand.

The overall objective of this project is to utilize fly ash generated by the burning of
Illinois coal as the major raw ingredient for manufacturing value-added ceramic tiles for
wall, floor, and outdoor applications. Considering the size of the tile industry, a
considerable fraction of the fly ash produced in Illinois can be utilized to prepare ceramic
tiles. As raw materials constitute to the major cost in running a tile plant, replacement of
costly raw materials by fly ash is attractive to tile manufacturers.

The project focused on manufacturing tiles out of fly ash at a commercial tile plant
located in the State of Illinois, and fly ash-based tiles are manufactured with
characteristics similar to those of conventional tiles. The parameters investigated were
selected based upon important factors for the commercial manufacturing of fly ash-based
tiles. Development of such information is essential for commercialization of this

technology.

In dry pressing, approximately 5% water is added based upon the weight of dry solid.
The floor, wall, and outdoor tiles produced in this method mostly have a flat surface, and
the production rate for this method may be very high. In wet pressing, the amount of
water used is relatively high (approximately 25%), and the resulting material has the
consistency of putty. This procedure has the advantage of reasonably high production
rates, and simple designs on the tile surface are adequately reproduced. In the slip
casting method, a self-supporting shape, called a cast, is produced from a specially
formulated slip (thinned mixture of clay and other solids with water). Intricate designs
can be adequately reproduced using this processing method. However, a number of
parameters play an important role in successful slip casting, which is even more complex
in the presence of the multicomponent nature of fly ash.

Sintering of the green tile body takes place at 1000°-1200°, and solid bonds between
particles are formed. The tile body is glazed at 950°-1000°C, which is lower than the
sintering temperature. A glaze is a glassy material formed by melting of specially
designed mixes on the surface of a ceramic body, and staying adhered upon cooling.
Glazing improves the surface durability and adds different aesthetic values to tiles. In
order to achieve a defect-free surface, it is important that the thermal expansion of the




glaze be equal to or slightly more than that of the ceramic body. Among other properties,
breaking strength and water absorption are the most important properties to determine the
quality and applications of ceramic tiles. .

This phase of the research was designed to refine the technology that has been proven to
be achievable in a commercial tile manufacturing plant. Processing methods and
parameters that are relevant to commercialization of this technology, such as the pressing
methods, temperature profiles, glaze composition, were emphasized in this present
program, including presentation at technical meetings.

All processing methods mentioned above were investigated in this program, including
variations of wet pressing. Dry pressing, being the technology of choice for the future
commercialization, was paid special attention. It was tested at the pilot facility closely
simulating the industrial tile production environment.

The results of this study demonstrate that high proportions of fly ash (over 50%) can be
used in successful commercial manufacturing of ceramic tiles using wet pressing, slip
casting, and dry pressing methods. The causes of a few problems relevant to processing
and appearance have been identified, and remedial measures developed. The test results
indicate that characteristics of fly ash-based tiles are superior to those required for wall
tile applications and comparable to those required for floor and outdoor applications.
Several fly ash tile bodies have also passed the standard specifications used in the tile
industry, indicating potential for floor and outdoor applications.

There are reasons to believe that the processing method developed in this project for a
specific Illinois fly ash has general applicability to other Class F fly ashes. However,
variations of characteristics of ashes from different sources may necessitate some specific
adjustments due to the shifts in those characteristics.

As an integral part of this project, an economic and technical feasibility study was
conducted. It was shown that a green field tile plant in the central part of the U.S. has
satisfactory prospects of capturing the appropriate share of the market place. The capital
and operating costs were estimated and included in the study.



OBJECTIVES

The overall goal of this research is to utilize Illinois Class F fly ash in the commercial
manufacture of value-added ceramic tiles for wall, floor, and outdoor applications. Fly
ash can be used as the major alternative raw material for the ceramic tile industry for
several reasons. Fly ash is a valuable raw material with some characteristics that are
otherwise costly to produce.

o The fine powder form of fly ashes makes them usable in the as-produced form
without any further size reduction.

« The composition of fly ash is such that it can be used as a major raw ingredient for
making wall and floor tiles.

« Such utilization 1s environmentally sound, preserves our resources, creates a year-
round demand for fly ash, and benefits the economy of the State.

In 1990, approximately 100 ceramic tile-manufacturing plants in the United States
produced about 510 million square feet of tiles and the quantity is expected to rise in the
near future. Because of the high cost of raw materials, U.S. manufacturers are less
competitive than their foreign counterparts. Therefore, utilization of fly ash, now being
landfilled, to make ceramic tiles is very attractive. The objectives were to manufacture
tiles using any of three processing methods: slip casting, wet pressing, and dry pressing.

In order to accomplish this objective, both a technical and economic feasibility needed to be
established and the factors associated with commercial manufacturing evaluated. In the first
phase of the project, a technical feasibility study was conducted that included the proof of
the concept, composition formulation, process development, characterization of products,
and optimization of composition to meet the primary requirements for commercial tiles.

As anecessary step for the economic study, the process had to be scaled up from laboratory
to manufacturing plant scale. The parameters and data that are necessary to commercialize
this technology were obtained during the experimental work at the pilot tile plant. Another
important set of parameters was produced by a marketing study as a part of general
economic evaluation.

During the project period, ceramic tiles with satisfactory characteristics similar to
commercial wall and floor tiles were produced in the laboratory and in a small scale
commercial art tile manufacturing plant.



INTRODUCTION AND BACKGROUND

The fine particulate material that is electrostatically precipitated or mechanically
collected from the stack gases of power plants burning pulverized coal is called fly ash.
In fly ash, the rounded particles with a wide distribution in size are predominantly glassy
while the angular particles are predominantly comprised of four crystalline solids: quartz,
mullite, magnetite, and hematite. When the combined amount of the oxides of silicon,
aluminum, and iron in fly ash is 70% or above (by mass), it is described in ASTM
Standard Specification C 618 as a Class F ash. When this amount is between 50 and
70%, the ash is called a Class C ash. Power plants in Illinois burning Illinois coal
primarily produce Class F ash. The glassy content in fly ash is generally higher than
70%. Depending upon the burning conditions, fly ash also contains varying amounts of
hollow spherical particles, called cenospheres.

The chemical characteristics of fly ash are such that it can be used as a major raw
ingredient to manufacture wall and floor tiles in an energy- and cost-efficient manner.
The objective of this project is to study the feasibility of this concept, and ultimately
manufacture tiles in a commercial tile plant.

The presence of clay in a tile raw mix provides the strength necessary for handling the
green tile body. In many cases, clay addition levels of approximately 30% by mass are
sufficient to impart adequate green strength. The addition levels of clay and other
ingredients should be minimal in order to maximize the fly ash utilization, while retaining
the characteristics that are similar to those of commercially available tiles. Other
ingredients, such as wollastonite, nepheline-syenite, talc, are also necessary to control
processing parameters, such as rheology, shrinkage, surface texture, thermal expansion,

etc.

Ceramic Tiles. Ceramic tiles, used on floors, walls, and patios, both indoor and outdoor,
are common construction materials and are used in residential households and
commercial facilities of all sizes. The properties of commercial tiles are specified in the
American National Standard Specifications for Ceramic Tiles (ANSI A137.1), published
by the Tile Council of America (TCA). According to ANSI A137.1, tiles can be glazed
or unglazed, and the performance requirements vary depending upon the application.

Dry pressing. In dry pressing, the mass contains approximately 5% water (based upon the
weight of solid). The relatively dry mix of all the raw ingredients and water is then
pressed between metallic platens to form the green tile body. Because of the dryness of
this mix, the floor and wall tiles produced in this method always have a flat surface, and
are called field tile. The production rate for this method is very high. The formed green
body is then fired and glazed.

Wet Pressing. In wet pressing, the amount of water used is approximately 22 to 28%,
and the resulting material has the consistency of putty. This procedure has the advantage
of reasonably high production rates while designs with moderate intricacy can be
adequately reproduced. As a result, both field and surface raised (with surface design)




tiles can be produced using this method. The raw ingredients are first mixed with water,
and the mix is extruded to obtain an air-free mass. The mix is then ram-pressed between
two platens (flat plates or rolling cylinders) in which porous and stronger gypsum molds
are embedded. Following pressing, compressed air through the porous molds is used to
release the tiles. These tiles are then air-dried, fired, and glazed.

Slip Casting. An aqueous slurry containing fine clay particles in suspension is
traditionally known as slip. In this procedure, a self-supporting shape, called a cast, is
produced from a specially formulated slip. The parameters important to successful slip
casting are slurry rheology during mold filling; casting rate; density, yield strength, and
viscosity of slip; flow rheology on draining; mold release; and shrinkage, green strength,
and plasticity of the cast.

The amount of water used in slips for casting tiles is approximately 40% or higher by mass
of solids. In order to achieve a stable suspension, additives such as a deflocculant,
shrinkage-compensating compound, barium carbonate to capture sulfur, whitening agent,
etc. are commonly used. The time of addition, the kinds and amounts of ingredients used,
and the mixing time and temperature are critical in obtaining a slip with the characteristics
appropriate for slip casting. The slip is then poured into a permeable gypsum mold to
partially remove the water. Upon stripping from the molds, the casts are air-dried, fired, and

glazed.

Sintering. Sintering is a process of consolidation of particles under the temperatures
below the melting point (1000-1200°C) and caused, therefore, mostly by solid-state
reactions. Sintering during firing forms solid bonds between particles. Such bonding
reduces the surface energy by reducing the free surface. In this process, the grain boundaries
are partially eliminated through grain growth and the pore volume is reduced, leading to a
compact mass. The temperature necessary to induce such bonding depends upon the
characteristics of the material and the particle size distribution.

Many theories describing various stages and transport phenomena have been proposed to
describe the sintering phenomenon. Solid-state sintering takes place between particles of
single or multiple phases, where homogenization takes place during the sintering of
mixed phases that form a single-phase product. However, in many cases sintering takes
place in the presence of liquid, especially when many phases are present, and is known as
liquid-phase sintering.

As fly ash is a multi-oxide material, the densification is achieved through liquid-phase
sintering. Formation of liquid in the sintering process primarily comes from the glass-
forming oxides present in the fly ash. The glass-forming oxides commonly found in fly
ashes are silica and alumina, depending on the coordination number and bond strength.
The presence of alkali in fly ash is beneficial in reducing the processing temperature, as
alkali silicates tend to form glass quite readily. Generally, alkaline oxides are known as
"network modifiers." Cations with valency higher than alkali and alkaline earths may also




contribute to the network structure and are referred to as "intermediates." Often, fly ash
contains one or more intermediates. The role these various cations play, however,
depends upon the valence, coordination number, and bond strength.

Glazes and engobes. Generally, glazing is performed by refiring the sintered tile bodies at
relatively lower temperatures. Glazing improves the surface durability and adds different
aesthetic values to tiles. While wall tiles are almost always glazed, floor tiles and pavers are

© sometimes unglazed.

A glaze is a transparent glassy material designed to melt on the surface of a ceramic body,
and to stay adhered upon cooling. It is important that the thermal expansion of the glaze
must be equal to or slightly more than that of the ceramic body. Various glaze defects, such
as crawling (due to improper wetting), crazing (due to a higher coefficient of thermal
expansion of the glaze), shivering (due to a lower coefficient of thermal expansion of the
glaze), pitting (due to the presence of volatiles in the body), etc. may occur.

Engobes play the same role as glazes, both functionally and aesthetically. Unlike glazes,
engobes are opaque and mask the natural color of the tile body, thereby expanding the
decorative possibilities.

Properties of Tiles. According to ANSI A137.1, tiles (glazed or unglazed), depending
upon application, need to meet three acceptance categories:

« facial and structural defects
o dimensional characteristics
o destructive tests.

Of these three categories, destructive testing is directly associated with the properties of tile
materials. Among the six characteristics (water absorption, breaking strength, abrasive
hardness, bond strength, crazing, and thermal shock) included in the third criterion, the first
four are related to the characteristics of the tile body and the last four are to the glaze on it.
Therefore, it is obvious that tile bodies, regardless of their application, need to satisfy the
water absorption and breaking strength (reflects tensile property) requirements. The floor
tiles are required to have lower water absorption and higher breaking strength than wall tiles.

Porosity of the tile body, as measured by water absorption, is determined by a degree of
sintering achieved during firing. Depending on the water absorption, tiles are subdivided
into four categories (Table 1).

Table 1. Classification of tile bodies

Water absorption, %

Non-vitreous >7.0
Semi-vitreous 3.0-7.0
Vitreous 0.5-3.0

Impervious <0.5




The breaking strength also depends on the sintering characteristics, especially upon the
number and size of defects (such as pores, grain boundaries, etc.) within the load-bearing
area. Therefore, the strength can be increased if the size and number of defects in the
sintered body are reduced. This can be achieved by increasing the density of the sintered
product. An increase in bulk density also reduces water absorption. However, excessive
densification may increase shrinkage and warpage of the product to an undesirable level.

Table 2 summarizes the physical characteristics of various types of tiles as specified by
ANST A137.1.

Table 2. Standard physical characteristics of ceramic tiles.

Water absorption, % Breaking strength, Ibs
(max.) (min.)
Unglazed Mosaic tile 0.5 (porcelain) 250
3.0 (clay)
Quarry tile 5.0 250
Paver tile 0.5 (porcelain) 250
5.0 (clay)
Glazed Wall tile 20.0 90
Mosaic tile 0.5 (porcelain) 250
3.0 (clay)
Quarry tile 5.0 250
Paver tile 0.5 (porcelain) 250
7.0 (clay)
EXPERIMENTAL PROCEDURES

The objectives of the project were accomplished through experimental work in several
directions:

o Analysis of the recently procured fly ash oxide and phase compositions and particle
size distribution. ,

e Laboratory evaluation of the conditions for pre-processing of fly ash for pressing.

Performing pre-processing of fly ash under variety of conditions.

Study of glaze and engobe applications.

Firing of wet-pressed tiles at five different temperature regimes

Water absorption of the wet-pressed tiles fired at four regimes

Investigation of the causes of thickening of wet clay-fly ash mixes.

Preparations for the experimental production of dry pressing of tiles at the pilot

facility.

¢ Development of engobe and glaze formulas.

Ash Characterization. Fly ash obtained from the Vermillion plant was sampled and
analyzed for chemical composition and fineness. The ash chemical composition is shown in
Table 3.




Table 3. Chemical composition of fly ash

Analyte Wt %
SiO, 46.90
Al,O3 22,12
Fe,03 15.49
CaO 5.09
MgO 2.52
SO; 0.41
Na,O 0.26
K0 0.53
TiO, 0.09
P20s 0.05
Mn,O3 0.09
SrO 0.05
L.O.l. (950°C) 7.31

Fineness of fly ash was characterized by the particle size analysis. The analysis was
performed by Malvern laser diffractometer. The results are shown on Figure 1.
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Fig. 1. Particle size distribution of fly ash

‘ Preparation of laboratory samples. For manufacturing and evaluation of the fast-fired

tiles bodies, the tiles were made of the following mixture of Vermillion fly ash, clay, and
wollastonite.

At a laboratory scale, a few different mixing techniques have been used, such as mortar
and pestle, a Hobart mixer, and the jar ball mill with rubber stoppers as a mixing device.
At the commercial plant, mixes were prepared in a Mueller mixer. Firing of the tiles was
done in a Lindberg electric muffle furnace.

In a separate study, 0, 4, 8, 12, and 16% water was added to five test batches of the
standard mix. Samples were fired after 1, 7, and 21-day curing. It was found that the
mix chemically absorbed on average 0.52% water and this amount did not change
measurably over the curing period of up to 21 days. This is an important indicator that
has to be taken into account when mixes for dry pressing are prepared. The optimum
percent of free water in those mixes is to be in the range of 4 to 7%.

Pilot tile production. The project was brought to conclusion by the pilot production of
tiles at the TCA research center in Anderson, SC. The facility has two pieces of the core
tile-making equipment, namely a hydraulic press and a roller kiln. The press by WELKO
(Italy) is a commercial model with maximum load of 650 tonnes. The kiln by Studio
Uno (Italy) is a shortened version of a commercial kiln. The mix was prepared at M.E.



Tile Co. and shipped to the TCA location. During the tests water was added to the mix
followed by mixing in an Eirich blender.

RESULTS AND DISCUSSION

Mix Stiffening. In the previous stages of the tests with slip casting and plastic forming, it
was observed that curing of the clay/fly ash mixes led to stiffening of the mix.

Several complications were also encountered in the wet pressing method. The plasticity
of the extruded mix was rapidly lost. Therefore, tiles needed to be pressed from the
extruded mass immediately after mixing and extruding. Such time constraints impose
manufacturing difficulties. Also, upon firing, wet-pressed tile bodies developed slight -
roughness due to the formation of fine whiskers on their surface, particularly at the
curvatures. ' ‘

In normal dry pressing operations, approximately 5 to 7% of water is usually added, and
the tiles are pressed at least a day after water is added. Because of the hydration
characteristics, a portion of the added water is apparently consumed by the hydrates
leaving the amount that may not be adequate to achieve appropriate compaction. This
aspect was investigated by performing thermogravimetric analysis (TGA), and formation
of ettringite (calcium hydrosulfoaluminate) was tentatively identified as the most
probable water-consuming reaction. ‘

In order to determine the nature of this phenomenon, fly ash obtained from the
Vermillion plant was tested in mixes of the composition corresponding to the mixes
tested for producing tiles.

First, for this purpose, the standard mix was prepared of the following composition
(percent by weight):

51% fly ash (Vermillion)
45% clay

4% wollastonite

10% water (dry basis)

The mix was prepared in a Muller mixer and was then stored in a sealed container. It was
found that the optimum time for this process was seven days. At the seventh day the
mass was remixed in a Muller mixer and the optimum of 15% more water was added.
This yielded a body that could be extruded, wet-pressed, and have a reasonable shelf life
before it becomes too hard to press.

The sample of the mix was also submitted for the analysis by differential scanning
calorimeter (DSC). The unused material was placed in a sealed vessel and tested again at
the 7 and 28-day ages.



The results of the DSC analysis give a strong indication that stiffening of the mixes
coincided with formation of ettringite (calcium sulfoaluminate). If this reaction actually
takes place, it not only removes free water from the system but also causes quasi-
cementitious setting effect.

Carbon removal. High carbon content is potentially the most important factor that may
have an adverse effect on the process implementation. Whereas carbon is easily burned
out on the tile surface, its particles can be entrapped inside the tile body and cause a wide
range of defects during sintering. In extreme cases it results in swelling and delamination.
Blistering, or formation of swollen patches on the tile surface, was an issue for firing both
in wet and in dry pressing methods.

Carbon contained in fly ash may become the largest obstacle to its use because of these
potential detrimental effects. Therefore, the major effort was aimed at the development of
practically feasible measures to remove the carbon particles from fly ash or to alleviate its
effects.

First, the attempt was made to preheat fly ash in order to remove carbon and volatiles
before mixing with other ingredients, and sinter in a fast firing schedule. Fly ash was
heated at 20°C per minute to 800, 900, 1,000, 1,100, and 1,200°C, respectively.
However, above 800°C, fly ash started to sinter, and at 1,000°C it formed a fairly hard
mass. Since such agglomerated mass would require additional grinding, it was obvious
that the processing temperatures need to be maintained at or below 800°C.

The fly ash heat-treated at 800°C for 5, 10, and 15 minutes was mixed in proportions of
51% and 61% by mass with clay and wollastonite, with 5% water added, to form discs
5.7 cm (2.24 in.) in diameter and over 6 mm (0.25 in.) thick under 17 MPa (2,500 psi)
pressure. The formed bodies were then oven-dried at 105°C for 30 minutes in order to
remove free water, and heated to 1200°C in about 50 minutes. After it reached the peak
temperature, the furnace was allowed to cool down to below 500°C, and the specimens
were removed. These specimens did not show any surface deformation. Tile bodies
were made with fly ash that was. None of these mixes exhibited any surface
deformation.

It was demonstrated that residual carbon could be removed from fly ash prior to mixing
with other ingredients. Despite the promising results of using preheated fly ash, it was
apparent that in a large-scale commercial production this approach was impractical.
More realistic would be the one-step thermal treatment combining carbon removal by
oxidation with sintering. The temperature profile of such process was developed and
finalized in a series of trial tests in a laboratory electric furnace and in commercial-size
batch furnaces at M.E. Tile Co.

Further laboratory experiments was performed in order to define the heat treatment
conditions for the tiles made by dry pressing method, using heating in an electric furnace to
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1,200°C within 30 minutes or more. This established the temperature profile necessary for
fast firing of fly ash-based tiles.

In order to define the range of heating rate where bloating becomes an issue, the tile
bodies were made with a fly ash unusually high in carbon content (approximately 20%)
and fired at heating rates of 5, 10, 15, and 20°C per minute. No bloating was observed in
any of the dry-pressed tile bodies. However, under the same heating rate, wet-pressed
tile bodies bloated and cracked at the heating rate above 10°C per minute. The most
likely explanation is the effect of free water on the body porosity and, therefore,
permeability.

Based upon this observation, a mix with 51% of untreated fly ash was used in dry
pressing under the same conditions. The sintered tile bodies had no surface deformation.
However, when a piece of a wet-pressed tile made with 61% fly ash mix was fired under
the same conditions, it underwent uneven volume changes (bloating). It indicated that
porosity and compactness of formed tile body may be a contributing factor to this
phenomenon. Subsequently, a few different untreated fly ashes with LOI ranging from 3
to 20% were mixed with other ingredients and fired (after water removal at 105°C) at a
rate of as high as 40°C/minute to 1,200°C. In this fast firing, none of the tile bodies
showed any surface deformation. This suggests that fast firing rapidly sinters the surface
and makes it virtually impervious to air. As a result, the carbon particles encapsulated
inside the specimen are not oxidized and do not generate any internal pressure to cause

bloating.

During firing, oxidation of the present carbon begins at a temperature below 750°C.
Sometimes sintering began prior to complete oxidation of the carbon. The residual
carbon does not seem to have an effect on the strength. The solution to this carbon
problem was holding the tile in the furnace at 750°C for 12 minutes. Air has been passed
through the furnace in the attempt to shorten the amount of time needed to get the carbon
to an acceptable level.

Upon fast firing of tile bodies containing over 51% fly ash, bloating was not observed.
Based upon this observation and the past experience, we anticipated that bloating occurs
only over a certain range of heating rate. At slow firing rate, carbon burns out while the
piece being fired remains porous. When heated very rapidly, the surface gets sintered
quickly and prevents air from going in, which entraps the interior carbon particles. The
absence of bloating at heating rates from 20 to 40°C per minute indicates the high end of
the rate spectrum.

In order to optimize the firing process, several tile bodies were fired in a laboratory furnace
using different firing schedules. A 12-minute soak at 750°C was found to be adequate for
an approximately 10 mm thick and 60 mm diameter tile bodies that were formed under a
pressure of 25 MPa and fired at 1,200°C with a heating rate of 30°C per minute. In order to
measure the strength characteristics of the fast fired tile bodies, 150 mm diameter tile bodies
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are being made and fired at the conditions found to be adequate to burn the interior carbon
particles in smaller tile bodies.

However, although fly ash tile bodies were fast-fired in a laboratory furnace without
encountering any bloating, carbon particles near the core of the tile bodies remained
unburned, which might compromise other characteristics of the tile bodies. The black
core of carbon-rich material may be undesirable from the standpoint of the tile

appearance.

In order to minimize or eliminate dark core near the center of fast-fired tile bodies,
several tile bodies were fired in a laboratory furnace using a 30°C/minute heating rate
from 250°C to 1,200°C. The soaking time at 750°C was varied between 12 and 18
minutes to avoid dark core. The time required to reach the final temperature is about 45
minutes (including the 12-minute hold at 750°C). Several tile bodies were made with
thickness of approximately 9 mm, which is about 1 to 2 mm more than regular ceramic
tiles. This thickness was chosen to identify the conditions at which dark core does not
form in thicker tile bodies. Also, in a few firings, air was supplied into the furnace for
rapid burn off of the carbon. Using the conditions that have been established lately, a few
tile bodies have been prepared with virtually no dark core.

The tile bodies were tested for breaking strength. Based upon the specification ASTM
C'648 (Standard Test Method for Breaking Strength of Ceramic Tile), a setup for
specimen support and force applicator were devised and fabricated. Tile bodies with
thickness of approximately 8 mm were made and fired under the conditions established
for the thicker tiles. These tile bodies were then tested for breaking strength.

Tile testing. The tiles produced in these tests were subjected to the strength test according
to the ASTM procedure and based on a three-point support and a single point loading.
The results are presented in Table 4.

Table 4. Test results of tile samples

Sample No. | Sample mass, g | Firing time, min. | Breaking load, Ibs | Visible carbon
1 350 12 341.0 Abundant
2 350 15 345.7 Minimal
3 300 15 224.6 Minimal
4 300 18 295.3 None
5 350 18 317.8 None

The strength of four out of five tested specimens was higher than 250 lbs required by
specification ANSI 137.1 for floor tiles.

After the key process parameters were widely studied at the laboratory scale, the
experiments were transferred to the small commercial scale production facility at MLE.
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Tile Co. Green tiles were produced by wet ram pressing, roller pressing, and slip casting.
The tiles were fired in electric kilns with programmable controllers.

When tiles and other ceramic bodies are fired in an industrial kiln, the firing temperature
is usually measured by standard cones (or rather slightly asymmetrical pyramids) made
from calibrated and numbered ceramic mixes and placed in the furnace close to the heat-
treated bodies. The behavior of cones, from initial deformation to full collapse,
characterizes the actual temperature within the kiln charge. Therefore, in the following
description, the firing temperatures are expressed by the cone numbers and (in
parentheses) in degrees Celsius. Most standard-mix tiles were fired at Cones 03
(1086°C), 01 (1117°C), 3 (1152°C), and 5 (1184°C). The products were tested for
strength and water absorption. Tiles fired at 1184°C were used for investigation of glaze
and engobe applications.

All tiles passed the breaking strength requirements of the national standard. The
following Table 5 summarizes the results of water absorption tests (average for batches
of 8) as a function of the firing temperature.

Table 5. Water absorption of tiles

Sample No. Firing temperature, °C Water absorption, %
1 1086 11.3
2 1117 11.1
3 , 1152 10.6
4 1175 7.7
5 1184 6.6

While slight reduction in water absorption with progressive firing temperatures is
obvious, a substantial decrease in water absorption occurred between 1152 and 1175°C,
and continued to the final firing temperature of 1184°C. Tiles fired at 1184°C were used
for investigation of glaze and engobe applications.

To determine the effect of moisture on the pore structure, the tiles were pressed and fired
from the mixes with the different water content. Experimental firings were also
conducted with mixes containing fluxes (nepheline-syenite, talc) to optimize the firing
temperature and reduce water absorption. The results helped to finalize the mix
composition intended for the pilot tests at the TCA facility.

TCA tests. The next step in the program was manufacturing dry-pressed tile bodies at the
Tile Council of America (TCA). Because of the experimental nature of the test run, the
press and the kiln were operated in a batch mode. The press was loaded manually. The
green tiles were oven dried and loaded into the kiln. Individual tiles were pressed and
fired under varying conditions in order to define the optimum conditions. Efficient
carbon removal was the main criterion of the process optimization.
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The principal equipment used during the tests is described in the previous section.
Process parameters varied in the course of testing in the following ranges:

Tile size: 300x300 mm (12”°x12”)
Thickness: 7.1 mm to 8.7 mm (9/32” to /5,
Moisture: 7 to 7.7%

Pressure: 190 to 220 kg/cm?"

Firing time: 60 to 100 minutes

Pre-heating temperature: 660 to 740°C
Firing temperature: 1143°C

Pre-heating time: 24 to 50 min.

After the tiles were manufactured standard tests were performed at the TCA technical
department to verify their compliance with the standard specification ANSI A137.1

(Tables 6, 7).

Table 6 ASTM C373 tile water absorption

Sample No. | Water absorption,
%
12.9
17.6
15.8
16.0
11.5
17.6
11.2
13.5
Average 14.5

ON| OO DWW N —

All tiles met the standard requirements for wall tiles. It should be noted that the firing
temperature was below that established during the tests at M.E. Tile Co.
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Table 7. ASTM C648 breaking strength

Breaking strength,
Sample No. Ibs

207
287
283
259
225
255
281
243
255

10 215
Average 251

—_

Ol Of N O O1f | W N

Discussion. In the course of this project, the processing method was developed that
allows to utilize Illinois coal fly ash with moderately high carbon content in
manufacturing ceramic tiles. The temperature profile of firing was developed that leads to
oxidizing residual carbon from the ash and removal of a potential source of the tile
warping, surface defects, and loss of strength. The mix proportions were finalized, and
the prospective manufacturing process by dry pressing and fast firing was identified. The
results indicated that the requirements for floor and outdoor applications were achievable in
the fly ash-based system. The results formed the basis for a successful experimental run on
the actual mass-production industrial-type equipment.

The marketing and economic feasibility study based upon this concept confirmed. that
considering the size of the tile industry, a reasonable fraction of the fly ash produced in
Illinois can be utilized to prepare ceramic tiles. Pursuing this technology is also important
from the tile manufacturer's viewpoint, as raw materials contribute to a major cost of
running a tile plant. Replacement of costly raw materials by less expensive fly ash would
not only be attractive to tile manufacturers, but also it would make the U.S. tile industry
more competitive against the foreign imports.

The next step in the development of the proposed technology would be producing a batch of
tiles on the prototype equipment suggested for the prospective commercial plant. Such test
would provide all information necessary for the actual plant design and engineering.
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CONCLUSIONS AND RECOMMENDATIONS

1. The results produced in this program confirm that fly ash-based tiles can be
successfully made using over 50% fly ash.

2. The temperature profile of thermal treatment was developed providing optimum
conditions for carbon removal.

3. Dry pressing was determined as the method for pilot production.

4. Glazes and engobes were optimized in pilot firings.

5. The results obtained in the bench-top experiments and small batch commercial

production were further confirmed by the experimental run on the mass pro-
duction commercial equipment.

6. The marketing and cost analysis indicates that it would be economically feasible
to construct a full-scale tile plant based on the technology developed in this
project.

7. The commercial tile plant engineering should be preceded by a full-scale test on

the actual industrial equipment, which would include slip preparation and drying,
continuous pressing, and continuous firing in a roller kiln.

DISCLAIMER STATEMENT

This report was prepared by Alex Mishulovich, Construction Technology Laboratories,
Inc. with support, in part by grants made possible by the Illinois Department of
Commerce and Community Affairs through the Office of Coal Development and
Marketing and the Illinois Clean Coal Institute. Neither Alex Mishulovich, Construction
Technology Laboratories, Inc. nor any of its subcontractors nor the Illinois Department of
Commerce and Community Affairs, Office of Coal Development and Marketing, Illinois
Clean Coal Institute, nor any person acting on behalf of either:

(A) Makes any warranty of representation, express or implied, with respect to the
accuracy, completeness, or usefulness of the information contained in this report, or
that the use of any information, apparatus, method, or process disclosed in this may
not infringe privately-owned rights; or

(B) Assumes any liabilities with respect to the use of, or for damages resulting from the
use of, any information, apparatus, method or process disclosed in this report.

Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring; nor do the views and opinions of authors
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expressed herein necessarily state or reflect those of the Illinois Department of
Commerce and Community Affairs, Office of Coal Development and Marketing, or the
Illinois Clean Coal Institute.

Notice to Journalists and Publishers: If you borrow information from any part of this
report, you must include a statement about the State of Illinois' support of the project.
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Appendix A. MARKETING SURVEY
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Attachment B-1. Equipment costs
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ECONOMIC FEASIBILITY STUDY

This study has been undertaken for the purposes of estimating the capital and operating costs of
a tile production facility based on the technology developed in this project. The annual capacity is
assumed 2 million square meters which is considered the most economical for a plant with one

production line.

1. Production capacity

The productive capacity of the plant in question will be the following:

»  5.174 m?/day, at the kiln, of glazed floor tiles by single firing

> Base size:
Max. size:

>
> Average weight of the finished product: 18 Kg/m?
> 1,100°C

Max. firing temperature:

300 x 300 x 7.6 mm
400 x 400 x 8 mm

Work organization:

Working Shifts:

8h

Working weeks/year:

50

Working days/year:

350 (firing)

Section

days / week

shifts / day

raw materials and weighing

6

3

body slip preparation

glaze preparation

spray drying and powder storage

pressing and drying

glazing

firing

selection

GO INoOo|o|; |

W W W |W[W]|w|[w




Production storage:

28 h

Fuel:

Methane gas — Inf. Calorific power: 8,300 kcal/Nm®

Voltage (tolerance * 5%)

and frequency (tolerance * 1%)

Acreage required
Smaller section sq. meters 2,688 [Us suari:/:/S] 0.664
Larger section sq. meters 9,408 [us suarslreils] 2.325
Total sq. meters| 12,096 [Us seari:/:ae;s] 2.989




3. Price Summary

Position Description Price USD
Technological
Line
1 Raw Materials and Weighing Section $149,667.70
2 Body Slip Preparation Section $745,472.00
3 Spray Drying nad Powder Storage Section $795,522.00
4 Glaze Preparation Section $284,911.90
5 Pressing and Drying Section $1,397,214.00
6 Glazing Section $424,005.40
7 Cars Movement Section’ $524,951.70
8 Firing Section $1,025,606.40
9 Selection and Palletisation Section $359,804.90
Total Price of Section $5,707,156.00
Machinery $0.00
10 Auxiliary Plants $140,595.00
Total Price of Section $140,595.00
Machinery
and Spare
Parts
11 Spare Parts $175,520.80
Total Price of Section $175,520.80
Delivery FOB
in Containers
w/ Packing
12 Charges for Loading on Truck w/ Suitable $240,877.00
Packing
Total Price of Section $240,877.00
Supervision
to Erection
and Start-Up :
14 Supervision to Erection and Start-Up $284,193.00
Total Price of Section $284,193.00

General Total Price

$6,548,341.80
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Po:lgton Qty. [Part Description gx\\lfvlgrslt:l;’elgnt
RAW MATERIALS AND WEIGHING SECTION
1.2 1 Weighing Box of 20,000 KG - Cod. 540035 1.50
1.3 1 Conveyor Belt Fixed Type - Cod. 470003 0.74
1.4 1 Conveyor Belt Fixed and Inclined Type - Cod. 475032 4.00
1.5 1 Conveyor Belt Fixed and Inclined Type - Cod. 475003 1.10
1.6 1 Conveyor Belt Fixed and Inclined Type - Cod. 475010 1.50
1.7 1 Conveyor Belt Fixed Type - Cod. 470005 0.70
1.8 1 Conveyor Belt Fixed and Reversible Type - Cod. 480009 0.74
Conveyor Belt Movable and Reversible Type - Cod.
1.9 1 485015 1.84
Total Section Unit Installed Power in KW 12.16
BODY SLIP PREPARATION SECTION
2.2 3 MS 40 000 Rotating Ball Mill - Cod. 170625 110.00
2.7 6 Slow Blade Stirrer - Cod. 210265 15.00
Total Section Unit Installed Power in KW| 125.00
SPRAY DRYING AND POWDER STORAGE SECTION
Circular Vibrating Sieve, Diameter 1.200mm w/ 3
Seperation Stages, 2 Nets, 2 Magnetic Separators - Cod.
3.1 3 600160 1.50
3.6 2 Slow Blade Stirrer - Cod. 210260 11.20
3.8 1 Spray-Sprayer, AS 5000 Type - Cod. 180500 126.00
Dry Scrubber for Smokes Coming from the Spray-Dryer AS
3.10 1 5000 - Cod. 184860 37.00
Single-Net Vibrating Screen for Spray-Dried Powders,
3.14 1 complete w/ car - Cod. 600066 0.90
3.15 1 Conveyor Belt Fixed Type - Cod. 490012 1.50
3.16 1 Conveyor Belt Fixed Type - Cod. 490008 1.10
3.17 1 Conveyor Belt Fixed Type - Cod. 490004 0.74
3.18 1 Bucket Elevator for spray-dried powder - Cod. 290220 5.50
Conveyor Belt Movable and Reversible Type - Cod.
3.19 1 505007 1.10
3.26 1 Conveyor Belt Fixed Type - Cod. 490014 1.50
3.27 1 Bucket Elevator for spray-dried powder - Cod. 290209 4.00
3.28 1 Circular Vibrating Sieve, Diameter 1.200mm, w/ 1 Net 0.60
3.29 1 Conveyor Belt Fixed Type - Cod. 490006 1.10
3.30 1 Conveyor Belt Fixed and Reversible Type - Cod. 500005 0.74
Total Section Unit Installed Power in KW, 184.48

GLAZE PREPARATION SECTION




Chain Electric Hoist, w/ Electric Transfer Car, Articulated

4.2 1 for Curvilinear Runs - Cod. 530032 2.00
4.4 2 MS 5500 Rotating Ball Mill extra-powered - Cod. 170220 30.00
Rotating Ball Mill of 2,150 L. Reinforced Type - Cod.
4.8 1 440167 11.00
Set of Connection Electric Cables between the Board of the
Mill w/ 2,150 L Capacity and the Various Users - Cod.
4.9 1 440168 8.00
4.12 1 Rotating Ball Mill of 500 L., Reinforced Type - Cod. 440057 3.00
Wheeled Unit Equipped w/ a Circular Vibrating Sieve,
Diameter 900mm, w/ 1 Net, 1 Magnetic Separator and
415 2 Membrane Pump - Cod. 600139 0.73
417 6 Slow Blade Stirrer - Cod. 210225 2.20
Total Section Unit Installed Power in KW 56.93
PRESSING AND DRYING SECTION
5.5 2 "Magnum 2105XL E.S." Hydraulic Press - Cod. 125233 148.00
Device for the Magnetic Anchorage of Die Lower and
Upper Plugs, to be Installed on the Magnum Press
57 2 (Electromagnetic Board for XL Presses) - Cod. 125587 1.00
Filtering Set for the Press Oil Mounted on Wall 0- Cod.
5.10 1 125765 0.73
Plant for the Refrigeration and Recirculation of Press
Cooling Water (Suitable for No.2 Magnum 2105 Press) -
5.13 1 Cod. 580383 37.50
Roller Conveying Table, for the tile collection and
connection between the press and the vertical mangle
5.20 2 dryer - Cod. 135255 3.00
Hot Air Automatic Fast Mangle Dryer for Tiles,
Synchronized w/ the Press Production, Vertical Type
5.22 2 VDL7/1350XL - Cod. 140580 65.00
Total Section Unit Installed Power in KW, 255.23
GLAZING SECTION
6.1 2 Automatic Glazing Line for Single-Firing - Cod. 610001 53.64
"Airless" Stainless Steel Fixing Booth for Glue - Cod.
6.3 6 610093 0.74
Silk-Screen Automatic Decorating Machine (Suitable up to
6.5 6 Size 400 x 400mm) - Cod. 610114 0.37
Vertical Compenser w/ Tongues of 30 Pieces (max. size
6.6 6 450 x 450mm) - Cod. 610310 0.37
Total Section Unit Installed Power in KW 55.12

CAR MOVEMENT SECTION




Automatic Machine for the Tile Loading into Roller
Container Cars (type w/ 2 columns, suitable up to size
400x400mm) - Speedy Type and Inverter Controlled - Cod.

7.1 2 081101 6.00
Automatic Machine for the Tile Unloading from the Roller
Container Cars (type w/ 2 columns, suitable up to size
400x400mm) - Speedy Type and Inverter Controlled - Cod.
7.2 1 081191 6.00
Device for Car Change w/ Automatic Translator - Cod.
7.6 1 100130 2.50
Double Device for Car Change w/ Automatic Translater -
7.7 1 Cod. 100135 2.90
Single Automatic Transfer Car, Equipped w/ Programmable
7.8 2 Logic - Cod. 105024 4.20
Plant for the Automatic Movement of the Container Cars -
7.10 1 Cod. 100001 3.30
Total Section Unit Installed Power in KW, 24.90
‘FIRING SECTION
Connection between the Machine and Automatic Loading
8.1 1 Group of the Single-Channel Kiln - Cod. 085033 1.24
Mechanization Group for the Automatic Loading of tTiles
into the Single-Channel Roller Kiln (speedy type and
8.2 1 inverter controlled) - Cod. 085240 1.75
8.4 1 Roller Kiln 'F1-NH' Type, Single Channel - Cod. 074086M 114.00
Mechanization Group for the Automatic Unloading of Tiles
from the Single Channel Roller Kiln (speedy typr and
8.13 1 inverter controlled ) - Cod. 085278 1.50
Connection between the Single-Channel Automatic Kiln
8.15 1 Unloading Group and the Machine - Cod. 085181 2.50
Automatic Emergency Stacker, w/ belt to be connected to
the belt squaring device or directly to the kiln unloading
group, complete with a connection belt section w/ inverter,
8.16 1 of 2 m. abt. - Cod. 085209 1.00
Total Section Unit Installed Power in KW 121.99
SELECTION AND PALLETISATION SECTION
Equipment Selection Line w/ Bench on 2 Rows and
9.2 1 Conveyance from 2 to 1 Row - Cod. 420105 1.50 .
~ |Automatic Selection Line w/ 7 Stackers, Packing Machine
9.3 1 and Selection Bench on Line - Cod. 420101 12.00
Conveyor Belt for collection and transfer of the tile boxes -
9.6 1 . |Cod. 420550 1.10
Total Section Unit Installed Power in KW 14.60
AUXILIARY PLANTS
Dust Removing Plant w/ Bag Filter, for spray drying and
10.1 1 storage department - Cod. 955320 16.00




Dust Removing Plant w/ Bag Filter, for pressing and drying

10.2 department - Cod. 955350 31.00
Dust Removing Plant w/ Bag Filter, for glazing and tile

10.3 brushing department - Cod. 955340 23.00

Total Section Unit Installed Power in KW 70.00




